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Domain theory for capillary condensation hysteresis
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We discuss how the original domain theory for capillary condensation hysteresis [D. H. Everett, The Solid—
Gas Interface, Vol. 2 (Marcel Dekker, New York, 1967), pp. 1055—-1113] must be modified to account for the
presence of the film adsorbed at the pore surface. We show that the original predictions (scanning behavior,
congruence) are not valid unless the existence of the adsorbed film is neglected or the dependence of its
thickness on the pressure is neglected. We also calculate the scanning curves and subloops that are expected for
an assembly of pores having either a regular or irregular (nonconstant) section. These predictions over the
scanning behavior within capillary condensation hysteresis can be used to check whether real materials are
made up of independent pores or not. Our results are discussed in the light of experiments and density
functional theory calculations for adsorption in porous media.
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I. INTRODUCTION

Adsorption isotherms in mesoporous materials (pore size
in the range ~2—10 nm) usually exhibit a sharp increase of
the adsorbed amount at a pressure below the bulk saturation
pressure of the fluid. Such an increase corresponds to the
capillary condensation of the fluid confined within the po-
rous solid. In most systems, this phenomenon is accompa-
nied with a large and reproducible hysteresis loop.!™* Experi-
mental hysteresis loops are either symmetrical with
quasiparallel adsorption/desorption branches (type H1) or
asymmetrical with a desorption branch much steeper than the
adsorption branch (type H2).* It is generally believed that the
shape of the hysteresis loop is related to the absence or pres-
ence of connected pores in the porous material. The follow-
ing International Union of Pure and Applied Chemists
(IUPAC) classification has been proposed.* Type H1 hyster-
esis is usually interpreted as the signature of a material made
up of unconnected pores. In this case, theoretical works
based on density functional theory (DFT),>¢ lattice gas
models,” as well as molecular simulations®® suggest that the
hysteresis loop is a van der Waals loop of the confined sys-
tem, i.e., an intrinsic property of the confined fluid. Such an
interpretation is usually invoked to explain symmetrical hys-
teresis loops that are observed for MCM-41 and SBA-15
silica mesoporous materials.'%!> On the other hand, a type
H?2 hysteresis loop is usually interpreted as experimental evi-
dence of a material made up of connected pores, such as
controlled pore glass and Vycor.'®-% In this case, the irre-
versibility of the capillary condensation is often explained in
terms of pore blocking effects, as proposed by Everett.?!' the
pore filling occurs at a pressure related to the pore size
whereas the liquid can only evaporate when the constriction,
which isolates the pore from the gas, empties.>?>?3

It is found that, for most experimental systems, connected
and unconnected porous materials lead to H1 and H2 capil-
lary hysteresis loops, respectively. In the case of unconnected
silica MCM-41 pores,?* the hysteresis loops exhibit H1 hys-
teresis loops (see, for instance, Refs. 12—14). In the case of
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connected materials such as cagelike materials (FDU-12>-%7

or SBA-16%) and porous glasses,'®2° adsorption hysteresis
loops are of type H2 as expected from the ITUPAC classifi-
cation. However, there are a number of situations where the
above correspondence between the shape of the hysteresis
loop and the nature of the porous network is not valid. For
instance, adsorption experiments for unconnected pores in
porous silicon show that, despite the lack of interconnections
between pores, the capillary condensation hysteresis is of
type H2.283° Moreover, recent simulation’'* and
theoretical®>3® works have shown that, even for a single
pore, H2 hysteresis loops can be observed, provided that the
pore size is inhomogeneous along the pore axis. In this case,
the asymmetry of the hysteresis loop arises from pore block-
ing or cavitation effects that occur because of the constric-
tions inside the pore.

The situations described in the previous paragraph are ex-
amples where the correspondence between connected/
unconnected pores and H1/H?2 hysteresis loops fails in ac-
counting for experimental observations. A simple analysis of
the shape of the hysteresis loop does not provide reliable
information about the topology of the porous material. In
fact, the morphology (shape of the pores) as well as the
topology of the porous network must be considered to obtain
a clear picture of the hysteretic behavior of the capillary
condensation phenomenon.*3-* Powerful experiments to ob-
tain insights into the nature of the hysteresis loop consist of
measuring adsorption and desorption scanning curves as well
as subloops. Adsorption (desorption) scanning curves are ob-
tained by reversing upon desorption (adsorption) the direc-
tion of change in the pressure, while subloops consist of
performing adsorption/desorption cycles within the main
capillary condensation hysteresis loops. The independent do-
main theory developed by Everett®’~%° provides a framework
for modeling scanning curves and subloops in capillary con-
densation hysteresis. This theory is an adaptation of the Prei-
sach model that was developed to explain hysteretic magne-
tization in magnetic materials.*! In the independent domain
theory, it is assumed that the porous network can be de-
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scribed as an assembly of domains that behave in an inde-
pendent way upon adsorption and desorption. On this as-
sumption, Everett established several theoretical predictions
regarding the behavior of scanning curves and subloops of
adsorption/desorption cycles in porous media. These predic-
tions provide a set of tests to be used as a checking procedure
to determine whether a porous material is made of indepen-
dent pores or not3*4" However, as first noted by
Enderby,*>*3 Everett neglects in the original formulation of
the independent domain theory the existence of a molecu-
larly thin film adsorbed on the pore surface prior to capillary
condensation, i.e., in Everett’s approach a domain is either
completely empty or filled with the liquid. In the case of
mesoporous systems (characteristic size about 2—10 nm),
this approximation breaks down as the volume of the ad-
sorbed film becomes comparable to the volume of the filled
pore.*

The aim of this paper is to extend the domain theory
proposed by Everett in order to account for the existence of
the film adsorbed at the surface of the porous material. Fol-
lowing the previous work by Enderby,*>** we discuss how
this affects the original predictions by Everett and establish a
set of tests to check whether or not a porous material can be
described as an assembly of independent domains. We con-
sider the behavior of the scanning curves and subloops that is
expected for (i) an assembly of independent pores and (ii)
inhomogeneous pores (such as a pore with constrictions) or a
network of connected pores. In both cases, we perform simu-
lations based on the domain theory and compare the predic-
tions with recent experiments'’*>~8 and density functional
theory calculations*’*° of adsorption in porous media. The
remainder of the paper is organized as follows. In Sec. II, we
extend the independent domain theory developed by Everett
in order to take into account the presence of the film ad-
sorbed at the surface of the pores. In Sec. III, we examine the
predictions for the simple cases of an assembly of regular
cylindrical pores and an assembly of constricted pores. In
Sec. IV, we summarize and discuss our findings in the light
of experimental and theoretical results for adsorption in po-
rous materials.

II. INDEPENDENT DOMAIN THEORY
A. Everett’s model

The independent domain theory developed by Everett al-
lows one to describe the hysteretic adsorption/desorption be-
havior of a collection of independent pores. Let us divide the
porous space of a solid into an assembly of domains; each
domain is filled upon adsorption at a pressure x;, and emp-
tied upon desorption at a pressure x,;. In the independent
domain theory, it is assumed that each domain behaves as an
independent system, i.e., as an isolated pore that is directly in
contact with the external gas reservoir. Because pore conden-
sation cannot occur at a pressure lower than the evaporation,
each set (x;,,x,;) must obey:

X1p = X1 (1)

We note that x;,=x,; corresponds to a domain where capil-
lary condensation is reversible. As shown in Fig. 1, the filling
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FIG. 1. (bottom) Complexion diagram for capillary

condensation/evaporation in a porous material. Upon the adsorption
process (left) porous domains 3 with x;,<ux are filled at a pressure
x. Upon the desorption process (right) porous domains  with xy;
>x are emptied at a pressure x. (top) Adsorption/desorption iso-
therms corresponding to each complexion diagram. Adapted from
Everett (Ref. 40).

and emptying of the porous material can be described by
reporting in a “complexion diagram” x,; as a function of x,.
Equation (1) implies that only the lower triangular part of the
complexion diagram, i.e., below the diagonal x;,=x,;, repre-
sents porous domains.

Upon the adsorption process, porous domains with x,
< are filled by the liquid at a pressure x (see Fig. 1). On the
other hand, porous domains with x,,>x are emptied at a
pressure x upon the desorption process. At each surface ele-
ment dx;,dx,; of the complexion diagram, we define the
function v(x;,,X,;) such as that v(x;,,x,;)dx ,dx,, is the vol-
ume of liquid in the porous domains in which (i) condensa-
tion occurs between x;, and x;,+dx;, and (ii) evaporation
occurs between x,; and x,;+dx,;. No assumption is made in
what follows regarding the dependence of v(x;,,x,;) on x|,
and x,;, i.e., v(x}2,Xy;) is an arbitrary and independent func-
tion of its variables x;, and x,;. We also introduce the en-
sembles ¥ and  which correspond to the porous domains
that are filled and emptied, respectively (note that these en-
sembles depend on the pressure x). The adsorbed amount
V(x) at a pressure x can be written in the general form:

V(X)=ff2 dxpdxy V(X12,X1) - (2)

Complexion diagrams are very convenient to describe any
path followed by the system, including hysteresis loops,
scanning curves, and subloops. For instance, let us consider a
porous material partially filled by the liquid; one can sample
the inside of the hysteretic region by reversing the direction
of change in the pressure upon adsorption. The complexion
diagram corresponding to such a desorption scanning curve
is illustrated in Fig. 2. We also report in Fig. 2 the complex-
ion diagram corresponding to an adsorption scanning curve,
which is obtained by increasing the pressure starting from
the desorption branch of the hysteresis loop.
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FIG. 2. (bottom) Complexion diagram for adsorption and de-
sorption scanning curves in capillary condensation hysteresis. (top)
Adsorption/desorption isotherms corresponding to each complexion
diagram. Adapted from Everett (Ref. 40). The desorption scanning
curve (left) is obtained by decreasing the pressure on the adsorption
branch of the hysteresis loop. The adsorption scanning curve (right)
is obtained by increasing the pressure on the desorption branch of
the hysteresis loop. 3 and Q correspond to the porous domains that
are filled and emptied, respectively.

On the basis of the formalism introduced above, Everett
established a series of predictions for systems made of inde-
pendent porous domains. The first theorem of Everett’s
theory states: if the descending scanning curves meet the
desorption branch before the lowest closure point of the hys-
teresis loop, then the adsorption scanning curves will meet
the adsorption branch before the highest closure point of the
hysteresis loop. On the other hand, the second theorem pre-
dicts: if the descending scanning curves converge on the
lowest closure point of the hysteresis loop, then the adsorp-
tion scanning curves will converge on the highest closure
point of the hysteresis loop. The third theorem of the inde-
pendent domain theory concerns the slope of the adsorption
and desorption scanning curves (see Fig. 3). This theorem
can be stated as follows: the slope dV(x)/dx at x of a desorp-
tion scanning curve increases as its initial point x, on the
adsorption branch increases. Similarly, it can be shown that
the slope dV(x)/dx at x of an adsorption scanning curve de-
creases as its initial point x; on the adsorption branch in-
creases. Another important prediction that arises from the
independent domain theory is the congruence of subloops
(fourth theorem). Let us consider two adsorption/desorption
cycles that are performed between the same lower x; and
upper x, end point pressures, but different positions within
the hysteresis loop (see Fig. 4). These two subloops are said
to be congruent if they can be perfectly superimposed on the
top of each other by a translation along the ordinate axis.***

The congruence property and the predictions over the be-
havior of the scanning curves are the main theorems that
were established in the original independent domain theory.
However, as already noted by Lilly and Hallock,*® Everett
neglected the existence of a film adsorbed at the surface of
the porous domain, i.e., the adsorbed volume prior to capil-
lary condensation (x<x,) is 0. We previously mentioned
that this assumption is not valid for mesoporous solids, as the
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FIG. 3. (middle) Desorption curves originating from the adsorp-
tion branch of the hysteresis loop. x,, is the pressure at which the
direction of change in pressure is reversed to obtain the desorption
scanning curve containing the segment BB’. The points A, B and
A’, B’ are located at a pressure x+dx and x, respectively. (top) and
(bottom) are the complexion diagrams corresponding to A, A’, B
and B’. 3 and Q correspond to the porous domains that are filled
and emptied, respectively. I'y and I'g are the domains that evapo-
rate when the pressure decreases from x+dx down to x.

volume corresponding to the adsorbed film becomes compa-
rable to the total porous volume (see Ref. 44). The attempt
by Enderby in 195543 to include the adsorbed film in the
independent domain theory has not had a large impact in the
field of adsorption and condensation in porous media. As a
result, experiments in the literature are still analyzed on the
basis of Everett’s original predictions.*>*’ In the following
section, we extend the independent domain theory in order to
account for the presence of the adsorbed film, using a very
simple formalism. We show how the original predictions
must be modified. We then discuss our results in the light of
experiments and density functional theory calculations for
adsorption in model porous media, which were not available
when the original versions of the independent domain theory
were developed.

B. Extended domain theory: Effect of the adsorbed film

In order to develop a domain theory that accounts for the
film adsorbed at the pore surface, we use the formalism of
the complexion diagrams described in the previous section.
We introduce the function w(x,x;,,x,;) that represents the
adsorbed amount prior to capillary condensation.
w(x,x5,X5;) is the adsorbed amount at a pressure x in porous
domains for which (i) condensation occurs between x;, and
X12+dx,, and (ii) evaporation occurs between x,; and x,,
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FIG. 4. (middle) Subloops (ABA) and (DCD) originating from
the adsorption and desorption branches of the hysteresis loop, re-
spectively. The two subloops are performed between the same
lower x; and upper x, end-point pressures, but different positions
within the hysteresis loop. The points A’ and C’ are located at a
pressure x on the descending segment of the subloop (ABA) and
(DCD), respectively. Similarly, the points B’ and D’ are located at
a pressure x on the ascending segment of the subloop (ABA) and
(DCD), respectively. (top) and (bottom) are the complexion dia-
grams corresponding to A, A’, C, and C’. % and Q correspond to
the porous domains that are filled and emptied, respectively. I'y and
I'c are the domains that evaporate when the pressure decreases
from x, (A,C) down to x (A’,C"). A corresponds to the filled do-
mains that are responsible for the difference in adsorbed amount
between C (or C') and A (or A”).

+dx,,. While v(x,,x,;) is assumed to be independent of the
pressure (incompressible liquid), w(x,x;,,x,;) is pressure de-
pendent as the thickness of the adsorbed film increases with
pressure (see, for instance, Refs. 50 and 51). Using the en-
sembles X and ) that we introduced previously (see Fig. 1),
the adsorbed amount V(x) upon adsorption and desorption
can be written as

V(x)=ff dledx2lv(x12’x21)+Jf dxpdxy w(X,X12,X1).
3 Q
(3)

The first term represents the condensed volume and is, of
course, identical to that given by Eq. (2). The second term in
Eq. (3) represents the adsorbed volume that is due to porous
domains that are not filled by the liquid.

In order to discuss the validity of the third theorem of
Everett’s theory, we first consider two desorption scanning
curves that originate from the main adsorption branch of the
hysteresis loop (see Fig. 3). The points A, B and A’, B’ are
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located at a pressure x+dx and x, respectively. Complexion
diagrams corresponding to A, A’, B, and B’ are also reported
in Fig. 3. The change in the adsorbed amount when the sys-
tem goes from A to A’ is

AV =Vy=Vy = f f dx5dxy v(x)2,%)
A

+ f f dxlzdx21w(x+dx,x12,x21)
LUN

—ff dx1dx10(x12,%21)
EA’

—f J dxodxy w(X,Xx12,X1). (4)
Qur

It is convenient to rewrite Eq. (4) as

dAVyr=Va=Vyu =f J dxpdxy {v (X1, %01) = WX, X 12, %))}
1_‘A

+J f dxpdxy {w(x + dx,x1,%71) = w(x,X12,X21)},
Q,

(5)

where T', is the assembly of domains that evaporate when
the pressure decreases from x+dx down to x. The first inte-
gral in Eq. (5) corresponds to the domains that are filled in A
and empty in A’ (i.e., domains I'y). The second integral in
Eq. (5) accounts for the decrease of the film thickness in
pores that were already empty in A (i.e., domains ). Simi-
larly, the change in the adsorbed amount when the system
goes from B to B’ can be written as

dVg = VB_VB’=jJ dxpdoy {v (X1, %01) = WX, X 12, %01)}
FB

+f f dxpdxy {w(x + dx,x1,%71) = w(x,X12,X2))}.
Qp

(6)

The slopes at x of the desorption scanning curves can be
evaluated from Egs. (5) and (6), provided A’ and B’ tend to
A and B (dx~0). For all x, these derivatives dV,:/dx and
dVpy:/dx are necessarily positive since (i) the total adsorbed
amount v(x;,,Xy;) is larger than the volume corresponding to
the adsorbed film w(x,x;,,x5;) and (ii) the adsorbed amount
w(x,x5,Xy;) increases when the pressure increases from x to
x+dx. Given that I'y is included in 'y, the first term in Eq.
(6) is smaller than that for Eq. (5). On the other hand, ()
includes €, so that the second term in Eq. (6) is larger than
that for Eq. (5). The last two inequalities show that it is not
possible, a priori, to determine which of the slopes dV,/dx
and dVg//dx is the largest one. A similar conclusion is
reached in the case of adsorption scanning curves. This result
shows that the third theorem of the independent domain
theory is not valid if the film adsorbed at the pore surface is
taken into account.
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We now examine the validity of the fourth theorem of the
independent domain theory, regarding the congruence of sub-
loops performed between the same end-point pressures x;
and x,. Let us consider the case of the subloops (AA’BB’A)
and (DD'CC’'D) shown in Fig. 4. A convenient definition of
the congruence property is as follows. Two subloops are con-
gruent if the change in the adsorbed amount when the pres-
sure varies from the end point to x is the same for the two
subloops. Of course, the previous property must be verified
for both the ascending and descending segments of the sub-
loops. Using the set of points defined in Fig. 4
(A,A",B,B',C,C',D,D’), the congruence property can be
expressed as

VA_ VAI = VC_ VC’

v 7
VB_VB’:VD_VD’ XE[XIX] ( )

Let dV,=V,—V,, and dV =V -V be the change in ad-
sorbed amount between A’ and A and between C’ and C,
respectively. As can be seen in Fig. 4, the difference between
dV, and dVr corresponds to the variation of the adsorbed
film at the surface of porous domains A, which are filled in C
(or C") but emptied in A (or A’):

dVA/ - dVC/ = f J dxlzdx21{w(x + dx,xlz,le)
A

— w(x,x12,X21)}. (8)

It can be easily derived that the difference between dVp:
=Vy—=Vy and dV=V,—Vp is similar to Eq. (8). Given
that w(x,x,,X,;) is an increasing function of the pressure x,
Eq. (8) shows that the difference of slopes between the seg-
ment AA’ and CC' is positive, i.e., dV //dx>dVci/dx Vx
€ [x;,x,]. This further shows that two subloops performed
between the same end points cannot be congruent; the fourth
theorem of the independent domain theory is not valid, un-
less (i) the adsorbed film is neglected, i.e., w(x,x2,%;)
=0 Vx, or (ii) its thickness is assumed to be independent of
the pressure, i.e., w(x,x;2,%,;)=const Vx. This effect due to
the variation of the film thickness must explain, at least
partly, the lack of congruence that has been observed in
many experiments.*>~*’ However, as will be discussed below,
the noncongruence of subloops in the case of connected po-
rous materials is also expected because of the nonindepen-
dence of the pores, i.e., in addition to the effect of the ad-
sorbed film.

III. RESULTS
A. Method

It has been seen in the previous section that the third and
Sfourth theorems of the independent domain theory are not
valid if the existence of the film adsorbed at the pore surface
is taken into account. In the theory proposed by Everett*? and
Enderby,*>*} x,, and x,, are not correlated except through
the inequality (1). It appears that this situation is too general
since both the capillary condensation and evaporation pres-
sures are related to the size of the pore (we recall that x;, and
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FIG. 5. (a) Schematic view of model A: each pore of radius R
and length L is independent and is in direct contact with the bulk
external reservoir. (b) The pore size distribution used for the assem-
bly of independent cylindrical pores is a Gaussian distribution. The
average pore radius is 3.6 nm and the dispersion 0.72 nm (given by
the o of the Gaussian function). (c) Schematic view of the pore with
constrictions, i.e., model B: each pore is modeled as an assembly of
N alternating cavities and constrictions of the same length L (in this
example, N=7). Each constricted pore of length N X L is in contact
with the bulk external reservoir through its first constriction. The
cavity and constriction sizes are chosen randomly in the ranges
4.24+/-0.5 nm and 3.6+/-0.5 nm, respectively.

X, are the filling and emptying pressures when the domain is
taken as an isolated pore directly in contact with the external
gas reservoir). In what follows, we restrict ourselves to the
case where both the condensation and evaporation pressures
(x%,,x5,) for a porous domain k are an increasing function of
its size ry: ry >rk2c>xk£>x’f§ and xé} >x1§. We note that in
this case the couples (x},,x5,) correspond to a line instead of
a cloud of points in the complexion diagram (x;,,x,;).

In this work, we calculated the N, adsorption/desorption
isotherms, scanning curves and subloops at 77 K for two
different models (A, B) of porous materials. Model A is an
assembly of independent pores k having a regular cylindrical
section R, and the same length L; each pore is an indepen-
dent domain in this case. The pore radius distribution R; is a
Gaussian function centered about Ry=3.6 nm with o
=0.72 nm [see Fig. 5(a)]; the same pore size distribution was
used by Ball and Evans in their previous study on the tem-
perature dependence of adsorption in mesoporous materials.’
For this model, each pore of radius R, and length L is an
independent porous domain k that corresponds to a total vol-
ume of WLR]%. XX, (x%,) was related to the pore size R, using
the modified Kelvin equation®? and assuming that the gas/
liquid interface inside the pore forms a cylindrical (hemi-
spherical) meniscus.®?*33-3¢ The thickness of the adsorbed
film, #(x), at a pressure x was estimated using an empirical
equation of the type Harkins—Jura'? with the parameters pro-
posed by Kruk and co-workers.!®!! The total adsorbed
amount V(x) at a pressure x upon adsorption or desorption is
easily computed using Eq. (3) with the following relations:
v(xk,, x5 ) =N(RY) X wLR; and w(x,x%,,x5)=N(Ry) X wL{R;
—[R,—1(x)]*}, where N(R,) is the number of pores of radius
R;. As previously mentioned in Sec. II B, it is assumed in
these calculations that v(x%,,x5,) is independent of the pres-
sure (incompressible liquid), while w(x,x%,,x5,) is pressure
dependent as the thickness of the adsorbed film increases
with pressure. It is worth mentioning that the inaccuracy of
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the Kelvin equation in predicting the experimental transition
pressures is not of fundamental importance in this work since
we are mainly interested in the qualitative behavior of the
scanning curves and subloops for connected/unconnected po-
rous materials. An estimate of the condensation/evaporation
pressures from molecular simulations would lead to a similar
behavior to that observed with the modified Kelvin equation
(we note that the latter equation used with bulk parameters
for the surface tension and density has been shown to break
down for pore sizes smaller than 16 molecular diameters,
approximately?).

Model B is an assembly of cylindrical pores made of N
alternating cavities and constrictions of the same length L
=1 nm intervals [see Fig. 5(c)]. Cavities and constrictions in
this system are nonindependent domains as the condensation
and evaporation pressures are influenced by the neighbor do-
mains (see below). The cavity and constriction sizes are cho-
sen randomly in the ranges 4.24+/-0.5nm and 3.0+/
—0.5 nm, respectively. The global average pore size (cavity
+construction) is 3.6 nm as for model A. Each of these con-
stricted pores of length NXL is in contact with the bulk
phase through its first constriction. Model B mimics a col-
lection of cylindrical pores having a nonuniform pore size
distribution; however, inhomogeneities in the condensation
or evaporation pressures along the pore axis can be caused
by other factors, such as the existence of chemical defects at
the pore surface. For instance, Bock e al. have shown that
such a chemical heterogeneity leads to a very complex phase
diagram of the confined fluid, even though the pore size is
constant.”’-8

Following the previous work by Cordero et al.,’® the ad-
sorbed volume for model B was calculated as follows. Upon
adsorption, a porous domain k is filled if one of the following
conditions is fulfilled: (a) if its two neighbors k+1 and
k—1 are empty, then k of smaller diameter will be filled at a
pressure given by the modified Kelvin equation with a cylin-
drical meniscus; and (b) if k+1 or k—1 is filled, then k will
be filled when the hemispherical meniscus at the opening
between k+1 and k or k—1 and k can propagate into the
empty cavity k. The latter condition, called advanced
condensation*® or pore assisting factor,’® occurs when x
reaches the pressure given by the modified Kelvin equation
with a hemispherical meniscus. Upon desorption, k is emp-
tied according to one of the following processes. (a) If k+ 1
or k—1 are empty, then k is in contact with the gas phase and
emptying will occur when the hemispherical meniscus be-
tween k and its emptied neighbor can recess through k. (b) If
k+1 and k—1 are filled, then k£ will not empty until either
k+1 or k—1 evaporates. The latter process corresponds to the
well-known pore blocking effect introduced by Everett.?! We
emphasize that the adsorbed film is also taken into account in
model B, using the Harkins—Jura equation (as in the case of
model A). Model B departs from the model developed by
Mason to account for scanning loops observed in disordered
porous materials.?>?3 First of all, Mason’s model does not
include the cooperative effect due to advanced condensation
but only that due to pore blocking. In contrast to model B,
Mason assumed that filling and emptying pressures are iden-
tical so that condensation in a single, isolated domain is re-
versible. Finally, Mason’s theory does not include pore
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FIG. 6. (a) Desorption scanning curves and (b) subloops for N,
at 77 K in an assembly of independent cylindrical pores of various
diameters. The pore size distribution is a Gaussian function cen-
tered about Ry=3.6 nm with ¢=0.72 nm (model A). (¢) Schematic
adsorption/desorption isotherm for a set of three independent cylin-
drical pores. The numbers 1, 2, 3 on the adsorption (desorption)
branch indicate the condensation (evaporation) pressure for each
pore. AC is a desorption scanning curve starting from a configura-
tion where 3 is empty while 1 and 2 are filled. The point B is
located on the segment AC at a pressure larger than the desorption
branch.

blocking effects for cylindrical pores because of restrictive
conditions on the hierarchy of cavity and constriction sizes
(for details, see discussion in Ref. 5). More recently, Guyer
and McCall® considered condensation and evaporation in a
two-dimensional network of connected cylindrical pores.
However, the authors do not account for the existence of the
adsorbed film so that their model is similar to that proposed
by Everett in his attempt to describe interacting pores.”!

B. Regular cylindrical pores

The adsorption isotherm as well as scanning curves for
model A are shown in Fig. 6(a). In agreement with the pre-
vious work by Cordero et al., the desorption scanning curves
meet the desorption branch at a pressure above the lowest
closure point of the hysteresis loop. We also found that the
adsorption scanning curves meet the adsorption branch at a
pressure below the highest closure point of the hysteresis
loop. The interpretation of such a behavior can be easily
understood by considering in Fig. 6(c) the schematic adsorp-
tion isotherm for a set of three independent cylindrical pores
such as r;<r,<<r;. We have also reported the desorption
scanning curve that originates from A where 3 is empty
while 1 and 2 are filled. Clearly, the descending curve start-
ing from A will meet the desorption branch in C, since
evaporation of 1 and 2 cannot occur before the pressure x
decreases down to x3, and x3,, respectively. Let us now con-
sider the following experimental process: when the scanning
curve starting from A reaches B, the direction of change in
the pressure is reversed so that the system evolves back to A.
This thermodynamic path must be reversible since the varia-
tion in the adsorbed amount along AB is only due to the
decrease of the thickness of the film adsorbed in 3 (1 and 2
are not involved in this process since they remain filled by
the liquid at all pressures between A and B). In agreement
with this prediction, we found that the adsorption/desorption
cycles performed within the main hysteresis loop are per-
fectly reversible for model A [see Fig. 6(b)].

C. Cylindrical pore with constrictions

We now discuss the scanning curves and subloops ob-
tained for model B, i.e., a cylindrical pore having a noncon-
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FIG. 7. (a) N, adsorption isotherm at 77 K for cylindrical pores
having a nonconstant diameter along their revolution axis; each
pore is an alternating sequence of N cavities and constrictions
(model B). The average cavity and constriction sizes are 4.2 and
3.0 nm, respectively (see text). Each desorption curve corresponds
to a different number N as indicated in the graph. (b) Adsorption
and (c) desorption scanning curves obtained for model B with N
=100.

stant section along its pore axis. All the calculations have
been averaged over 500 realizations in order to obtain sig-
nificant results that are not sample dependent. The
adsorption/desorption isotherm for model B is shown in Fig.
7(a) for different numbers N of constrictions and cavities.
Interestingly, the desorption becomes steeper as N increases,
while the adsorption remains unaffected by a change in N.
This effect of the pore length N on the desorption branch can
be understood as follows. Except for cavities located in the
vicinity of the bulk phase, i.e., nonblocked cavities, the emp-
tying mechanism is triggered by the evaporation of the clos-
est constriction to the pore opening. When the pore length
increases, the fraction of pores that are blocked by the con-
striction close to the bulk increases and, consequently, the
desorption branch appears steeper. In contrast, the condensa-
tion mechanism is not governed by the interfacial region
between the pore opening and the bulk reservoir so that the
adsorption branch is not sensitive to the pore length N.

Adsorption and desorption scanning curves for model B
with N=100 are shown in Figs. 7(b) and 7(c), respectively
(we checked that the qualitative behavior of these curves
does not depend on the pore length). In contrast to model A,
the adsorption and desorption scanning curves for model B
meet the hysteresis loop at its closure point. We note that, in
agreement with the experiments by Brown,'” Mason’s theory
predicts a similar behavior to that in Fig. 7 in the case of
connected porous materials where each cavity is isolated
from the rest of the porosity by several constrictions>®! (see
also Ref. 59 for a complete study of the effect of the number
of connections on the scanning curves). Each adsorption (de-
sorption) scanning curve first exhibits a nearly flat portion
AB until it increases (decreases) sharply toward the closure
point of the hysteresis loop. This plateau corresponds to a
range of pressure where no pore filling or emptying occurs,
but only a change in the thickness of the adsorbed film.

We now consider in Fig. 8(a) two subloops ABA and
DCD obtained between the same end-point pressure x
=0.56 and 0.72. Clearly, the two subloops have different
shapes and, therefore, are not congruent [see Fig. 8(b) where
the right end point C of the subloop DCD has been shifted to
overlap with A]. As in the case of the scanning curves in Fig.
7, the subloops ABA and DCD exhibit a nearly flat portion
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FIG. 8. (a) Subloops (ABA) and (DCD) originating from the
adsorption and desorption branches of the hysteresis loop obtained
for N, at 77 K in model B with N=100. The two subloops are
performed between the same pressures P/Py=0.56 and 0.72, but
different positions within the hysteresis loop. (b) Comparison of the
subloops shown in (a); the right end point C of the subloop (DCD)
has been shifted to overlap with A.

that corresponds to a range where variations in the adsorbed
amount are only due to increase or decrease in the thickness
of the adsorbed film. Even for this portion where no pore
filling/emptying occurs, the slopes of the segments AA’ and
CC' are different. This result is an illustration of what has
been concluded in Sec. II: two subloops cannot be congruent
because of the film adsorbed at the pore surface. Of course,
the noncongruence observed for model B is also related to
the fact that cavities and constrictions do not behave inde-
pendently upon adsorption and desorption.

IV. DISCUSSION AND CONCLUSION

In the first part of this work, we have discussed how Ever-
ett’s domain theory must be modified in order to account for
the presence of the film adsorbed at the pore surface. We
have seen that the original predictions are not valid unless
the existence of the adsorbed film is neglected or its thick-
ness is assumed to be independent of the pressure. For in-
stance, the lack of congruence of two subloops performed
between the same lowest and highest pressures cannot be
attributed only to the nonindependence of the porous do-
mains, in contrast to what is usually written in the
literature.*>*74% However, there are situations where the
noncongruence of subloops can be attributed mainly to the
fact that the porous domains interact with each other. For
instance, anopore or nuclepore materials studied by Hallock
and co-workers have very large pores, D~ 200 nm, so that
the volume corresponding to the adsorbed film can reason-
ably be neglected compared to the total pore volume.*>*
Moreover, direct evidence for the nonindependence of the
pores in these materials have also been reported.*>40

In the second part of this work, we investigated the case
where both the capillary condensation and evaporation pres-
sures are increasing functions of the domain size. We con-
sider two different porous systems that are either made up of
independent or dependent domains. Model A is an assembly
of independent cylindrical pores having a constant section;
each pore is an independent domain in this case. Model B is
an assembly of cylindrical pores having a nonconstant sec-
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tion so that each pore is made up of nonindependent do-
mains. On this assumption, we have seen that an assembly of
pores made up of independent (model A) and nonindepen-
dent (model B) domains must obey the following properties.

(a) Scanning curves for independent porous domains must
meet the adsorption/desorption branch at a pressure different
from the closure points of the hysteresis loop [see Fig. 6(a)].
In contrast, scanning curves for nonindependent systems
(model B) must meet the hysteresis loop at its closure point
[Figs. 7(b) and 7(c)].

(b) Scanning curves for an assembly of independent do-
mains are necessarily reversible so that it is not possible to
observe subloops within the main capillary hysteresis loop
[Fig. 6(b)]. On the contrary, noncongruent subloops are ob-
served for a collection of interacting domains; the noncon-
gruence is due to the nonindependence of the domains, in
addition to an effect of the variation in the adsorbed film at
the pore surface (Fig. 8).

Properties (a) and (b) compose a set of tests that can be
used to check whether pores of a material can be considered
as an assembly of independent domains or not. For instance,
a recent experimental investigation of N, adsorption in
SBA-15 has shown that the scanning curves do not fulfill
criterion (a) for independent systems, i.e., the adsorption (de-
sorption) scanning curves meet the hysteresis at its highest
(lowest) closure point. As proposed by Esparza ef al. on the
basis of density functional theory calculations, the experi-
mental scanning behavior observed for SBA-15 materials
suggests that the pores cannot be described as an assembly of
independent porous domains, but rather as undulated pores
(i.e., alternating cavities and constrictions as in model B).

The case of MCM-41 is more ambiguous; McNall et al.
have shown that the shape of the scanning curves for this
type of system depends on the size of the pores.®> On the one
hand, scanning curves for large pore diameters (D=3.6 nm
for N, or Ar) are converging, i.e., meet the hysteresis loop at
its closure point. On the other hand, scanning curves for
smaller pores are crossing, i.e., meet the hysteresis loop be-
fore its closure point. The nonindependent pores behavior
observed for the large MCM-41 pores was first observed by
Kruk and co-workers who only considered pores with D
>4.6 nm.%3 These last results suggest that large MCM-41
pores, unlike the small ones, exhibit size undulation along
their axis (as in the case of SBA-15 materials), which ex-
plains the nonindependent pores behavior of the scanning
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curves. We note that such an explanation is supported by the
scattering experiments reported by Sonwane et al.** Further
experiment for MCM-41 and SBA-15 pores, including a test
of the criterion (b), should confirm the previous conclusion.

In their experimental work, McNall et al. also reported
that N, desorption scanning curves for the largest MCM-41
pores (D=5.1 nm) do not meet the desorption branch but
rather meet the lowest part of the adsorption branch.®? This
type of behavior, referred to as “returning” in Ref. 62, cannot
be explained in the framework of model A or B or any ex-
isting theory (Mason’s model?* or Cordero’s model>®). This
result suggests that synthesis conditions may not have led to
MCM-41 samples having the usual pore features, i.e., a regu-
lar cylindrical section having a constant radius. Further study
is needed to clarify this issue.

In Sec. III, we also found that the desorption branch for
nonindependent porous domains appears steeper as the size
of the sample increases, while the adsorption remains unaf-
fected. This property constitutes a test of whether pore block-
ing effects occur upon desorption. For instance, such a test
could be used to clarify?®?° or corroborate®® recent experi-
ments on desorption processes in noninterconnected porous
silicon since the pores can be prepared of different lengths.%
However, one of the limitations of the model B in this paper
arises from the fact that we neglect a possible desorption
mechanism by cavitation, i.e., spontaneous nucleation of a
gas bubble within the porous material.>'-3* Indeed, recent
theoretical®® and experimental® studies of adsorption in
cagelike porous materials®-% have shown that, depending
on the cavity, constriction sizes, and temperature, it can be
more favorable to empty the pore through a cavitation phe-
nomenon than a pore blocking effect.
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