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A unified network model is formulated for predicting effective Fickian diffusivities of
condensable vapors in porous media where capillary condensation and adsorption— de-
sorption hysteresis occur. The model unifies the equilibrium theory based on the pore-
blocking interpretation of hysteresis in the interconnected network of pores and the per-
colation model of mass transport in the network with randomly interspersed regions for
capillary condensation and surface flow. The Bethe network is used to represent the
porous medium, and the effective medium theory is employed to obtain the effective
diffusivity. Using the information on the connectivity and the positions of the closure
points of the hysteresis loop enclosed by the equilibrium primary adsorption and primary
desorption isotherms, the concentration dependence of the effective diffusivity is pre-
dicted. The model is applied to the systems water vapor-silica gel, water vapor-activated
alumina, and literature data. It successfully predicts the concentration dependence of
the effective diffusivity in the whole range of relative pressures for systems both with and

without a peak in the diffusivity.

Introduction

The problem of predicting diffusion rates of the ad-
sorbable vapors in porous media in the range of pressure
where capillary condensation occurs is a significant one for
the design and operation of adsorbers, dryers, catalytic reac-
tors, membrane separators, and so forth. For adsorption at
subcritical temperatures, that is, for adsorption of condens-
able vapors, the vapor in the adsorbent exists as adsorbed
molecules on the solid surface, condensed in fine pores and
as vapor in the voids. At low partial pressures, monolayer
adsorption plays the major role. At higher partial pressures
the role of multilayer adsorption becomes important and si-
multaneously capillary condensation in the finer pores com-
mences. The extent of capillary condensation increases with
increasing relative pressure of the adsorptive, and eventually
the entire pore volume is filled by capillary condensate. For
systems with capillary condensation, type IV isotherm (Gregg
and Sing, 1982) is typical, as shown in Figure la. The ad-
sorbable component can be transferred by surface diffusion
caused by a gradient of chemical potential, by capillary flow
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caused by a gradient of capillary pressure, and by the gaseous
diffusion caused by a vapor-phase pressure gradient.

In spite of its practical importance, theoretical and experi-
mental studies on the transport under these conditions are
relatively limited. The study is complicated by the difficulty
of separating the contributions from the various transport
mechanisms. Moreover, the existing experimental results and
theoretical interpretations on the transport of adsorbable va-
pors in the capillary condensation regime are widely differ-
ent.

Various experimental methods have been used to deter-
mine the diffusivity or permeability in the capillary condensa-
tion regime. These methods (Kapoor et al., 1989) include the
steady-state permeation method (Rhim and Hwang, 1975; Lee
and Hwang, 1986; Abeles et al., 1991), time-lag permeation
method (Gilliland et al., 1958; Tamon et al., 1981; Toei et al.,
1983), and transient gravimetric method (Haynes and Miller,
1982).

Also the theoretical approaches explaining the experimen-
tal results are different. The “hydrodynamic models” (Flood
et al., 1952; Gilliland et al., 1958; Haynes and Miller, 1982;
Kapoor et al., 1989) can explain certain experimental results
by proposing that the transport is multilayer surface flow
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Figure 1. (a) Typical adsorption-desorption equilibrium
with hysteresis loop (L and U are the closure
points of the main hysteresis loop); (b) corre-
sponding concentration dependence of diffu-
sivity (with a maximum).

alone even in the region of coexistence with capillary conden-
sation. There are, however, some experimental results in the
capillary condensation region that cannot be interpreted by
the hydrodynamic model (Tamon et al., 1981).

The transport model taking into account the hopping be-
havior of molecules adsorbed in the adsorbed phase and the
viscous flow of the capillary condensate described by the
modified Kozeny—Carman equation for the flow of fluid
throngh porous media (Tamon et al., 1981; Toei et al., 1983)
is relatively complex and requires the estimation of constants,
the physical interpretation of which is tenuous.

The models mentioned earlier cannot explain one of the
most interesting experimental observation on the
subject—the occurrence of a maximum (or peak) in perme-
ability or diffusivity in the capillary condensation region (Fig-
ure 1b) (Eberly and Vosberg, 1965; Rhim and Hwang, 1975;
Lee and Hwang, 1986; Uhthorn et al., 1992; this work).

To explain this experimental fact, Lee and Hwang (1985)
developed a flow model by considering the blocking effect of
the adsorbed phase on the basis of a cylindrical capillary
structure. Six different flow modes in a capillary were consid-
ered depending on the pressure distribution and the film
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thickness of the adsorbed layer. In the range of capillary con-
densation pressures, the mechanism of adsorbed layer trans-
port is believed to be of a hydrodynamic nature. Their model
predicts the maximum peak in permeability of condensable
vapors through a porous medium. However, their treatment
is restricted to the idealized case of a single pore size, and
the complexity caused by the pore size distribution is not dis-
cussed.

All models discussed earlier represent the classic approach
to describing complex porous materials referred to as contin-
uum models (Sahimi et al., 1990). Continuum models are of-
ten not adequate for many systems of engineering interest,
for example, for systems consisting of phases that differ ap-
preciably from one another in their effective properties. In
the continuum model, the porous material is treated as a
continuum within which the properties of fluid and solid
species are defined as smooth functions of time and position.

In the discrete model considered in this work, the porous
material is treated as a collection of pores connected to-
gether to form a network. The model formulated in this work
is based on the network representation of the pore spaces
and also the ideas and concepts in statistical physics of disor-
dered media such as percolation concepts. The pore net-
works of catalysts are complex, and in practice it is necessary
to adopt a simplificd model that reproduces the main fea-
tures of a real network, but ignores many of the details. The
model should contain a description of both the geometry and
the topology of the pore spaces. Thus, one needs a simplifica-
tion of both the individual pore structure and the network
structure. The most analytically tractable model to incorpo-
rate a representation of the topology of the pore network is
the cndlessly branching network without closed loops, that is,
the Bethe tree network, as shown in Figure 2.

Larson et al. (1981) used Bethe lattices to study the distri-
bution of oil blobs in a porous medium. Other studies em-

Figure 2. Bethe tree, a network mode! without closed
loops, with connectivity C = 3.

AIChE Journal



ploying Bethe lattices to represent porous materials include
Heiba et al. (1992) for two-phase flow, Reyes and Jensen
(1985) for estimation of effective transport coefficients in
modeling gas—solid reactions (Reyes and Jensen, 1986a,b;
1987), and Sahimi (1993a) in the study of nonlinear transport
processes in disordered media. The behavioral study of the
effective transport properties of the systems, such as perme-
ability, conductivity, and diffusivity, shows that in all cases
the concepts of percolation theory play a prominent role, even
if the system is well connected and percolation may seem not
to play any role (Zhang and Seaton, 1992; Sahimi, 1993a).

Models that treat the pore system in the sorbent as an in-
terconnected network have been recently developed for ad-
sorption—desorption equilibrium processes with hysteresis
(Mason, 1988; Parlar and Yortsos, 1988, 1989; Rajniak and
Yang, 1993, 1994; Sahimi, 1993b), and the Bethe tree was
used as the network model in these articles. These models
explain the general form of the desorption isotherm by the
concept of pore blocking, where the emptying of a large
pore-filled with capillary-condensed liquid is determined by
the emptying of its smaller neighbors. The equilibrium behav-
ior of capillary condensate is comparatively well understood
and described, but the dynamic behavior has not been stud-
ied in these works.

One of the simplest methods for estimating the effective
transport properties of disordered media is the effective-
medium approximation (EMA), which is a phenomenological
method by which a disordered medium is replaced with a
hypothetical homogeneous one represented by unknown
physical constants (Kirkpatrick, 1973; Benzoni and Chang,
1984; Burganos and Stoirchos, 1987; Burganos and Pay-
atakes, 1992; Sahimi, 1993a,b). Thus, EMA is an ingenious
way of transforming a many-body system into a one-body
problem. From the solution of transport equations in the
model of porous media, one obtains the desired estimates of
the effective transport coefficients.

In what follows, the problem of mass transport of condens-
able adsorptive in the porous sorbent is studied. The primary
objective of this contribution is to establish a simple theoreti-
cal framework of predicting effective diffusivity for adsorp-
tion—desorption hysteresis-dependent processes. In the next
section we discuss briefly the main concepts of the equilib-
rium theory for the sorption systems with hysteresis (Mason,
1988; Rajniak and Yang, 1993, 1994) based on the pore-
blocking theory and percolation theory in Bethe tree net-
work. Next we develop the network model for the transport
of condensable vapor in the porous sorbent based on the in-
formation from the equilibrium model. We have used the ef-
fective-medium approach to produce a method for calculat-
ing the effective diffusivity that can explain the maximum of
the diffusivity or permeability in the capillary condensation
region.

The second objective of this study was to provide a set of
accurate experimental data for the kinetics of water vapor
sorption on silica gel and to compare these data with theoret-
ical predictions. Also some experimental data from the litera-
ture are compared with the proposed model.

Theoretical Considerations

We consider adsorption—desorption processes of condens-
able vapors in a porous adsorbent. During the primary ad-
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sorption the porous adsorbent initially free of adsorbate is
exposed to a vapor phase at low pressure P,. At the begin-
ning, the vapor molecules adsorb at particular sites on the
surface of the solid and eventually multilayer adsorption oc-
curs on the pore walls, with the adsorbed layer becoming
thicker. Besides gaseous diffusion and flow in pores, surface
flow of physically adsorbed vapor is important. The surface
diffusion can make an important contribution to the mass
transfer.

To explain the surface flow, several interpretations are
available. The most commonly used models are essentially
divided according to the two distinct approaches: the site-
hopping model (Higashi et al., 1963; Kapoor et al., 1989; Chen
and Yang, 1993; Tamon et al., 1981) and the approach based
on the chemical potential as the driving force (Kéirger and
Ruthven, 1992), which results in approximately (Yang, 1987)
the “darken equation” as shown below. The transport equa-
tion for surface diffusion may be written in the form

da dInx ‘
d Ddz b= “dina m
where J is the surface flux; D is generally referred to as the
“corrected diffusivity;” @ is the concentration in the adsorbed
phase; x is the relative pressure in the vapor phase; x =
P /P, where P, is the saturation pressure; and z is dis-
tance coordinate.

When the condensation pressure is reached in the finest
pores and the multilayer becomes sufficiently thick, the pores
fill with a liquidlike phase. This phase transition is known as
capillary condensation and it commences in the finest pores at
a critical pressure, P, of the “critical” pore size (provided
pores of this size are present). We will assume that the capil-
lary condensation starts in the finest pores at point L, the
lower closure point of the hysteresis loop (see Figure 1a).
However, this is not necessarily so, because the closure of the
hysteresis loop during the desorption process occurs when all
pores containing condensate have access to the vapor phase.
This may occur also above P_;,. In fact, condensation occurs
only in pores above a critical pore size. In smaller micro-
pores, the phase transition disappears and the micropores fill
with adsorptive at a “filling pressure.” This means that the
position of the lower closure point L is characteristic of each
adsorptive (Seaton, 1991; Burgess et al., 1989; Naono and
Hakuman, 1993). As the pressure is progressively increased,
wider and wider pores are filled until the saturation pressure
is reached.

Mass transport in the capillary condensation regime is a
complex phenomenon. The conditions under which capillary
condensation occurs are also those under which significant
surface diffusion is expected. The study of this phenomenon
is therefore complicated by the difficulty of separating the
contributions from the various transpoert mechanisms. Fortu-
nately, vapor flow contribution is found to be negligible un-
der those conditions (Haynes and Miller, 1982; Abeles et al.,
1991; Tsujikawa et al., 1987). Vapor phase transport is in this
case usually orders of magnitude smaller than surface flow
because of the relatively small amount of molecules in the
vapor phase compared to that in the adsorbed phase.

As soon as a pore is filled with condensate, the vapor flux
through that pore is cut off and transport then depends on
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surface diffusion together with any bulk flow induced by the
capillary forces. Intuitively one might therefore expect the
apparent diffusivity to be greatly reduced. However, when
there is a significant distribution of pore sizes, the flux, and
therefore the apparent diffusivity, may in fact be greatly en-
hanced. This counterintuitive result was first pointed out by
Carman and Raal (1951a), and more detailed analyses have
been given by Weisz (1975), Lee and Hwang (1986), Abeles et
al. (1991), and Kirger and Ruthven (1992).

The capillary condensation pressure, P,, can be estimated
by the well-known Kelvin equation, which for cylindrical cap-
illary has the form

P,

12

)

20V, cos 8)

zexP(‘ 'RT

sat

where ¢ is the interfacial tension between liquid and gas, V),
the molar volume of the liquid adsorbate, both being func-
tions of the absolute temperature 7, P, is the condensation
pressure for the cylindrical capillary with radius r, and 6 is
the contact angle. A curved interface not only reduces the
saturation vapor pressure but also causes a hydrostatic pres-
sure difference across the meniscus (Carman and Raal,
1951a), via the Young-Laplace equation:

20 cos
Py=P —P=——— &)

suc v
r

where the pressure in the vapor P, exceeds that of capillary
condensed (liquid) phase P, and the difference P, is the
capillary suction pressure. Combining the Young-Laplace
equation (Eq. 3) with the Kelvin equation (Eq. 2), and apply-
ing for both ends of the liquid-filled part of the capillary,
(Figure 3), we get the expression for the overall pressure drop

in the liquid phase:

RT P,
P,=P,=P,—P,+ 7L In P “)

The driving force for the liquid flow is the sum of the vapor
phase pressure drop, given by the first term on the righthand
side of Eq. 4, and the capillary pressure, given by the second
term. From Eq. 4 it is predicted that the actual pressure drop
is much greater than the vapor phase pressure drop.

In any adjoining capillary in which condensation has not
yet occurred, transport will be by surface flow only. It is clear

Figure 3. Pressure distribution in a single capillary par-
tially filled with condensate (shaded area).
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then that for any reasonable pressure gradient within a per-
meable solid, any capillary condensate volume elements will
create a short-circuit effect leading to a reduction in the
length of the diffusion path and a corresponding increase in
the effective surface diffusivity.

Weisz (1975) proposed that if the capillary condensed vol-
ume elements represent a fraction g of the pore volume, we
may expect a shortening of the diffusion path by g, the effec-
tive diffusivity will then be

Deff - 1 (5)
D 1-gq’

where g can be estimated from the pore size distribution and
from the critical Kelvin radius r given by Eq. 2.

As the relative pressure increases, the number of pores that
are still not filled with condensate decreases rapidly and at
the point U, the upper limiting point of the hysteresis loop,
all pores are filled with capillary condensate, as seen in Fig-
ure la.

The position of the upper closure point U depends on the
pore size distribution of the adsorbent and particularly on
the size of the largest mesopores. For mesopores solids in
which essentially all the pores are sufficiently small for con-
densation to occur at some point during the primary adsorp-
tion, there is little condensation near the saturation pressure,
x =1, and the point U lies below the saturation pressure
(Mason, 1988; Liu et al., 1993). If point U, the upper limiting
point of the hysteresis loop, lies below the saturation pres-
sure of the adsorbate vapor, then it is presumed that the solid
has no pores of radii greater than that corresponding to the
closure point. Adsorption beyond this pressure will be associ-
ated with the change of curvature of menisci freely accessible
to the vapor and with the compression of liquid condensate
in the pores.

Transport of the liquid condensate can then occur only by
hydraulic pressure, that is, capillary pressure eliminated, be-
cause the entire porous sample is filled with a bulk conden-
sate and nowhere does a meniscus exist in the pores. The
flow of the condensate obeys the Hagen—Poiseulle equation,
and under usual conditions of adsorption experiments this
flow is much smaller than the capillary condensate flow.

From this qualitative analysis it follows that beside surface
flow of adsorbed species, other different mechanisms also in-
fluence the total mass transport rate in the capillary conden-
sation regime. The first effect is the increase in the apparent
diffusivity when some pores (or some parts of the capillary)
are filled with condensate. The second effect is the decrease
in the mass transport rate once all pores (or the whole capil-
lary) are filled by condensate. With the increase of the roles
of these two mechanisms, the role of surface diffusion is de-
creased and the dependence of the effective diffusivity on
relative pressure can pass through a maximum as shown in
Figure 1b. In the interconnected network of pores of various
sizes all three mechanisms can be operative. For the analysis
of the relative influence of each mechanism we will examine
the primary desorption isotherm, Figure 1a.

The primary desorption process is the reversal of the pri-
mary adsorption, and it commences upon completion of the
primary adsorption at relative pressure x=1. The corre-
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sponding equilibrium curve is termed primary (boundary)
desorption isotherm. A characteristic feature of desorption
for various sorption systems is its hysteresis loop, when the
adsorbed amount between points L and U is greater at any
given relative pressure x along the primary desorption curve
than along the primary adsorption curve. This primary de-
sorption loop is reproducible if the desorption process is
started from any point beyond the upper limiting point U or
at least from this point U, that is, for x > xU.

For the present analysis the position of the closure points
L and U are important. As it is already in the smallest pores
above the critical pore size and at point U the capillary con-
densation is completed in the largest mesopores of the solid.

Following the “pore-blocking theory” of Mason (Mason,
1988; Rajniak and Yang, 1994) a porous material (adsorbent)
consists of a number of pores connected together in a net-
work. In this network we distinguish bonds (pore throats,
windows) from sites (pore bodies, cavities). The individual
sites are connected via bonds. Three parameters or functions
characterize the pore spaces: connectivity C and site size and
bond size distribution functions, g(r) and f(r), respectively.
Connectivity is defined as the average number of bonds per
pore. The characteristic dimension of the bond or of the site,
r, is related to the filling pressure (capillary condensation) via
the macroscopic Kelvin equation (Eq. 2) for capillary conden-
sation. Thus, at any value of the relative pressure x (=
P /P..), the process may be uniquely parameterized by a ra-
dius r, via Eq. 2. Accordingly, adsorption or desorption oc-
curs corresponding to an increase or decrease in r, respec-
tively.

It is worth noting that the geometric radius of a pore is the
sum of the Kelvin radius plus the thickness of the adsorbed
layer at the pore surface and that the generally recognized
validity for the Kelvin equation is limited to the mesopore
size in the range 1 nm <r <25 nm.

The distribution functions g(r} and f(r) are the normal-
ized functions, such that g(r)dr denotes the probability that
a pore has a site (cavity) radius between r and r + dr, and
similarly f(r)dr is the probability of any bond (window) hav-
ing a radius between r and r + dr.

The fraction of bonds for which r <r, and so represents
the probability that a capillary meniscus will not pass through
a window will be

p= jo "(r) dr, 6)

and the probability that the site of the pore will be filled at
the value of r, set by P/P,,, will be

sat

q=f,qq(r)dr. @)
Q

It should be mentioned that Mason’s pore-blocking theory was
developed for the hysteresis (capillary condensation) domain,
and therefore describes adsorption—desorption processes only
for relative pressure x* < x < xY. It follows then that g = p
=0 for x < xY, and g =p =1 for x> xY. The advantage of
using probabilities p and g is that they make the derived
functions independent of any particular pore size distribution
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and the analysis is thus general; the details of the size distri-
bution and the geometry are all incorporated into the proba-
bilities p and gq.

The adsorption process in the hysteresis-dependent do-
main is represented by the increase of g from 0 to 1 and
desorption process by the reduction of p from 1 to 0. Proba-
bilities p and g are related through connectivity C by

q=rp°, (8)

which considerably simplifies calculations (Mason, 1988; Ball
and Evans, 1989; Parlar and Yortsos, 1988).

For the description of primary and secondary sorption
isotherms two general variables, a and §, must be intro-
duced. The variable a expresses the total measured amounts
of adsorption or desorption (the sum of both surface adsorp-
tion and capillary condensation) in the whole range of rela-
tive pressure 0 < x <1, whereas the variable S represents the
fraction of pores that are filled by capillary condensation.
Mason assumed that there is no correlation between the cav-
ity radius for filling and the cavity volume. This assumption
enables the number fraction to become the volume fraction
and it makes the analysis independent of any particular pore
size distribution. More recently Mason and Mellor (1991) have
shown that for a random packing of equal spheres the num-
ber fraction of pores emptied during the drainage process
corresponds closely with the volume fraction of the pores.
Following Parlar and Yortsos (1988) we will also expect that
the capillary condensation phenomenon controls the equilib-
rium of the sorption processes in the range of relative pres-
sures x© < x < xY. It has been shown by Mason (1988) and
by Rajniak and Yang (1993) that the preceding assumption is
fairly valid for the systems xenon on Vycor glass and water on
silica gel, respectively, and the contribution from surface ad-
sorption to the total amount is practically constant in the
range x° <x < xV and is equal to a”. Then the fraction of
pores filled, S, is related to the adsorbed amount by the fol-
lowing expression

S = fi Lex<axV, )
aU—aL or X X

For the primary adsorption process (the subscript A is for
primary adsorption), the fraction of pores filled by capillary
condensation is

S,=q for xt=x<xY, (10)
where q is the probability of pore filling. it is worth noting
that S, is not dependent on the connectivity C. On adsorp-
tion, pore blocking does not play any role in adsorption equi-
libria. When a porous material is filled by adsorption, all of
the pores are equally accessible. Even if the pore becomes
isolated from the bulk vapor, it can still fill by condensing
vapor from adjacent pores that can then refill from the bulk
vapor. However, this process will be quicker than the filling
from the vapor, as discussed earlier.

For primary desorption the hysteresis of capillary con-
densed vapor can be explained by pore-blocking effects, where
a pore cannot empty until at least one of its neighbors has
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emptied. This effect depends in principle on the interconnec-
tions and the interconnectedness of the pore network. The
model frequently used for the interconnectedness is the Bethe
tree (Mason, 1988; Parlar and Yortsos, 1988), the network
with no closed loops (Figure 2). The advantage of using the
Bethe tree is that the description of its behavior can be car-
ried out analytically.

The sorption hysteresis is a connectivity-related phe-
nomenon. Such phenomena are naturally described by the
percolation theory (Broadbent and Hammersley, 1957; Stauf-
fer and Aharoni, 1992; Sahimi, 1994). The analysis given here
follows Mason’s analysis using percolation theory with the re-
striction to a Bethe tree network.

During the primary desorption process whether a site re-
mains full or empty depends upon whether one of its bonds is
connected to the vapor and at the same time can also allow a
capillary meniscus to pass. At some stage during primary de-
sorption, at some value of p, the probability that a bond into
a site is connected to the vapor is v. Mason (1988) derived
Egs. 11 and 12 for the fraction of the pores filled during pri-
mary desorption S (the subscript D is for primary desorp-
tion) at respective values of probabilities p and v

Sp=1-p)7 " an
p=(SK =S~ /(1- 8§Dy, (12)

Equations 11 and 12 predict the correct limits, S =1 for v =0
and S = p=0 for v=1. Some plots of § against p for vari-
ous values of C are given in Mason’s study (1988). For C =3
it is easy to solve Eqs. 11 and 12 analytically.

The primary desorption equilibrium problem described
previously belongs to the group of bond percolation prob-
lems, because the emptying of the pore sites (cavities) is de-
termined by the bonds (windows) connections. Connectivity
of the network plays a dominant role in the description of the
process.

On the other hand, the primary adsorption process in the
capillary condensation region can be treated as a classic site
percolation problem. In this case pore sites (cavities) of the
network are filled by capillary condensate with probability g
and partially filled by surface adsorption with probability 1 -
q. As discussed earlier, whether a particular site is filled by
capillary condensation or not depends only on its characteris-
tic dimension (mean radius of curvature)} r while the connec-
tivity of the pores is irrelevant. But the physical picture is
different from the point of view of kinetics of the porous ad-
sorbent filling.

During adsorption at a partial pressure below the lower
limiting point L, no pores are filled by capillary condensa-
tion. Surface diffusion eontrols the mass transport rate in the
porous adsorbent. At relative pressures above the point L, a
fraction of the pores g randomly interspersed in the sorbent
are filled by capillary condensation that accelerates the total
rate of mass transport (filling of the fraction 1 — ¢ of the pores
partially filled by surface diffusion). The rate of filling of any
pore may be slower or faster, depending on the situation in
the neighbors of the pore (i.e., whether these are partially
filled by surface adsorption or completely filled by capillary
condensation, or generally, depending on the situation in the
whole network. This diffusion problem is then analogous to
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the conduction problem in a network of heterogeneous con-
ductors. It has been pointed out (e.g., Sahimi et al., 1990;
Stauffer and Aharony, 1992) that the exact relationship be-
tween electrical conductivity and fluid permeability of a
porous medium is an unsolved problem. Similarly, the rela-
tionship between effective conductivity and effective diffusiv-
ity is not obvious. For gaseous diffusion (bulk and/or Knud-
sen) Burganos and Sotirchos (1987) and Burganos and Pay-
atakes (1992) have presented a method for calculating the
effective diffusivity of a porous solid based on the effective
medium approximation (EMA). Liu et al. (1992) have used
EMA to investigate the effect of pore geometry on the cffec-
tive diffusivity. However, the effect of surface diffusion or
capillary condensation was not considered in these works.

In the present contribution we propose to develop a physi-
cal model for mass transport in the porous medium in the
presence of capillary condensation based on the following as-
sumptions:

1. The pore sites (cavities) of the porous medium are filled
by capillary condensation or partially filled by surface diffu-
sion. The fraction of pores filled by capillary condensation is
g and that partially filled by surface diffusion is 1—gq.

2. We will use the symbol d; for the diffusivity in the
pore site that is partially filled by surface diffusion and sym-
bol d, for the “diffusivity” in the pore site that is filled by
capillary condensation. Mass transport occurs in pores con-
taining condensate by pressure-driven flow, rather than diffu-
sion, and the use of d, for such kind of transport is a formal
simplification.

3. The bonds (pore throats, windows) between the pore
sites do not contribute significantly to the total volume and
the volume of capillary condensed liquid is associated only
with the pore sites.

Then the problem of mass transport in the porous adsor-
bent with randomly distributed fractions of pores filled by
capillary condensation or by surface diffusion, respectively, is
similar to the problem of diffusion in bi-disperse media (Ben-
zoni and Chang, 1984; Burganos and Sotirchos, 1987). Gener-
ally, a discrete multimodal distribution of pore diffusivities
with the number density f(d) of pore diffusivities has the form

flay=73 fé(d-4d,), (13)

i=1

where & is the Delta function and d, is the diffusivity of the
pore of the ith kind {(e.g., d; = d, for the pore partially filled
by surface adsorption and d; = d. for the pore filled by capil-
lary condensation) and # is the number of different fractions
of pores. The EMA equation for the Bethe lattice with con-
nectivity C (Stinchcombe, 1974; Heinrichs and Kumar, 1975;
Sahimi, 1993a) reduces to the summation

z di - dEMA

M g, (14)
Elf d; +(C=dgyns

where n is the number of different fractions of pores, dgya
is the effective medium diffusivity, and d, is the diffusivity of
the pore of type i. For two-dimensional or three-dimensional
networks of coordination number C, an equation similar to
Eq. 14 can be used (Kirkpatrick, 1973; Sahimi, 1993a) except
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Figure 4. Theoretical predictions of diffusivity by Model
1.

(a) Adsorption—desorption equilibrium with upper closure
point U close to the saturation pressure at x = 1. (b) Con-
centration dependence of diffusivity with maximum at x =1
for various values of connectivity; d_/d; = 10.

that C-2 must be replaced by (C/2—1). However, to maintain
consistency with the network model used for evaluating con-
nectivity from the adsorption—desorption equilibrium data
(Mason, 1988; Rajniak and Yang, 1993), which is restricted to
the Bethe tree network, we use the EMA given by Eq. 14.

The value of dpy, computed from the effective medium
equation (Eq. 14) is related to the effective diffusivity of the
whole network Dgy4 (Stinchcombe, 1974) by

(15)

The simplest model that will be discussed in the present
analysis (Model 1) can be derived from Egs. 13 and 14, and
can be summarized as follows:

Model 1:

For x < x*: fi=l £,=0 dgya=d;

For xL <x<xY=1: fi=1-¢q, f,=q, d=d,, d,=d,
dema given by Egs. Al and A2
(Appendix).

The dependence of the effective diffusivity for Model 1 is
shown in Figure 4, for various values of connectivity. In this
case the upper closure point U is at relative pressure x =1
and capillary condensation accelerates the mass transport rate
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in the whole concentration range above point L. As can be
expected, the acceleration of the mass transport rate in the
capillary condensation regime is more pronounced for higher
values of connectivity. However, the curves for various con-
nectivities are relatively close together, especially for C
greater than 5. Such behavior is also typical for the related
percolation problem of the theoretical equilibrium boundary
desorption curves with various connectivities (Mason, 1988).
If the upper closure point U lies below x =1, we can ex-
pect a decrease of the total mass transport rate for relative
pressures xU < x <1, because in this region all pores are filled
with capillary condensate and the transport is controlled by
the flow of liquid condensate. For such systems a more com-
plicated model, Model 2, is proposed:
Model 2:
For x < x%: fi=1 £,=0 dgys=4ds
For xL <x<x% fi=1-q f,=q d;=d; d,=d.
dpya given by Egs. Al, A2 (Appendix)
For x = xY: fi=0 f,=1 dgya=dr.

The theoretical dependence of the effective diffusivity
based on Model 2 for various values of connectivities is shown
in Figure 5. The upper closure point U now lies below the
saturation pressure (x¥ < 1) and the dependence of diffusiv-
ity contains a maximum at x = x". For x > xY there exists a

T T T T T T T T k
L a
0.3 U
D o2t
S
® | L
01t
OO 1 L L 1 a 1 1 1 1
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------------ C=3
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- S— C=12
g °r ;
() F '/"/,“ ;
N 1 n i 1

1 ' L
0.6 0.8 1.0
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Figure 5. Theoretical predictions of diffusivity by Model
2.

(a) Adsorption—desorption equilibrium with upper closure
point U at x = 0.7. (b) Concentration dependence of diffu-
sivity with maximum at x = 0.7 for various values of connec-
tivity; dg=dp and d_/d; = 10.
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discontinuity in the concentration dependence of diffusivity
that decreases immediately to the value d, which is diffusiv-
ity in the pore filled by capillary condensation in the region
when the whole sample is filled with condensate. In this re-
gion, the transport is controlled by the liquid flow of capillary
condensate during the compression of the condcnsate in the
sample and flattening of the menisci. Such discontinuity is an
artifact of the model and needs further discussion.

The theoretical relations of Model 1 and Model 2 were
developed for the idealized case of the infinite network (e.g.,
Bethe tree), in which there are no blind pores and the effect
of decreasing the total mass transport rate by the influence of
the flow of capillary condensate in pores completely filled by
the condensate is important only for x> xY. In the real
porous adsorbents there definitely exist blind (dead-end)
pores. These blind pores are accessible for filling by surface
adsorption and capillary condensation; but after filling with
capillary condensatc thcy do not increase the total mass
transport rate, but on the contrary, decrease it. It is clear that
the fraction of pores that belongs to these “blind clusters”
increases with increasing ¢, and for g =1, all pores are filled
with condensate and belong to blind clusters. Therefore, in
rcal porous adsorbents with the broad pore size distribution
and with presence of blind pores, all three main mechanisms
(surface diffusion, capillary condensation, and liquid flow of
capillary condensatc) may already be functional simultane-
ously below the point U. In other words, the total mass trans-
port rate (effective diffusivity) will pass a maximum at the
relative pressurc x < x¥. The position of this maximum will
depend on the initial fraction of blind pores in the sample,
on the connectivity as well as on the sizes of microparticles in
the sorbent.

1t should be noted that the fraction of blind pores in the
real sorbents is different from the tag-end fraction of bonds
(sites) of the theoretical (infinite) Bethe tree network that
consists of a fraction g of conducting bonds (sites) and a frac-
tion 1— g of nonconducting bonds {(sites) (Larson and Davis,
1982). The relations of Larson and Davis for the tag-end
fractions (backbone fractions) of bonds (similarly for sites)
were developed to study a conduction problem for systems in
which there were two types of sites—conducting (occupied)
and nonconducting (unoccupied). They represent the fraction
of the occupied sites that belong to an infinite cluster of oc-
cupied sites but do not carry current (flow), they are dead-end,
that s, connected with one (and only one) of the bonds to the
infinite cluster. The tag-end fraction defined in such a way
decreases with increasing g. Our problem is different, how-
ever, because we expect that all pores are conducting. But
the occupied sites (sites filled with capillary condensation)
with connections to unoccupied sites are conducting differ-
ently from both the unoccupied sites (i.e., partially filled with
surface adsorption) and the occupied sites that have no con-
nections to the unoccupied sites. The fraction of blind pores
filled with capillary condensate will in our case increase with
increasing q.

The relative pressure x* (or the corresponding fraction of
pores filled, ¢*) at which the blind pores become filled with
capillary condensate can be considered important only empir-
ically on the basis of the experimental position of the maxi-
mum diffusivity. Following the ideas presented earlier we have
Model 3 incorporating the influences of all three main mech-
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Figure 6. Theoretical predictions of diffusivity by Model
3 for various values of the ratio d./dg and
various values of the empirical relative pres-
sure x* (defined in the text).

(a) Concentration dependence of diffusivity for equilibrium
shown in Figure 4a for ¢ =8 and dg=d.. 1! do/dg=10,
x* =099 2 de/dg =10, x* =0.9; 3: d./d¢ =40, x* =0.5;
4 do-fde =20, x*=0.6; 5: dp/ds =10, * =0.7. (b) Con-
centration dependence of diffusivity for equilibrium shown
in Figurc S5a for C =3 and dg=dp. 1: d¢/dg= 10, x* =0.7;
2idefds =10, x* =0.6; 3: dyo fdg = 10, x* = 0.5, 4: d-fdg =
20, x* =0.5; 5: d ¢ /dg = 30, x* = 0.4.

anisms that determine the total mass transport rate in the
porous structure:
Model 3:

For x < x%:

For xt < x* < xY:

fi=1 f,=f3=0 dEMA:dS
fi=1—q f,=q9(0=s) fi=¢q5

di=ds dy=d. dy=dp
dpnma given by Egs. Ad and AS
(Appendix)

For x > xY: fi=f,=0 fy3=1 dgya=d.

The fraction of blind pores filled with capillary condensate,
s, is defined by:

a7n

and the solution of Eq. 14 for Model 3 is given in the Ap-
pendix.

In Figure 6 the theoretical dependences of diffusivity com-
puted via Model 3 are shown for various values of x* and
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various values of the ratio d/dg. For simplicity, we expected
dg=d in all cases. In Figure 6a, the theoretical curves are
presented for the system with equilibrium shown in Figure 4a
(water vapor in alumina, C = 8). Curve 1 represents the limit-
ing case of Model 1 for x* = xY, that is, g* = 1. Curves 2 and
5 show the effect of the decreasing value of x* on the posi-
tion and the height of the maximum for the same value of the
ratio d/dg. Curves 3 and 4 demonstrate the influence of the
simultaneously increasing value of the ratio d/dg and de-
creasing value of x*. One interesting feature of the model is
the constant position of the rounded maximum for Curves 3,
4, and 5. For these cases ¢* < 1/2 and the maximum is at x
corresponding to g = 1/2. For the cases with ¢g* > /2 the cor-
responding position of the sharp maximum is always at g*.
Similar conclusions are valid for the system shown in Figure
6b, where the theoretical curves for the system with equilib-
rium shown in Figure 5a (water vapor in silica gel, C = 3) are
presented.

Experimental

Two standard commercial dessicants, silica gel Davison
Grade H and activated alumina Alcoa PSD-350, were used in
experiments. Adsorption data for nitrogen at the liquid nitro-
gen temperature, 77 K, were obtained using a Carlo Erba
Sorptomatic 1900 apparatus and have shown complete re-
versibility through the entire pressure range. The specific
BET surface area and pore volume for Grade 12 silica gel
were determined to be 767 m?/g and 0.398 cm®/g, respec-
tively. This silica gel was microporous with a mean pore width
of 0.9 nm and the largest pores of about 1.6 nm (Rajniak and
Yang, 1993). Results for activated alumina have shown a sig-
nificant hysteresis loop in the N, relative pressure range of
0.42-0.99. The BET surface area and pore volume were 350
m?/g and 0.59 cm¥/g, respectively.

Equilibrium and kinetic data were measured using a Met-
tler TA2000C Thermoanalyzer (TGA). High-purity helium
was used as the inert carrier gas and the gas for regeneration.
The generation of water vapor at the desired partial pressure
was accomplished with the aid of a gas washbottle containing
distilled water, two cylinders of helium gases, flowmeters, and
a gas blending system (Yang and Baksh, 1991). By controlling
both the flow rate of helium through the washbottle and the
flow rate of the diluting helium, the concentration was varied
to obtain the entire adsorption isotherm.

For the kinetic data measurement the flow system was
slightly modified to avoid the influence of the external diffu-
sion during uptake experiments. The total flow rate of the
mixture flowing to the TGA was increased by using two addi-
tional gas washbottles. The experimental conditions were ad-
justed to ensure that the external diffusion resistance was ab-
sent (or minimized to a negligible level) and that the wet he-
lium stream was indeed saturated. The partial pressure of
water in helium gas flowing to the TGA was changed by vary-
ing the ratio of the flow rate of pure helium to the helium
saturated with water, keeping the total flow rate constant.
Equilibrium data obtained using the extended flow system are
in good agreement with the data reported in our previous
works (Rajniak and Yang, 1993, 1994).

The TGA microbalance measured weight changes of the
adsorbent accurately up to 10 ug. The adsorptive entered
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through the TGA inlet, and flowed over the adsorbent and
the sample pan before exiting.

The silica gel sample was activated by passing high-purity
helium through it for 2 hours at 200°C. The first adsorption
isotherm was measured at 25°C up to the saturation relative
pressure. After the adsorbent was exposed to water vapor at
the saturation pressure for 6 hours, the first desorption was
carried out by passing pure helium through the sample. The
weight of the rehydroxylated sample was taken as the basis
for sorption data evaluation.

In the diffusivity measurement, the sample initially at equi-
librium was subjected to a sudden small change in partial
pressure and the weight changes during adsorption or de-
sorption were continually recorded. The influence of the ex-
ternal diffusion was minimized by using a high total flowrate
of the mixture flowing to the TGA as discussed. The heat
effects during the sorption measurements were minimized by
allowing only small step changes in relative pressure during
each measurement. Because the sorption rates were indepen-
dent of the pellet size, we can assume that the total sorption
rate for water in silica gel was controlled by the mass trans-
port processes within the microparticles. Successive adsorp-
tions and desorptions were conducted at 25°C by changing
the composition of the adsorptive and allowing time to estab-
lish equilibrium.

Results and Discussion

Both kinetic and equilibrium data were obtained using the
experimental procedure described earlier for two silica gels.
However, the kinetic and equilibrium data for the two gels
are identical within the range of expected experimental error.
Therefore only the results for Grade 12, which was also used
in our previous works (Rajniak and Yang, 1993, 1994), will be
discussed here. The equilibrium experimental data exhibited
a well-behaved and reproducible hysteresis loop in the range
of relative pressures 0.3-0.7, with the primary adsorption
isotherm of type IV and primary desorption hysteresis loop
of type H2 (IUPAC classification), shown in Figure 6. These
data are in good agreement with the equilibrium data re-
ported in our previous works (Rajniak and Yang, 1993, 1994).
The primary adsorption equilibrium data were fitted by using
the BDDT equation (Brunauer et al., 1940):

a ex[1+N(G—DxN 14 (N-1-2NG)xV+NGx"+1]
A=-)[1-x+cx—c(1-GYxN—cGx ™1

a

m

(18)

A further improvement of the data fit by using the BDDT
isotherm was achieved as compared to the fit by a two-site
Dubinin—Radushkevich equation that was used earlier
(Rajniak and Yang, 1994). The same evaluation procedure
was used for the equilibrium data of water vapor on activated
alumina that exhibited a significant hysteresis loop in the
range of relative pressures (.4-0.99, similar in both shape
and position with the hysteresis loop for nitrogen. On the
other hand, as was mentioned earlier, the adsorption-de-
sorption equilibria on silica gel did not show any hysteresis
for nitrogen but did for water. Such an interesting behavior
has been explained by Naono and Hakuman (1993). For the
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Table 1. Equilibrium Parameters for Sorption Systems

Sorption System a,, c N G xt xY C
H,O/silica gel 0.0876 17.24 4.30 21.92 0.304 0.696 3
H,0O/alumina 0.0767 9.46 8.01 0.478 0.435 0.990 8
CF,Cl,/Linde silica 0.1227 25.48 12.50 0.509 0.525 0.951 8

smaller molecules of water vapor (size 0.23 nm), the capillary
condensation began from the pore radius of 0.9-1.1 nm, but
for the larger molecules of nitrogen (size 0.36 nm) the same
phenomenon started from the pore radius 1.7 nm. Because
the silica gel used in our experiments was a microporous one
with a mean pore width of approximately 0.9 nm and the
largest pores to have a width of approximately 1.6 nm (Rajniak
and Yang, 1993), capillary condensation could not occur. On
the other hand, in the mesoporous alumina with a mean pore
size of 3.3 nm, there was enough space for the larger
molecules of nitrogen to condense.

For the purpose of quantitative evaluation of the primary
adsorption kinetic data presented in this study, the positions
of the limiting points of the main hysteresis loop and the value
of connectivity are needed and are presented in Table 1.
Connectivity C was evaluated following Mason’s method
(Mason, 1988; Rajniak and Yang, 1993) from the boundary
desorption isotherm. The parameters of the BDDT equation
are also given in Table 1.

If the uptake occurs over a small step change in the ad-
sorbed phase concentration and with sufficiently high total
flow rate, we may assume the absence of external heat and
mass-transfer resistances as well as isothermal behavior dur-
ing the sorption. Then the mass transport of condensable wa-
ter in a spherical microparticle (radius R,) can be repre-
sented by the following transient diffusion equation (Fick’s
second law) with a constant diffusivity (Kirger and Ruthven,
1992):

2 da
+—~——). 19

2
a r, I, 8rp

da d%a
ot

For a step change in concentration at time zero, the initial
and boundary conditions are

t<0, a=a, (independent of r, and ) 20)
tz0, a(R,,t)=a, (21)
da

foralt and r,=0, —=0. (22)
Jat

The analytical solution for Egs. 19-21 is well known, and the
Fickian diffusivity D may be determined by matching the ex-
perimental uptake curve to the solution of the diffusion
equation for both adsorption and desorption experiments. A
standard regression procedure was used for this purpose, us-
ing 20 experimental points for fitting the theoretical curve to
each experimental transient.

The experimental results for the silica gel-water vapor sys-
tem at 298 K are compared in Figure 7 with the predictions
from Model 3. The equilibrium data (Rajniak and Yang,
1993), Figure 7a, exhibited a type IV isotherm for the pri-
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mary adsorption isotherm and type H2 for the primary des-
orption hysteresis loop, with the position of the upper closure
point U below the saturation pressure, that is, at xU = 0.7.
The resulting parameters for the primary adsorption—desorp-
tion data (Rajniak and Yang, 1993) are summarized in Table
1. The value of connectivity, C = 3, was used to compare the
theoretical concentration dependence with the experimental
values. The experimental concentration dependence of the
effective diffusivity shows a maximum close to the upper clo-
sure point U. From theoretical analysis, is becomes clear that
for a system with such a small value of connectivity, both
Model 2 and Model 3 are suitable. The effect of the finite
size of the network, as well as the concentration dependence
of the diffusivities (c.g., via Eq. 1 for surface diffusivity} should
cause the predicted maximum to be rounded and hence im-
prove the agreement between theory and experiment.

In Figure 8 the experimental data for the system water va-
por in activated alumina are compared with the predictions

T T T T T T T T

- a ]
0.3} —

a (9/9)

0.1¢r

OO I i L ! . i I H N

1 |
0.0 0.2 0.4

I s 1 '

1
0.6 0.8 1.0
RELATIVE PRESSURE, x

Figure 7. Experimental diffusivity data vs. theoretical
predictions for the system water vapor-silica
gel at 298 K.

(a) Adsorption—desorption equilibrium. (b) Concentration
dependence of diffusivity, Model 3 with C=3, d¢=dp,
de/dg =35, and x* = 0.65.
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Figure 8. Experimental diffusivity data vs. theoretical
predictions for the system water
vapor-activated alumina at 298 K.

(a) Adsorption—desorption equilibrium. (b) Concentration
dependence of diffusivity, Model 3 with C=8, dg=dp,
de/ds=10, and x* =0.7.
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by Model 3. The alumina has a well-connected structure, with
C = 8, and exhibits a wide and smooth hysteresis loop (Figure
8a). Consequently, the model predicts a diffusivity maximum
at a relative pressure substantially below the upper closure
point. The experimental diffusivity maximum occurs at a rela-
tive pressure that falls further below the theoretical predic-
tion. The agreement is, however, satisfactory judging from the
simplicity of the theory.

In Figure 9 the classic experimental data of Carman and
coworkers (Carman, 1952; Carman and Raal, 1951a,b; Car-
man and Matherbe, 1950) for system CF,Cl, in a Linde silica
gel at 240 K are compared with the prediction of Model 3.
The equilibrium experimental data are again of type IV for
the primary adsorption isotherm and type H2 for the primary
desorption loop, but with the upper closure point U close to
the saturation pressure x = 1. The parameters of the primary
equilibrium data based on our evaluation are given in Table
1. The concentration dependence of the effective diffusivity
is monotonically increasing in the whole reported concentra-
tion rate. Unfortunately, their last experimental diffusivity
data point stops at relative pressure 0.8. However, even the
simplest Model 1 can predict successfully the experimental
results, as seen in Figure 9b. Moreover, it is predicted that
the diffusivity will decrease at relative pressures higher than
0.88.

Experimental data for diffusivities on other vapor-porous
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Figure 9. Experimental diffusivity data vs. theoretical
predictions for the system CF,Cl,-Linde sil-
ica at 240 K.
From Carman (1952), Carman and Raal (1951a,b), Carman
and Malherbe (1950).
(a) Adsorption—desorption equilibrium. (b) Concentration
dependence of diffusivity, Model 3 with C =8, dg=d,
de/ds =20, and x* =0.88.
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solid systems in the capillary condensation regime are also
available (Eberly and Vosberg, 1965; Rhim and Hwang, 1975;
Lee and Hwang, 1985; Uhlhorn et al., 1992). These data also
exhibit diffusivity maxima. However, they cannot be com-
pared with predictions from our models because either equi-
librium isotherm data are missing or only primary adsorption
isotherms are available. For theoretical predictions, the pri-
mary desorption isotherm and the closure points of the main
hysteresis loop are needed.

It is worth noting that Models 1-3 predict the diffusivity
maximum for systems with capillary condensation in the range
of relative pressures corresponding to fractional surface cov-
erages # > 1. For the experimental data presented here, the
values of 6 at the maximum diffusivity are 6 = 3.42 for the
water—silica gel system, 6 = 2.35 for the water—activated alu-
mina system, and 8 = 5.30 for the CF,Cl,-Linde silica sys-
tem. Such positions of the maxima are different from the
well-known maxima for pure surface diffusion that exist at
surface coverages close to 1 and that can be successfully pre-
dicted by the hopping model based on the kinetic theory
(Higashi et al., 1963; Chen and Yang, 1993). For our experi-
mental data, the maximum at 6 close to 1 exists for the wa-
ter-activated alumina, as shown in Figure 8. However, using
the corrected diffusivity defined by Eq. 1, this maximum can
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be significantly suppressed. For the water—silica gel system,
no maximum is found at # close to 1. For this system with
nearly linear isothcrm at low relative pressures, the Fickian
surface diffusivity is practically identical to the corrected dif-
fusivity. For the CF,Cl,-Linde silica system, diffusivity data
are not available for low relative pressures.

Conclusion

A simple network theory is formulated for the prediction
of the concentration dependence of the Fickian diffusivity for
systems with capillary condensation, that is, for systems with
hysteresis—dependent adsorption—desorption equilibria. The
resulting models unify the equilibrium theory based on the
pore-blocking interpretation of hysteresis (Mason, 1988; Raj-
niak and Yang, 1993, 1994) and the percolation model of mass
transport in the network of pores randomly filled by capillary
condensate or surface adsorption. The Bethe tree network is
used to represent the topology of the network, and the effec-
tive medium approximation is employed to express the effec-
tive Fickian diffusivity during adsorption. The main advan-
tages of the proposed models can be summarized as follows:

1. The connectivity of the porous media evaluated from
the equilibrium data is taken into account.

2. The models are gencral for any pore geometry, and no
pore size distribution data are necessary, because all relevant
information is obtained from the ¢ function, which is in fact
the integral of the pore size distribution function.

3. The theory is simple to use, because of the simplicity of
EMA, and the theory can be readily extended to include more
transport models (Lee and Hwang, 1986).

4, The models can be further improved by allowing the
diffusivities to be dependent on concentration (for example,
for surface diffusivity using chemical potential as the driving
force) and on pore size (for capillary condensation and flow
of capillary condensate).

Acknowledgment

This work was supported by National Science Foundation grant
CTS 9212279 and a grant from the National Research Council
COBASE Program.

Notation

a = amount adsorbed (g/g)
a,, = parameter of BDDT equation, Eq. 18 (monolayer capacity)
¢ = parameter of BDDT equation, Eq. 18 (Henry’s coefficient)
C = connectivity
d = diffusivity in the pore
D = diftusivity in the network (sample)
D, = corrected diffusivity, Eq. 1
f(r)=bond radius distribution function
g(r)=site radius distribution function
G = parameter of BDDT equation, Eq. 18 (energy of adsorption
term)
n = number of pore fractions
N = parameter of BDDT equation, Eq. 18 (number of monolay-
ers at saturation)
p = probability, Eq. 6
P = absolute pressure in the vapor phase
P, = saturation pressure
P, .= suction pressure
¢ = probability, Eq. 7
r=bond or site radius of curvature
r, = radial coordinate in the spherical microparticle
s = fraction of blind pores defined by Eq. 17
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S = fraction of pores filled
v = probability that a bond is connected to the vapor during pri-
mary desorption

Subscripts

A = primary adsorption

C = capillary condensation

D = primary desorption

F = flow of capillary condensate

L =liquid
S = surface diffusion
V= vapor

EMA = effective medium approximation

Superscripts

L = lower limiting (closure) point of hysteresis loop
U = upper limiting (closure) point of hysteresis loop
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Appendix

For Model 2 we need the solution of Eq. 14 for n = 2. The
solution of the quadratic equation is

~ b+ /b +4(C —2dgd,
2AC-2) ’

dpma = (A1)

where

b=d-(1+q—-qC)+ds2—q—-C+qC). (A2)

For Model 3 the solution of Eq. 14 for n =3 leads to the
following cubic equation

diya+ a1diya + @xdpya + a3 =0, (A3)
which has the following solution
dipa =2V — Q cos( B/3)—a /3, (A4)
where
cos B=R/\/——Q3; 0= 3(129—al2 . R=- 9a1az—§1a3—2a% .
(A5)
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