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GRAPHICAL ABSTRACT

Pore networks have been simulated in silico to perform N, sorption and Hg porosimetry in order to
identify advanced or delayed filling processes occurring in pore entities.
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ABSTRACT

Recently, a combination of successive experimental sorption and intrusion processes, developed in the
same porous material, has been found very useful to ascertain the mechanisms by which a specified
fluid can fill or empty (cooperatively or not) the porous entities that constitute the substrate in question.
Here, we have chosen porous substrates, modeled through the Dual Site-Bond Model, in order to simulate
either sorption or intrusion-extrusion phenomena inside them. Afterwards, we have assessed the results
obtained from these two techniques to describe the occurrence of cooperative phenomena during the
filling or emptying of pore entities with a given fluid. The void entities involved in the development
of irreversible phenomena (e.g. advanced adsorption, delayed intrusion, etc.) can be identified in each
of these substrates in terms of their sizes and topology (i.e. the specific way by which these pores are
interconnected to the other ones). The possible interrelation between assorted cooperative phenomena,
taking place in the same porous adsorbent, is studied according to the type of porous material in hand.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Some advanced and delayed capillary phenomena occurring
in porous media

The evolution of capillary processes in porous media is more
often than not subjected to the irruption of diverse sorts of coop-
erative and obstructive phenomena [1-4]. In the case of capillary
condensation and evaporation, processes such as advanced and
delayed adsorption, as well as cavitation, and pore blocking are
examples of those phenomena. The topology of the porous medium
[5], i.e. the precise way by which void entities are distributed and
interconnected to each other, greatly determine the outcome of
such events. It is the objective of this contribution to discern which
individual pore properties (e.g. geometry and size) and intercon-
nection characteristics determine the existence or absence of the
above cooperative and uncooperative processes in pore networks.

Let us think about a very simple example explaining both
assisted (advanced) and delayed adsorption. First, let us explain
what advanced and delayed adsorption mean. A pore entity of a
given geometry and size in contact with a vapor phase can undergo
capillary condensation. As the pressure is raised, a vapor-liquid
phase transition eventually occurs and the whole void is filled with
capillary condensate. However, when the pore is interconnected
to a number of fellow cavities by narrower throats, it can happen
that the filling of the cavity with condensate can only occur at a
higher vapor pressure if compared to that employed to occupy the
isolated (non-interconnected) cavity. This phenomenon is labeled
as delayed adsorption. On the contrary, when a capillary is invaded
by a liquid front proceeding from a neighboring cavity, it usually
happens that the pressure required to fill this void with conden-
sate, is lower if compared to the pressure needed to produce the
vapor-liquid transition in the isolated pore. This last phenomenon
isrecognized as advanced adsorption. In order to have a cleareridea
about what advanced and delayed capillary condensation stand for,
let us start thinking about the conditions, i.e. relative pressure of the
adsorptive, at which a site (spherical cavity) and a bond (cylindrical
capillary) are filled with capillary condensate. The most immediate
approximation for achieving this knowledge is to take the classical
Kelvin equation [6] and, for simplicity, to just consider the capil-
lary forces but not the surface forces arising from the pore walls.
A second approximation to be included in the Kelvin expression is
to assume that the condensate has the same properties as the bulk
liquid. In this way, a spherical cavity of a given radius in order to
be filled of condensate requires the relative pressure to be at least
equal to the square root of the value assumed by this quantity when
capillary condensation takes place inside a cylindrical pore of the
same radius. In particular, let us now imagine a spherical cavity
connected to four cylindrical capillaries (Fig. 1); this arrangement
is now put in contact with a vapor phase. If the diameter of the
spherical void is at least twice the size of the linked bonds, then,

Rp, < Rpy < Rg/2 < Ry

Fig. 1. For a site to be filled with condensate, at least C-1 of its surrounding bonds
have to be already filled with liquid. An empty bond, connected to an adjoining site
that is being filled with condensate, will be invaded by liquid if the size sequence
provided above is fulfilled. This phenomenon is known as advanced adsorption.

RB3
RB 2

RBI < Rs/2 < RB2< RB3

Fig. 2. Asite is filled in a delayed fashion, since it is only occupied by condensate if
a sufficient number of bonds has already been invaded with liquid.

according to the Kelvin equation, capillary condensation should
firstly occur in these capillaries, beginning with the smallest and
ending with the largest of these bonds. Subsequently, as the vapor
pressure is further increased, the liquid-vapor I-v meniscus exist-
ing in the spherical site will be automatically displaced into the
remaining empty bond until this last entity is entirely invaded by
condensate. In contrast to this assisted filling of a cylindrical bond,
in the case of the spherical cavity (Fig. 2), condensation is being
delayed since it is required that either, all or all but one, of its sur-
rounding bonds (not only one of them) are beforehand filled with
condensate.

Given the right textural conditions of a given adsorbent, it may
happen that an advanced filling of pore entities could be per-
colatively (i.e. intensively) extended to other zones of the porous
medium in certain kinds of porous materials. The obstructive action
of some fluid-containing pore entities, strategically located around
certain positions of the pore structure, can effectively prevent the
straightforward escape of a given fluid phase (usually liquid) con-
tained in some parts of the porous network, this circumstance is
labeled as the so-called pore-blocking effect. Additionally, this phe-
nomenon, together with the cavitation process, is responsible of the
steep aspect of the descending boundary curves depicted by many
sorption isotherms.

With respect to liquid (e.g. mercury) intrusion in pore networks
[7], a distinctive phenomenon is the canthotaxis effect. This delay-
ing effect consists in the temporal anchoring of the advancing
liquid-vapor meniscus at the entrance of a pore cavity, i.e. the zone
at which an incoming bond is linked to a given site. The cantho-
taxis (cantho=corner, edge; taxis=to arrange or position at) process
occurs due to the change in pore wall inclination as the advancing
meniscus adapts its position from one wall to another, while the
contact angle has to reestablish its value in passing from one solid
wall to another. Canthotaxis is a phenomenon in itself, although
there exists an interrelationship with the Dual Site-Bond Model
(DSBM) approach (a general model of the porous network, devel-
oped in terms of sites and bonds, to be described in a later section).
When the ratio between the diameters of a given site having an
interconnected bond is high, a pronounced swelling of the liquid-
vapor meniscus occurs at the interconnection perimeter existing
between the site and bond until the pressure reaches a high enough
value for penetrating into the cavity. When the ratio between the
diameter of the site and its linked bond, is close to unity, then a less-
pronounced swelling (and consequently a smaller pressure than in
the other case) is required to intrude the site. In the case of liquid
intrusion into pore networks, it can even surge the possibility of a
very distinctive phenomenon: the kinetic energy of movement of
liquid menisci can be transformed into an intrusion pressure that
can penetrate narrow pores (i.e. in an advanced way) which, under
static conditions, would be still uninvaded by the liquid phase.

A second effect that can take place during liquid extrusion is the
snap-off of liquid threads inside tubular (bond) capillaries [7]. Due
to this effect, portions of the intruded liquid can be left isolated
from all liquid paths that lead to the outer surface of the intruded



J. Matadamas et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 496 (2016) 39-51 41

(b)

Fig. 3. (a) Schematic representation of sites (S) and bonds (B). (b) Graphic illus-
tration of the Construction Principle (CP). (c) Geometric restrictions (GR) between
neighboring bonds.

material. Islands of liquid can then remain trapped throughout the
pore structure without no possibility of being extruded by simply
decreasing the pressure exerted on this phase.

The modeling of adsorption-desorption and intrusion-
extrusion processes in simulated pore networks, endowed with
different textural characteristics, can shed light on upon the
mechanisms by which the above phenomena proceed and also in
the next important aspect: how the topology of the pore network
brings about the possibility of observing advancing or delaying
processes related to the development of capillary phenomena in
porous substrates. Is it possible to design pore bodies in which
cooperative advancing or obstructive (delaying) effects can be
modulated to a desired extent?

Apparently, pores that are subjected to advanced adsorption are
also responsible for the canthotaxis phenomenon when sites are
exposed to liquid intrusion. On the same basis, cavities that are
invaded with retard during capillary condensation are once more
invaded likewise with liquid through intrusion. From the basic
premises of the DSBM, it would be useful to know if the above
assertions are right or not and also what would be the influence
of the overlap between the site and bond size distribution on this
matter. An additional parameter to take into account with respect
to these facts could be the influence of the degree of connectivity
of the void cavities with their neighbors.

2. Models and methods
2.1. The Dual Site-Bond Model

In this work, the DSBM [2,8-10] will be employed for the in silico
simulation of pore networks. The fundamental basis of this model
consists in grouping the void elements into two types (Fig. 3):
the sites (chambers, cavities, antrae) and the bonds (necks, throats
capillaries). For simplicity each site can be conceived as a hollow
sphere of radius Rs; in turn, a bond can be imagined as a hollow
cylinder of radius Rg. Each bond interconnects two sites in such
a way that there exist C bonds linking each site with their fellow

Fo(R,), Fo(RY)

RB, Rs 2 2

Fig. 4. Site- and bond-size distributions Fs(Rs) and Fg(Rg), respectively; b; corre-
sponds to the size of the smallest bond, b, represents the size of the largest bond;
in turn, s; is the size of the smallest site and s, depicts the size of the largest site.
The overlap €2 is the common area shared by Fs(Rs) and Fg(Rg).

neighbors; C is called the connectivity of the site and this number
can stay fixed or allowed to vary from site to site. Another funda-
mental aspect of the DSBM approach is to recognize that the size
(i.e. diameter) of a given bond can never be larger but at most equal
to the sizes of any of the two sites to which this capillary is linked
(Fig. 3). This last statement is known as the Construction Princi-
ple (CP); this restriction can be adapted to additional requirements
depending on the actual situation; for instance, the intersection of
two neighboring bonds arriving to the same site can be prevented
by an ad hoc CP as will be explained immediately below.

A very important aspect of physical networks, such as the pore
arrangements that we are implementing herein, is the fact that
two contiguous bonds (see Fig. 3) must not interfere with each
other before converging into the site to which they are going to
be attached. This kind of limiting situation is labeled as a geomet-
ric restriction (GR); of course, all pair of adjacent bonds must fulfill
this stricter condition.

The corresponding CP when GR arise can be cited as follows: the
size (i.e. diameter) of a given bond, besides of needing to be smaller
or at most equal to the size of a site to which this capillary is linked,
it must also be small enough as to prevent the existence of GR with
all contiguous bonds that are surrounding the site. In the particular
case of this work, we will be working with both the basic (no GR)
and extended CP (GR prevention) visions in order to foresee the
effect of each one of such restrictions on the topology of the pore
network.

The overlap 2 between the site and bond size distributions
(Fig. 4) is a fundamental parameter that determines the degree
of size correlation existing among the void elements of the pore
network. Pore networks simulated from size distributions overlap-
ping a good deal are formed by extensive regions (i.e. homottatic
domains [11]) in which the sizes of sites and bonds become very
close to one another. In contrast, pore networks created from
size distributions showing a null overlap between them consist of
minute zones of sites and bonds of diverse diameters dispersed
throughout the whole pore network.

Expressing the site size distribution as Fs(Rs) and the bond size
distribution as Fg(Rg) Fig. 4, then the fraction of sites having sizes
smaller than R is given by:

R
S(R) = / Fs(Rs)dRs (1)
0
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Fig. 5. Cubic Pore Network Ls =4 and constant connectivity C=6.

In turn, the probability to have a bond of size R or smaller is
expressed as:

R
B(R) = / Fp(Rp)dRp (2)
0

The CP gives rise to two autoconsistency laws in order to build
valid (i.e. fulfilling the CP) pore networks. The first law guarantees
that a sufficient amount of bonds of small sizes exists as to inter-
connect the sites arising from a given cavity size distribution. This
law can be expressed as:

B(R) = S(R) (3)

The second law guarantees that any bond of size larger than
any site cannot be connected to the site in question. In order to
enunciate this second law, it is first necessary to define the joint
probability of having a bond of a given size Rp to be joined to a site
of size R as:

F(Rs N Rg) = Fs(Rs)Fp(Rp)@(Rs, Rp) @)
VRs > Rg
The correlation function ¢(Rs, Rg) fulfils the following condition:
¢(Rs,Rg) =0
¥Rs < R

(5)

2.2. Insilico simulation of pore networks

The in silico representation of a pore network starts with the
implementation of a given lattice; in this work, we have chosen
a cubic arrangement (C=6) for this task. A number (Ns)? sites
together with (3Np)3 bonds are sorted out from their respective par-
ent pore-size distributions (PSD); sites are allocated at the nodes of
the lattice (Fig. 5). Bonds (in a proportion of 3:1, given the cubic
geometry of the network) are linked to each site; however, the
CP should be fulfilled every time a bond is connected to a site.
An important concept for building a pore network is the notion
of pore multiplex; in the case of our cubic geometry this arrange-
ment consists in one site connected to three bonds, the other 3
bonds required to complete the total of six come from the inter-
connection of the site in question with three of its first neighboring
sites

A more realistic representation of a pore network should con-
sider more restrictions besides that considering that a site should
be larger than any of the sizes of the bonds joined to it. For instance,

one can consider that the connectivity is not constant throughout
the arrangement; one site can adopt a maximum connectivity (e.g.
six for a cubic network) and another one a minimum C (e.g. O for
the case of a blind cavity). A second, and perhaps more important
restriction, is that accounting for geometric restrictions as men-
tioned in a previous paragraph (Fig. 3).

One of the most resourced methods to simulate pore networks
is based on a pure Monte Carlo Procedure [9]. This approach con-
sists in assigning the sizes of all sites and bonds in a haphazard
manner; obviously, when connecting pore elements this way mul-
tiple CP violations are involved thus rendering an invalid pore
network arrangement. To overcome this situation, an intense pore-
exchanging process has to be followed. One site at a given location
is chosen at random and attempted to be exchanged with another
site selected at another location; if the exchange causes that the
number of CP violations to decrease or to remain the same, the
swapping is accepted otherwise it is rejected. For the case of a cubic
network, after one possible site exchange successful or not) three
bond exchanges have to be attempted in order to fulfill the connec-
tivity requirement. Notice has to be taken into account with respect
to €2, since valid interconnections result more difficult to carry out
as this parameter becomes higher.

The approach previously described is a sequential method and
for the construction of relatively small pore networks with a high
overlap (Ls =64, 2 ~ 1) it takes a total processing time of the order
of days, in a lone PC processor. Recently, a greedy sequential algo-
rithm [12] was implemented to decrease the construction time of
pore networks. In this method, several valid (i.e. respecting the
pertinent CP) pore subnetworks are constructed separately and
allocated at different positions in the lattice. In the end, the subnet-
works are brought together, filling all possible gaps between them
(while obeying, of course, the CP). This network is further subjected
to a great number of Monte Carlo size exchanging attempts until a
valid and anisotropic pore network is achieved.

In a more recent work [13], pore networks were built but now
introducing GR (Fig. 3) by employing a multicore processor and a
programming model involving an Open MP shared memory.

1. In order to simulate 3-D networks, the CP will be either con-
sidered in its simplest (i.e. no GR allowed) or in its extended
formulation (i.e. GR considered). In our case, we have chosen to
construct cubic networks (C=6 or less because of the possibility
of considering a variable connectivity).

2. Variable connectivity will be introduced via a fraction of bonds
having a diameter equal to zero (i.e. these bonds are virtual since
actually they are not existing). This artifice will allow us to vary
connectivity from a maximum value (C=6 for the case of a cubic
network) to a minimum one of zero (i.e. all surrounding bonds
being virtual). In the present manuscript, we will be dealing with
two mean connectivity values: C=6 and C = 4.2; this last value
is obtained when a fraction fp=0.3 of virtual bonds (i.e. bonds
having a radius equal to zero) is assumed to be repartitioned
among the sites of the pore network [14]. Of course that the
connection of one of these virtual bonds to sites is allowed under
all circumstances; however, the presence of real bonds (those
having a non zero radius) is what in reality determines the actual
connectivity of each site.

3. The size of our simulated pore networks will be chosen as Ls = 48.
This value has been selected since the RAM memory of our CPU
processors is just enough for building networks of this size. This
allowance is also influenced by the computing algorithm that
is being used (i.e. recursive or not) since the subsequent simu-
lation of capillary processes inside the in silico pore networks,
usually requires of this recursivity (i.e. the state, empty or filled
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with a given fluid, of a specific pore depends on the states of its
neighboring pore elements).

2.3. Assessment and visualization of capillary processes inside the
voids of simulated pore networks

The development of capillary phenomena in porous media can
be described by mathematical models adapted from experimen-
tal observations that consider both physicochemical (temperature,
pressure, surface tension, molar volume, etc.) as well as textural
(pore shape, pore size, connectivity, surface area, etc.) parameters.
In this work, we will be modeling sorption and intrusion/retraction
phenomena as representative of typical capillary processes that
take place in porous media. In this section, we will also include
the visualization of simulated pore networks (in terms of the rel-
ative size and positioning of sites and bonds at distinct locations
over assorted planes of a cubic lattice (the sites, idealized as spher-
ical voids, will be allocated at the nodes of the lattice and the bonds
will be cylindrical capillaries joining neighboring sites; a number
of bonds (i.e. the connectivity C) will be surrounding and inter-
connecting each site; all pores will be drawn to a scale directly
proportional to their sizes); likewise, the distribution of fluids (lig-
uid, vapor) can be also visualized in terms of the occupied, with one
fluid or another, sites or bonds.

2.4. Ny sorption at 77K

The adsorption and capillary condensation processes are
assumed to occur at constant temperature and are due to the
conjoint action of the vapor pressure (p) and the capillary forces
[14-17]. The adsorption process starts when an adsorbed layer of
thickness t is developed on the surface (i.e. pore walls of sites and
bonds) of the solid substrate. At a critical pressure (p.) the cap-
illary forces overcome the adhesion ones and the pore entity is
completely filled with condensate. Importantly, during capillary
condensation, not only the intrinsic geometric properties of a given
pore entity but also the topology of the network determine the
onset and outcome of the sorption process in question. This last
statement implies that the present condition (filled with a given
fluid) of the neighboring pore entities strongly influences the mech-
anism and extent of the capillary process under study. Capillary
evaporation is the inverse process of capillary condensation; in this
case, it is not only necessary that the pore entity (of a given geom-
etry) has a size larger than a critical size (i.e. a value associated for
instance to a critical pressure p.) but also that a continuous vapor
path can be established from the alluded pore to the outer vapor
phase.

2.4.1. Computer algorithm for the simulation of N5 sorption

In the case of capillary condensation, it is pertinent to define
a critical condensation radius (R¢), which is increased proportion-
ally to the rise of the vapor pressure (p) thus causing that inside
the smallest pores can first happen the condensation of the sur-
rounding vapor and then sequentually followed by the larger voids.
Therefore, for a given R, value, the cylindrical and spherical pores
of radii R<=R. can be filled with condensate according to any one
of the following mechanisms:

Condensation inside a cylindrical (bond) pore of radius Rg [18]:

a) The pore is filled on its own (i.e. the critical cylindrical meniscus
formed on the pore walls is destabilized when Rg <R./2)

b) The capillary is filled assistedly through either one of the two
sites connected to it if only R¢/2 <Rp < R, and, additionally, if one
of the two sites linked to the bond is being filled with condensate.

Condensation inside a spherical (site) pore of radius Rs:

a) The filling of the pore is considered as normal (i.e. not delayed),
if after the formation of a hemispherical meniscus on the surface
of the site, the following conditions are also fulfilled: Rs <R./2
or R:/2 <Rs <R and at least C-1 of its surrounding bonds are
already filled with condensate.

b) The capillary condensation inside the site is delayed because of
the existence of an incomplete (non continuous) hemispherical
meniscus. The inherent reason of this delay, is that besides that
the site must comply with the right size, i.e. if Rc/2 <Rs <R it
should also wait (in terms of relative pressure) until all C or at
least C-1 of its bonds are already filled with condensate (i.e. in
the case of C-1 bonds the remaining bond can be still empty). In
this last case, the thickness of the adsorbed layer is kept equal to
tc, until the required number of C-1 filled bonds is achieved and
the site in question, together with the unfilled bond, are being
filled with condensate.

The thickness of the adsorbed layer on the walls of void ele-
ments can be approximated from the following Harkins-Jura (HJ)
equation; in fact, this equation is for valid flat surfaces, more exact
expressions for calculating the thickness of the adsorbed layer in
sites and bonds arise when taking into account the curvature of the
pore walls.

1/2
e 13.99 . (6)
0.0134—logp—0

During capillary evaporation, R, the critical radius of curvature
(i.e. the radius of the I-v meniscus required for the pore to be emp-
tied of condensate) is constantly decreaseing with p/p® in such a
way that, in the absence of pore blocking effects, the larger pores
would become the first to be emptied of liquid. Therefore, the fol-
lowing two conditions should be met in order for a given void to be
empty of condensate: (i) R> R¢; and (ii) there should exist a con-
tinuous vapor path from the void in question to the outer vapor
bulk phase. If the two above conditions are fulfilled concurrently,
we could say that the pore is emptied of condensate on schedule
(on time); however, if condition (i) is met whilst condition (ii) is
not (at least for the moment), the pore is unable to evaporate its
condensate and we could label it as a temporarily blocked pore.

2.5. Hg intrusion and retraction

Hg intrusion in pores takes place when the liquid phase is being
pressurized. In the case of the cubic networks simulated in this
work, the first void elements to be filled with mercury are the outer
bonds at the periphery of the pore lattice, if only these entities
comply with the right size, i.e.: R > R¢. This means that the current
intrusion pressure, P, is linked to R¢, the actual critical radius of
curvature required to occupy with the invading liquid a cylindrical
bond of radius R, via the Washburn [19] equation.

Pc = 20" cos 0/Rc¢ (7)

o' is the surface tension at the I-vinterphase, and @ is the contact
angle at the three-phase line of contact. Nevertheless, the intrusion
of mercury inside a conical void, in which the pore walls have an
inclination with respect to the pore axis, an advancing [-v meniscus
of radius R is intruded according to the Cebeci [20] equation:

20" cos ®
pl=_22 >~ (8)
Rsin B
where @ is an angle that takes into account both the contact angle
6 and « the inclination of the pore wall; i.e. ®=6+q. In turn, g
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Table 1

Structural properties of simulated 48 x 48 x 48 Pore Networks. Dys is the mean site
diameter size, Dy is the mean bond diameter size, o is the standard deviation
(assumed the same for sites and bonds), 2 is the overlap and C the mean connectivity
of the pore network.

Network Dys/nm Dyp/nm o/nm Q c
4-1 9.2 4.0 0.4 0.00 4.2
4-2 4.8 4.0 04 0.61 4.2
4-3 4.2 4.0 0.4 0.90 4.2
4-GR 5.6 4.0 0.4 0.31 4.2
6-1 9.2 4.0 0.4 0.00 6
6-2 4.8 4.0 0.4 0.61 6
6-3 4.2 4.0 0.4 0.90 6
6-GR 6.4 4.0 0.4 0.13 6

is a complementary angle given by 8= ® — . This means that, for
pores having pore wall inclination angles different than zero (with
respect to the pore axis), the right equation to employ is the equa-
tion above.

Since the arrival and entrance of Hg to a site occurs through one
of its delimiting bonds, the intrusion pressure would depend on the
ratio between the size of the site and the size of the incoming bond,
as will be expressed below.

With respect to the invasion of the inner voids of the network
with Hg, the next premises arise:

(i) A bond of radius Rp is occupied with Hg when, besides of the
requirement of existing a continuous liquid path from the Hg
bulk phase to the pore in question, the pressure P' becomes such
that: P!'=20" cos 0/Rg

(ii) The situation with the sites becomes rather different, since a
special effect acknowledged as the canthotaxis phenomenon
[7] arises at the bond-site joint. This event occurs when the
[-v meniscus has to resume its contact angle, as the menis-
cus passes from one wall (cylindrical) to another (spherical).
The I-v interface starts to swell until its curvature is such that
the contact angle is reestablished with respect to the new wall.
Depending on the ratio between the radius of the site and the
radius of the bond, two equations arise in order to calculate the
pressure required for the liquid phase to intrude the site. These
equations are:

20" .
R(BTO ifRg,0 < Rs| cos 6|
’ 0.5
pl — 20l R2
~2% cos |tan-! Ts -1 +0
Rg.0 RZ,

ifRg,0 > Rs| cos O
Snap-off mechanism. In this case, a mercury thread is broken
inside a capillary (bond) when the two following conditions are
fulfilled [7]:

(i) The bond should have a radius Rg smaller than a certain Rgg
threshold value (i.e. only the smaller bonds can be liable to
snap-off), and

(ii) Aresidual Hg droplet existing in the bond is first straighten by
adopting a thread-like shape and then eventually being bro-
ken due to the pulling action toward the Hg bulk phase of two
continuous liquid paths existing at both ends of the capillary

Piston-like mechanism. The current retraction pressure Pc is
related to a critical radius of curvature R¢, through the Washburn
equation [19]. Two main cases arise:

e Asite of size Rs containing mercury can be emptied of this liquid
when the following triplet of conditions are fulfilled: (i) Rs <R,
(ii) at least one of its C bonds is empty of liquid, and (iii) there

6-1 Network: C=6, 2=0.00

4-1 Network: C=4.2, ©=0.00

Fig. 6. Topology of simulated pore networks (Ls =48). The red color indicates large
pores sites, the blue color depicts medium size sites, and the cyan color represents
small pores. The mean connectivity, the overlap between site and bond size dis-
tributions and existence of GR constraints appear as labels at the top edge of each
figure. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 7. N, sorption isotherms at 77K of simulated pore networks. The total isotherm is depicted with a black line; the associated isotherms are drawn as follows: bonds filled
assistedly (full squares); bonds filled unassistedly (hollow squares); sites filled with delay (hollow circles); sites filled on time (filled circles).

exists a continuous liquid path from the site under analysis to 3. Results and discussion
the external bulk phase through at least one of its delimiting

bonds. 3.1. Topology of pore networks
¢ Abond of size Rp is going to be emptied of Hg if: (i) Rg <R, (ii) at
least one of its two delimiting sites is empty, and (iii) there exists The pore networks were simulated in silico by means of a PC

a continuous liquid path from one end the bond in question to computer with an Intel Core i7-4770 Quad-Core processor running
the outer Hg bulk phase. at @3.40 GHz and endowed with 16 Gb of RAM. Each pore network
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Fig. 8. Hg intrusion-extrusion isotherm curves obtained from simulated pore networks. 6, is the fraction of the pore volume occupied with Hg. The labels appearing at the
top of each graph display the mean connectivity, overlap and GR occurrence or not.
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consists of a cubic lattice containing 48 x 48 x 48 sites and their
corresponding 3 x 48 x 48 x 48 bonds.

Table 1 lists the values of the Gaussian site and bond distribution
curves together with the overlap 2 and mean connectivity C of
each of the pore networks that have been employed in this work.
Two main kinds of pore networks were built: (i) networks with
constant connectivity, C=6, subjected or not to GR; (ii) networks
with variable connectivity C = 4.2, including GR or not. Dy is the
site distribution mean size; Dy is the bond distribution mean size;
o is the standard deviation (assumed the same for both sites and
bonds);  is the overlap between size distributions; C is the mean
connectivity.

The topology of the simulated pore networks can be displayed
in terms of the allocation of large, medium, and small pore entities.
To do this, the site size distribution has been subdivided in three
regions, equivalent to the same area; the first zone corresponds to
small pore entities, the second zone to medium size pores, and the
last zone to large void entities. Fig. 6 shows the topology of each
network. Even if the images in this last figure are obtained for sites,
it is expected that the same kind of topology would be applicable
to the bond entities.

In Fig. 6 the following characteristics are evident:

¢ The overlap 2 between the site and bond-size distributions pro-
motes the segregation of the pore network into zones of small,
medium and large pore entities. The medium size sites are inter-
calated between the small and large cavities of the network. This
effect is more marked for C=6 than for C = 4.2.

As expected, when €2 = 0 pores are allocated ad libitum (randomly)
throughout the network, especially when GR are absent but not
quite as GR are present.

The existence of GR between neighboring bonds converging to a
site causes a kind of desegregation of the three pore size zones.
This could mean that rather than creating regions of big, medium
and small void elements, the pore cavities share bonds that can
be connected to neighboring sites in a way that these bonds will
not be interfere with each other. This kind of re-accommodation
could be viewed as a compensation effect against segregation of
pore sizes.

3.2. N, sorption

The simulated N, sorption isotherms at 77 K on the pore
networks modeled in silico were calculated in terms of the repar-
tition of the different kinds of fluids inside the void elements. The
diverse contributions to the total adsorbed amount can be visual-
ized in the following way (see Fig. 7):

The total isotherm is depicted in black; associated isotherms
are drawn as follows: bonds filled assistedly (black-filled squares);
bonds filled unassistedly (hollow squares); sites filled with delay
(hollow circles); sites filled on schedule (i.e. with no delay) (black-
filled circles).

e Empty sites containing an adsorbed layer of thickness ts. These
are cavities having an adsorbed layer and in which the complete
filling of the site by capillary condensation has not yet taken place.

e Empty bonds holding an adsorbed layer of thickness tz. These
are capillaries with an adsorbed layer; capillary condensation or
advanced adsorption by liquid displacement has not yet occurred
in this entity.

e Sites filled on schedule. These are pores in which all their sur-
rounding bonds have already been filled with condensate and
the vapor pressure is high enough as to provoke the vapor-liquid
phase transition to occur inside the cavity.

(a) Network Topology: Big (red), medium (blue), and
small (cyan) pore entities.

(b) Capillary condensation: In blue color sites filled with
delay and bonds filled in advance. Gray elements sites
and bonds filled on schedule.

(c) Hg intrusion: In blue sites and bonds participating in
the canthotaxis phenomenon. In gray pore elements that
are penetrated under no canthotaxis.

Fig. 9. Pore Networks 4-1 (left) and 4-GR (right). Topology (top) and recognition
(middle and bottom) of assisted filling of pore entities during sorption and Hg
intrusion-extrusion processes. (a) Network Topology: Big (red), medium (blue),
and small (cyan) pore entities. (b) Capillary condensation: In blue color sites filled
with delay and bonds filled in advance. Gray elements sites and bonds filled on
schedule. (c) Hg intrusion: In blue sites and bonds participating in the canthotaxis
phenomenon. In gray pore elements that are penetrated under no canthotaxis. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

o Sites filled with delay. In this case, sites have an incomplete set of
delimiting bonds already filled with condensate and still require
vapor condensation to take place in one or more bonds. When the
last (i.e. the largest) of these bonds is occupied by condensate, the
site (together with its still unfilled bonds) is immediately filled
with liquid.

¢ Bonds filled on time. These pores are filled according to the Kelvin
or BdB equation [21], independently of the state (filled or empty
of condensate) of their neighboring entities.

¢ Bonds filled in advance. These are capillaries that are filled from
a liquid front that proceeds from one of their connected sites as
these pores are occupied by condensate. This advanced filling can
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be spread to pore entities connected to the bond in question or
even beyond of them.

The following observations can be inferred from the aspects of
the sorption isotherms:

e The amount of bonds filled in advance (assisted filling) due to
the liquid flow created from a delimiting site becomes more and
more appreciable as €2 increases;

¢ In the same sense, consideration of GR also contributes to a sig-
nificant rise in the number of bonds filled in an assisted manner
by liquid flow incoming from a contiguous site;

e Sites filling on schedule (i.e. those that fill with condensate once
all their surrounding bonds are occupied with it) correspond
almost exclusively to networks for which 2=0;

Fig. 8 shows the Hg intrusion-extrusion isotherm curves
obtained from simulated pore networks. The label at the top of each
graph depicts the mean connectivity, overlap and the consideration
or not of GR.

Hg intrusion of sites takes place after the [-v meniscus is
subjected to canthotaxis at the site-bond interconnection. The
intensity of this last phenomenon is greater in pore networks of
low overlap (€2 = 0) while an important contribution is also present
in networks subjected to GR. Additionally, as 2 increases the can-
thotaxis effect becomes of a lesser degree. The number of bonds
penetrated according to the classical Washburn equation is only
important when 2 attains relatively high values. This last asser-
tionimplies that the use of the Washburn equation to calculate pore
size values from intrusion experiments can be subjected to a good
deal of uncertainty. Another point that deserves attention is that
Hg incomplete extrusion has something to see with GR presence; it
seems that bonds participating of this effect can be associated to Hg
snap-off. Likewise, structures having a low €2 are practically free of
snap-off occurrence. For networks undergoing GR limitations, most
bonds are penetrated after suffering of canthotaxis, in contrast with
bonds that form part of networks displaying either low or high €2,
in the absence of GR.

3.3. Evaluation of the extent of advanced and delayed filling or
emptying of pore entities

An important aspect with respect to the calculation of N, sorp-
tion isotherms is linked to the comparison between PSDs calculated
from the simulated sorption curves and the precursory site- and
bond-size distributions. This assessment can contribute to the iden-
tification and evaluation of the extent of advanced or delayed
phenomena occurring in the pore entities during the capillary pro-
cess that is taking place. For instance, if at a certain pore size the
PSD obtained from the simulated desorption isotherm lies above
the parent PSD curve, this could mean that an advanced adsorption
phenomenon is taking place in the pore sizes under analysis. On the
other hand, if the PSD obtained from the adsorption boundary curve
is located below the precursory PSD curve, then it is expected that
a delayed filling of pore cavities is arising. Therefore, a complete
overlap between calculated and precursory PSD curves is, in most
cases, improbable to happen because of the presence of advanced
or delayed phenomena. The comparison between the PSDs have
been accomplished by transforming the amount adsorbed inside
the simulated pore networks in terms of millimoles (or cm3 STP)
of Ny per gram of adsorbent. The adsorbent mass is calculated
by assuming a silica substrate (density equal to 2.2 g/cm?); the
corresponding adsorbent volume is obtained by subtracting the
total void volume (sites + bonds) from the total volume (voids
+ solid, i.e. corresponding to the volume of the cubic lattice).
With respect to Hg porosimetry, we have obtained the respective

(a) Network Topology: Big (red), medium (blue), and
small (cyan) pore entities.

(b) Capillary condensation: In blue color sites filled with
delay and bonds filled in advance. Gray elements sites
and bonds filled on schedule.

(c) Hg intrusion: In blue sites and bonds participating in
the canthotaxis phenomenon. In gray pore elements that
are penetrated under no canthotaxis.

Fig. 10. Pore Networks 6-1 (left) and 6-GR (right). Topology (top) and recogni-
tion (middle and bottom) of assisted filling of pore entities during sorption and
Hg intrusion-extrusion processes. (a) Network Topology: Big (red), medium (blue),
and small (cyan) pore entities. (b) Capillary condensation: In blue color sites filled
with delay and bonds filled in advance. Gray elements sites and bonds filled on
schedule. (c) Hg intrusion: In blue sites and bonds participating in the canthotaxis
phenomenon. In gray pore elements that are penetrated under no canthotaxis. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

intrusion-extrusion curves (Fig. 8) in terms of the volume intruded
as function of the penetration pressure.

In our simulated pore networks, as it will be shown below, we
have identified the way by which interconnected sites and bonds
have been filled with capillary condensate. The pore entities (either
sites or bonds) that have been filled with condensate in an assisted
manner or intruded with Hg after canthotaxis have been marked in
blue in some slices of the pore networks, Figs. 9 and 10, which show
the appearances of lowly correlated (4.1 and 6.1 Networks) con-
trasted against the aspects depicted by highly correlated (4-GR and
6-GR Networks) substrates. In turn, those pore elements that have
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Fig. 11. Comparison between pore-size distributions calculated from simulated pore networks and precursory site and bond distributions. The calculation kernels are shown
in the figures inset.
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been filled with condensate unassistedly or under no canthotaxis
have been labeled with gray-filled symbols.

The PSD curves have been obtained from application of the
NLDFT treatment [22] to the boundary adsorption and boundary
desorption N, isotherms. The shape of bonds has been chosen as
cylindrical while sites have been assumed as spherical cavities.
The particularities of the PSD curves illustrated in Fig. 11 can be
described as follows:

Sample 4-1. The PSD calculated from the boundary desorption
isotherm is recovered a good deal in relation to the precursory
bond distribution. Likewise, although in a lesser extent, the PSD
obtained from the adsorption boundary isotherm (assuming spher-
ical pores) looks fairly similar to the precursory site distribution. All
this means that in this sample, corresponding to 2 =0, first bonds
and then sites are filled independently and consecutively; perhaps
some delayed adsorption of sites is occurring, this being the rea-
son why the precursory PSD lies above the calculated PSD from the
adsorption boundary curve.

Sample 6-1. Something similar to what occurs in sample 4-1
is taking place in this substrate. Sites fill once their surrounding
bonds are filled with capillary condensate. A good fit, between the
initial and calculated PSDs from the desorption boundary curve, is
observed for this sample, which depicts a null overlap between the
site and bond size distributions. The agreement between the PSD
obtained from the adsorption isotherm and the precursory site size
distribution is not complete but it is proximate enough.

Samples 4-2 and 6-2. When €2 starts arising, the PSD calcu-
lated from the adsorption boundary isotherm is markedly different
from the original (precursory) site PSD. However, the agreement
between the precursory bond PSD and that calculated from the
desorption boundary isotherm, continues to be very close. It seems
that the delayed filling of sites is taking place in a more important
extent. Here, it would be convenient to contrast these PSD curves
with the PSD obtained from mercury intrusion in order to further
certify the last observation.

Samples 4-GR and 6-GR. Fairly good agreements are obtained
between the precursory bond size distribution and the PSD
proceeding from the desorption isotherm. In turn, the PSD arising
from the adsorption boundary isotherm overlaps fairly but par-
tially with the precursory site-size distribution. This is evidence
of the existence of some delayed filling of sites since the calculated
pore diameter values range within largers if compared to those
existing in the parent site distribution. In turn, bonds appear to be
mostly filled on schedule (i.e. advance adsorption of these elements
is taking place to a limited extent).

Again, the topology (in terms of the distribution of pore sizes
over assorted planes of the cubic pore network) can be appreci-
ated in Figs. 9 and 10; additionally the PSD curves obtained from
the analysis of the N, sorption isotherms are shown in Fig. 11.
Nevertheless, the most striking evidence, concerning the pore enti-
ties that are filled with capillary condensate in a cooperative or
uncooperative way, has been identified in Figs. 9 and 10. In this
case, sites filled with delay or bonds filled in advance have been
labeled with blue-filled symbols, whilst sites or bonds filled unas-
sistedly have been marked with gray-filled symbols. In the same
figures, for Hg porosimetry, sites subjected to the canthotaxis phe-
nomenon are labeled in blue while sites or bonds filled under
no canthotaxis are marked with gray-filled symbols. Therefore,
the extent of the assisted or unassisted sorption phenomena can
be assessed from the aspects of pore sections depicted in Figs. 9
and 10.

The proportion of sites filled with delay, in contrast to those sites
filled in time, can be appreciated from the appearance of Figs. 9 and
10. The amount of sites filled with delay is higher for pore networks
showing low overlap (i.e. 6-1 and 4-1 networks); the pore arrange-
ments allowing for GR (i.e. 4-GR and 6-GR networks) display a good

0.12
4_2 Network
b —u— Precursory
0.104 A bond dist.
o 2% e— Pore size Hg
;) .
~_ 0.08- [
£ oo
=< L L
o a r \ |
ng 0.06 ° Te :
3  m | m
T 0.04 [ & | m
3 ° u .
[ m e m
0.02 4 - , =
s 8 |1
[ ] L]
0.00 " r j . "k y
0 2 4 6 8
Pore size D/ nm
0.12
° 4_GR Network
£ : —.— Precur_sory
0.10+ e bond dist.
K : pl e— Pore size Hg
e 0081 o4 ;
£ 210
2 0.06 - > .
5 T4
= ¢l 3
o S
T 0.04 ’ " ue
3 h l“.
| ]
0.02 4 j X H
] [}
0.00 ‘J. j . ;L .
0 2 4 6 8
Pore size D/nm
0.12
14 6_1 Network
—a— Precursory
0.10 bond dist.
; '_ —e— Pore size Hg
- 008 %/
£ Rem
e " h
> 0.06 1-1 | ®
g o=
) =/ @
T 0.04 . "
3 s
] |m
0.024 s
j ¢ .‘.L-
0.00 ' . M : y
0 2 4 6 8
Pore size D/nm
0.12
6_3 Network
—=a— Precursory
0.10 1 A bond dist.
.' ". —e— Pore size Hg
<_ 0.08] "'. L
E o =
7‘: [ . ° L]
,,Z’ 0.06 | I IR
3 i %
9 004 S 4
> [ ] »
© e n w
0.02 4 - ke
14 | ] [}
g \
0.00 panaat® j . k ¢
0 2 4 6 8

Pore size D/ nm

Fig. 12. Pore size distributions calculated from the Hg intrusion curves of samples
42,4 GR,6.1and 6.3.



J. Matadamas et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 496 (2016) 39-51 51

deal of pore entities that show, on the one hand, an advanced filling
of bonds during sorption processes, and on the other hand, a delay
for being penetrated with Hg during liquid intrusion.

One of the potential aims of this work is to employ the modeling
approach described for recovering a more accurate PSD than tradi-
tional method do. For achieving this goal is important to consider
the morphology and topology of the porous network under anal-
ysis. Specifically, in the present work, when performing the PSD
calculation from Hg intrusion, the following results are found (see
Fig. 12). The PSD’s obtained from the analysis of Hg intrusion curves
(for some assorted substrates) render a good agreement if com-
pared to the precursory bond size distribution curves. Apparently,
there is still no way to distinguish the sizes of the sites. The fitting
of bond sizes between the precursory bond distribution and those
calculated from the intrusion curve, becomes even better when
the pore networks are subjected to GR. The inherent reason could
be that canthotaxis is almost omnipresent in most pore networks;
this happens because from the very definitions of sites and bonds,
together with the CP, the access of the non-wetting liquid (Hg) into
the sites is controlled by the latter phenomenon. When there arises
a high Q2 between the site and bond size distributions, it happens
that when the bond-site entrance is overcome by the liquid-vapor
meniscus, the passage into the inner cavities becomes percolative;
this being the reason why a better agreement between the original
bond size distribution and the PSD calculated for the 4-GR and 6-GR
pore networks occurs.

4. Conclusions

Advanced or delayed processes with respect to the filling or
emptying of pore entities during the development of capillary pro-
cesses in porous media, are the rule rather than the exception.
Depending on the type of pore structure, this being strongly asso-
ciated to the overlap existing between the bond- and site-size
distributions, results the intensity of the above mentioned cooper-
ative phenomena. For pore networks exhibiting low overlap, while
bonds are filled with condensate at low relative pressures, sites
should wait until the required [-v meniscus is constructed along the
perimeter of the cavity in question. On the other hand, Hg intru-
sion is subjected to intense canthotaxis at each pore mouth. As
the overlap increases, and geometrical restrictions arise between
neighboring bonds converging to site, the presence of cooperative
phenomena is more and more prominent. Determination of pore-
size distributions are very much affected by the irruption of delayed
or advanced capillary processes; the interpretation of these results
could be misleading if cooperative phenomena are not considered
at all. Nowadays, methods employing hysteresis scanning curves
or consecutive sorption-intrusion procedures on the same porous
network can shed light into a more correct determination of pore
structure parameters.
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