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Revisiting the Nature of Adsorption and Desorption Branches:
Temperature Dependence of Adsorption Hysteresis in Ordered
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ABSTRACT: To gain a deeper understanding as to the nature of the adsorption hysteresis due to capillary condensation of nitrogen
in ordered mesoporous silicas, we calculated the temperature dependences of the activated condensation, equilibrium transition, and
activated desorption pressures for nitrogen in spherical and cylindrical silica pores with several different pore sizes on the basis of
semimacroscopic continuum models. The results clearly indicate that the models capture the exact nature of capillary condensation
and evaporation phenomena of a fluid in cagelike and cylindrical mesopores. The temperature dependences of the adsorption
hysteresis of nitrogen measured confirm previous theoretical predictions for cylindrical pores: for the ordered mesoporous silicas
with cylindrical mesopores at least greater than ~7 nm in diameter, the capillary condensation takes place via a nucleation process
followed by a growth process of a bridging meniscus at pressures higher than the equilibrium transition, while the capillary
evaporation takes place via a receding meniscus from pore ends at the equilibrium. For SBA-15 and MCM-41 with smaller mesopore
sizes, on the other hand, the capillary condensation takes place close to the equilibrium transition pressures, while the capillary
evaporation takes place at pressures lower than the equilibrium, owing to single pore blocking due to corrugation of the cylindrical
pores. We discuss the effect of curvature on surface tension in capillary condensation, as well as the relation between a change in the
mechanisms of adsorption and desorption and the pore corrugation in the cylindrical pores.

1. INTRODUCTION Theoretical and simulation studies®'™"® strongly suggest
that the origin of the hysteresis is dependent on the pore
geometry at the level of a single pore. Among various pore
geometries that may be considered, cylindrical and ink-bottle

Mesopores with diameters in the range of 2—50 nm are formed
in a wide variety of materials such as bulk powder," colloidal
crystal,” concrete,” and shale.” When these mesoporous
materials are exposed to a vapor at a pressure less than the
saturation pressure (p,) of the bulk liquid, capillary
condensation of the vapor takes place to form a liquid-like

geometries are especially important because the pore structures
of the mesoporous materials can be often mimicked by these two
geometries or the connection of these geometries.'””"® In an

phase in the mesopores.*™” The phenomenon is concerned with open-ended cylindrical pore,”'”'* the hysteresis arises from the
lubrication, adhesion, and agglomeration and widely utilized in formation of a metastable multilayer film on the pore walls upon
the characterization of porous materials. Capillary condensation

of various subcritical fluids is very often accompanied by Received: March 26, 2021
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adsorption, while desorption takes place via a receding meniscus
at an equilibrium transition pressure because capillary
evaporation does not involve nucleation. In an ink-bottle pore
composed of a wide pore (cavity) surrounded by narrower
cylindrical pores (necks),”''* a metastable multilayer film on
the walls of the wide pore is formed upon adsorption. The shape
of the wide pore may be spherical or cylindrical. Desorption no
longer takes place at the equilibrium, and a fluid condensed in
the wide pore shows large metastability. The desorption
mechanism changes with the size of the narrow necks.'” If the
neck diameter is not too small, the desorption of a fluid in the
wide pore takes place with the desorption of a fluid condensed in
the narrow neck (pore blocking effect). In a network of the ink-
bottle pores, the desorption is controlled by the size and spatial
distribution of the necks. The network may empty at a relative
pressure (p/p,) corresponding to a characteristic percolation
threshold. *~'® When the neck diameter is smaller than a certain
characteristic size, the desorption from the wide pore takes place
via diffusion through the narrow necks and the fluid in the necks
remains condensed (cavitation). In any case, the extent of the
metastability on desorption is significantly larger than that on
adsorption.

On the other hand, experimental verification of these
theoretical predictions concerning the nature of the adsorption
hysteresis is not necessarily easy because the equilibrium
transition pressure within the hysteresis region is usually difficult
to be estimated without the help of a heavy calculation
work.”'>"* In previous studies, we proposed a useful method
to examine experimentally the nature of the adsorption
hysteresis.””>' The width of the hysteresis decreases with
increasing temperature and eventually the hysteresis disappears
at a certain temperature T}, called the hysteresis temperature. The
principle of the method is simple; that is, the equilibrium
pressure of capillary condensation inside the hysteresis loop can
be obtained by the extrapolation of the reversible condensation
pressures measured at higher temperatures to lower temper-
atures at which the adsorption hysteresis is observed. The
experimental results for SBA-16 and KIT-S ordered mesoporous
silicas with spherical pores were nearly consistent with the
theoretical predictions mentioned above.””** The experimental
results for MCM-41 and SBA-15 ordered mesoporous silicas
with cylindrical pores, however, did not necessarily agree with
the theoretical predictions.”””"**** The origin of inconsistency
was thought to be due to imperfections of pore geometry.”
Although such an extrapolation method is intuitive and useful, it
still has no support from a theoretical framework.

For an open-ended cylindrical pore, a number of macroscopic
thermodynamic models have been reported: they give estimates
of both the equilibrium phase transition pressure and
spontaneous capillary condensation pressure at the limit of
stability of the metastable adsorption film.”*** These models
differ with each other in the attractive potential from the pore
wall and the dependency of the surface tension on curvature.
Microscopic nonlocal density functional theory (NLDFT) is
also capable to give estimates of the spontaneous capillary
condensation pressure at the limit of stability of the adsorbed
film, as well as the equilibrium transition pressure.39 However,
all these models are not capable to give an exact estimate of the
capillary condensation pressure because capillary condensation
does not necessarily occur at the limit of stability of the adsorbed
film, namely, at the vaporlike spinodal.'”***° Capillary
condensation takes place by nucleation at a certain critical
pressure between the equilibrium and the vaporlike spinodal,

which depends on the height of the energy barrier separating the
metastable and stable states.'>*’ Similarly, molecular simu-
lations are not capable to give a reasonable estimate of the
capillary condensation pressure because the density and energy
fluctuations in the molecular simulations are far smaller than
those in realistic systems.”® Very recently, Hiratsuka, Tanaka,
and Miyahara (HTM),"" and Bonnet and Wolf (BW)*
proposed semimacroscopic models that can give reasonable
estimates of both the equilibrium phase transition pressure and
capillary condensation pressure from a metastable state for a
fluid in an open-ended cylindrical pore without computationally
expensive molecular simulations. These models allow us to
estimate the hysteresis temperature, too.

A molecular simulation study’® has confirmed the Everett—
Haynes scenario™ that capillary condensation of a fluid in an
open-ended cylindrical pore proceeds via bridging through the
formation of a bump/undulation on the adsorption film. When
capillary evaporation from pore ends at equilibrium is forbidden,
it may occur via cavitation. The BW model is capable of
reproducing both the vapor-to-liquid nucleation via bridging
and the liquid-to-vapor nucleation via cavitation in the
framework of the semimacroscopic continuum model. The
curve of the nucleation barrier versus chemical potential
obtained by this phenomenological model was similar to that
obtained by the microscopic molecular simulations.”” The
adsorption hysteresis at a given temperature is expected when
the nucleation barrier at the vapor—liquid equilibrium (VLE),
which is a progressively increasing function of the pore size,
becomes insurmountable. The hysteresis for a given pore size
disappears when the nucleation barrier at the VLE becomes
surmountable with increasing temperature. The disappearance
of hysteresis above T}, has a dynamic rather than a
thermodynamic nature. The level of surmountable nucleation
barrier at given experimental conditions is thought to depend on
both the degree of approximations used in the estimation of the
nucleation barrier and the experimental conditions such as
inevitable temperature fluctuations. Therefore, the level of
surmountable nucleation barrier cannot be determined in
advance.

The mechanism of nucleation in a spherical pore is
straightforward, and the estimation of the nucleation barrier
from a classic thermodynamic model is simple."* The ordered
mesoporous silicas inevitably have pore imperfections such as
undulations and constrictions to some extent depending on the
synthesis method. However, it is expected that such pore
imperfections do not at all affect the mechanism of nucleation in
the spherical pore, as opposed to that in the cylindrical pore. The
height of the nucleation barrier for the cavitation changes more
gradually with chemical potential as compared to that for
capillary condensation. Therefore, the pressure of cavitation-
induced desorption calculated is significantly influenced by the
level of surmountable nucleation barrier selected. Reversely, this
allows us to determine the proper level of surmountable
nucleation barrier from a comparison between the temperature
dependence of capillary evaporation (cavitation) pressure
observed for the ordered mesoporous silicas with cagelike
pores and those calculated. The temperature dependences of
cavitation pressure were calculated based on the semimacro-
scopic model for several different levels of the surmountable
nucleation barrier. With this knowledge about the level of the
surmountable nucleation barrier, the capillary condensation and
evaporation pressures as well as Ty, for a fluid in cylindrical pores
can be calculated with more precision. The nature of the
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adsorption hysteresis observed for the ordered mesoporous
silicas with cagelike and cylindrical pores can be examined more
correctly from a comparison between the experimental and
theoretical temperature dependences of the hysteresis. Espe-
cially, the nature of adsorption and desorption branches in
adsorption isotherms is very important in relation to the pore
size analysis of the mesoporous materials.”®

The present study aims at elucidating the nature of the
adsorption hysteresis of nitrogen for the ordered mesoporous
silicas MCM-41 and SBA-15 with cylindrical pores from a
comparison between the temperature dependence of the
adsorption hysteresis observed in experiments and that obtained
theoretically for an ideal cylindrical pore. This gives a theoretical
support to our examination method as to the nature of the
adsorption and desorption branches in the hysteretic adsorption
isotherms. The theoretical calculations based on the continuum
thermodynamic model will complement the temperature
dependence of adsorption hysteresis measured and lead to
more reliable conclusions as to the nature of the adsorption and
desorption branches observed. Here, the experimental data are
taken from our previous studies concerning nitrogen adsorption
in the cagelike and cylindrical pores of the ordered mesoporous
sili%s MCM-41,">** SBA-15,”** SBA-16,>* KIT-5,”” and SBA-
12.

2. RESULTS AND DISCUSSION

2.1. Spherical Pore. When the necks of an inkbottle pore
are smaller than a certain critical size, the capillary evaporation of
a fluid condensed inside the wide pore takes place via
cavitation.'” The ordered mesoporous silicas with cagelike
pores usually reveal cavitation-induced desorption,'**>*>*+%
Therefore, both the capillary condensation and evaporation take
place by thermally activated nucleation. The rate of the
thermally activated nucleation is usually given by the Arrhenius
law. It is well-known that the essential variation in the nucleation
rate comes from the exponential factor. The variation of the
prefactor with temperature and pore size is negligibly small
compared to that of the exponential factor. If the present
continuum model captures the exact nature of capillary
condensation and evaporation of a fluid in an inkbottle pore,
the model will be capable of reproducing the capillary
condensation and evaporation pressures observed for various
temperatures and pore sizes using a single value of the
dimensionless level of surmountable nucleation barrier, N, =
E*/k, T, where k; is the Boltzmann constant.*”*® We calculated
the nucleation barrier (E*) for activated capillary condensation
and evaporation as a function of relative fugacity pressure (f/f,)
at several different temperatures for nitrogen in a spherical pore
of R, = 7.0 nm. Here, R, is a distance between the surface of the
pore wall and the pore center. The curve of E* versus f/f, was
asymmetrical, and the maximum was attained at VLE, in accord
with previous molecular simulation studies.””** The barrier
height for evaporation gradually decreases with deceasing f/f,
while the barrier height for condensation rapidly decreases with
increasing f/f,. This implies that the capillary evaporation
pressure calculated is significantly affected by the value of N,
selected, whereas the capillary condensation pressure calculated
is affected little by it. Figure 1 shows a comparison of the
temperature dependences of capillary condensation and
evaporation pressures (f/f,) for nitrogen in KIT-5 (expand)
with the calculated temperature dependences. The calculated
ones were obtained based on the semimacroscopic model
assuming four different values of N, = 40, 50, 60, and 70. A
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Figure 1. Temperature dependence of the capillary condensation and
evaporation pressures (f/f,) of nitrogen in KIT-S (expand). Open and
closed circles denote capillary condensation and evaporation pressures,
respectively. Broken, dotted, and full lines denote the capillary
condensation, equilibrium transition, and cavitation pressures,
respectively, of nitrogen calculated on the basis of the semimacroscopic
model with no size effect in surface tension for a spherical pore.
Cavitation pressures are estimated on the basis of four different levels of
surmountable nucleation barrier of N, = 40, 50, 60, and 70, which are
denoted by yellow, blue, red, and green lines, respectively.

selection of N, = 60 gives a best fit with the cavitation pressures
for nitrogen on KIT-S (expand). On the other hand, the capillary
condensation pressure did not appreciably change with different
values of N.: the change is small compared with the symbol. We
will fix the value of N_ at 60 hereafter.

Figure 2 shows a comparison of the temperature depend-
ences™ of capillary condensation and evaporation pressures for
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Figure 2. Temperature dependence of the capillary condensation and
evaporation pressures (f/f,) of nitrogen in SBA-12, KIT-5, and KIT-5
(expand). Open and closed symbols denote capillary condensation and
evaporation pressures, respectively. Blue broken, red dotted, and green
full lines denote the capillary condensation, equilibrium transition, and
cavitation pressures, respectively, of nitrogen calculated on the basis of
the semimacroscopic model with no size effect in surface tension for a
spherical pore.

nitrogen in KIT-S (expand), KIT-S, and SBA-12 with those
calculated based on the model. The temperature dependence of
the equilibrium transition pressure calculated is also included in
the figure. In these calculations, pore radii of KIT-S (expand),
KIT-S, and SBA-12 were assumed to be 7.0, 3.7, and 2.7 nm,
respectively. A fit between experiment and theory is excellent for
KIT-5 (expand) and KIT-S, whereas SBA-12 with the smaller
cavity size shows slight deviations between experiment and
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theory at lower temperatures. For SBA-12, the capillary
condensation and evaporation pressures calculated become
progressively lower than the experimental pressures with
decreasing temperature. This indicates that the present
continuum model captures the exact nature of capillary
condensation and evaporation phenomena for a fluid in cagelike
pores at least greater than ~7 nm in diameter. The model
assumes that the density and surface tension of the adsorbed
multilayer film on the pore walls are equal to the density and
surface tension of a bulk liquid, respectively. The dependence of
surface tension on the curvature of the liquid—vapor interface,
on the contrary, has been often taken into account in the
modeling of capillary condensation based on the continuum
approach.*7**%3%*! The results clearly indicate that the effect
of curvature on surface tension is not appreciably important at
least for mesopores with diameters above ~7 nm.

2.2. Cylindrical Pore. For an open-ended cylindrical pore,
previous theoretical and simulation studies strongly suggest that
capillary condensation takes place from a metastable state of
multilayer film by an activated process, while capillary
evaporation takes place via a receding meniscus from pore
ends at the equilibrium transition pressure.”'*'>***? If capillary
evaporation at the equilibrium is inhibited, pore-blocking or
cavitation-controlled desorption will occur from a metastable
liquidlike state. Figure 3 shows a comparison of the temperature
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Figure 3. Temperature dependence of the capillary condensation and
evaporation pressures (f/f,) of nitrogen in MCM-41 (sample 1), SBA-
15 (sample 2), SBA-1S (sample 4), and SBA-15 (sample S). Open and
closed symbols denote capillary condensation and evaporation
pressures, respectively. Blue broken and red dotted lines denote the
capillary condensation and equilibrium transition pressures, respec-
tively, of nitrogen calculated on the basis of the semimacroscopic model
with no size effect in surface tension for a cylindrical pore.

dependences™® of capillary condensation and evaporation
pressures of nitrogen in MCM-41 (sample 1), SBA-1S (sample
2), SBA-1S (sample 4), and SBA-15 (sample S) with cylindrical
pores with those calculated based on the model. Samples 2 and 4
were prepared using a Pluronic 123 triblock copolymer as a
structure-directing agent at aging temperatures of 323 and 373
K, respectively. It is known that low aging temperatures lead to
the lowering of both pore size and pore structural regularity.*’
Sample 5 was prepared using mesitylene as a solubilizing agent
and P123 surfactant at an aging temperature of 373 K, in order to
obtain SBA-15 with large mesopores. In the calculations, the
pore radii of samples 1, 2, 4, and S were assumed to be 2.0, 2.7,
3.6, and 7.5 nm, respectively. For samples 4 and S, the capillary
condensation and evaporation pressures observed nicely agree

with the temperature dependences of the activated condensa-
tion and equilibrium transition pressures calculated, respec-
tively. This confirms the conclusions of the theoretical studies
mentioned above for the ordered mesoporous silicas with
cylindrical mesopores at least greater than ~7 nm in diameter.

However, the results for sample 2 do not agree with the
theoretical predictions for a cylindrical pore. The capillary
evaporation pressures observed significantly deviate from the
temperature dependence of the equilibrium transition pressure
calculated, as opposed to samples 4 and 5. This is thought to be
due to pore imperfections of this material and perhaps the
enhanced pore corrugation of the SBA-15 sample. The
amplitude of pore corrugation of sample 2 is expected to be
much larger than for samples 4 and S because sample 2 was
prepared at a low aging temperature.”” For sample 1, the
reversible capillary condensation pressures observed show
systematic deviations at higher temperatures from the temper-
ature dependence of the equilibrium transition pressure
calculated: the equilibrium transition pressure calculated
becomes progressively higher than the reversible condensation
pressure observed with increasing temperature. The combined
results for MCM-41 and SBA-12 with small mesopores indicate
that the ratio between the calculated and observed transition
pressures reverses at around 80 K. It is known, on the other
hand, that the equilibrium capillary condensation pressure
obtained by the modeling increases as the surface tension at the
interface between the vapor and adsorbed phases decreases.’
This implies that in small mesopores, the effect of curvature on
the surface tension is recognizable and the ratio of the surface
tensions between the confined phase and the flat surface reverses
with temperature.

2.3. Pore-Size Dependence of Surface Tension. The
effect of curvature on surface tension in capillary condensation is
an unresolved issue: some researchers have introduced the
curvature-dependent surface tension in the modeling
works, 03436384151 hile other researchers have neglected
the effect,'*>072%3537424 The present results clearly indicate
that the effect is negligibly small for mesopores above ~7 nm in
diameter but certainly recognized for smaller mesopores.
Furthermore, the combined results for MCM-41 and SBA-12
with small mesopores imply that in such small mesopores, the
effect of confinement on the surface tension with respect to the
flat surface reverses with temperature. Very recently, Bruot and
Caupin®® reported the temperature effect on the curvature
dependence of liquid—vapor surface tension from experiments
on nucleation of bubbles in ethanol and n-heptane. The sign of
the effect reversed with temperature: the ratio of the surface
tensions between the bubble and the flat surface becomes
progressively larger with increasing temperature and exceeds
unity at higher temperatures. Since ethanol and n-heptane are
not unusual substances, a similar temperature effect on the
curvature dependence of surface tension for nanobubbles may
be conceivable for other molecular liquids like nitrogen. For
bubbles and droplets, the curvature is inversely proportional to
the size. So, we will consider the effect of pore size on surface
tension. From the analogy with their results, we inferred the
following equation for the pore-size dependence on the surface
tension between the vapor and adsorbed phases.

o(R,, T) = a,/[1 + 0.05/R,, + (=0.03T + 2.3)/R,*]
(12)

where o(R,,T) and o, are the surface tension of a confined
liquid inside a mesopore of radius R,, in nm and a bulk liquid,
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respectively, and T is temperature in K. The parameters of eq 12
were determined by trial and error, although they are concerned
with the Tolman length and a quantity given by the Tolman
length, the bending rigidity constant, the rigidity constant
associated with Gaussian curvature, and the surface tension of a
flat surface, respectively .**

Figure 4 shows a comparison of the re-calculated temperature
dependences of the capillary condensation and evaporation
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Figure 4. Temperature dependence of the capillary condensation and
evaporation pressures (f/f,) of nitrogen in SBA-12, KIT-S, and KIT-S
(expand). Open and closed symbols denote capillary condensation and
evaporation pressures, respectively. Blue, red, and green lines denote
the capillary condensation, equilibrium transition, and cavitation
pressures, respectively, of nitrogen calculated on the basis of the
semimacroscopic model with a size effect in surface tension for a
spherical pore.

pressures for spherical pores with the experiments. Here, the
capillary condensation and evaporation pressures were re-
calculated using the pore-size-dependent surface tension. A fit
between theory and experiment for SBA-12 with small spherical
mesopores is obviously improved. This further confirms the
mechanisms of capillary condensation and evaporation in ink-
bottle pores predicted by the previous simulation and
thermodynamical modeling studies."”'”***”** For cavitation
of liquid nitrogen confined to spheroidal pores of mesoporous
silicas, Rasmussen et al. have obtained the relationships between
the cavitation pressure and the nucleation barrier of cavitation
on the pore size based on the MC simulation and experiments.**
The cavitation pressure depended on the pore size for the
samples with pores smaller than ~11 nm in diameter and
remained practically unchanged for the samples with larger
pores. Exploiting the correlation between the experimental
cavitation pressure and the simulated nucleation barrier, they
found that the nucleation barrier increased almost linearly from
~40 to ~70 k,T in the range of pores from ~7 to ~11 nm, and
varied in narrow diapason of 70—75 k, T in larger pores.
Figure S shows a similar comparison of the temperature
dependences of the capillary condensation and evaporation
pressures of nitrogen re-calculated for cylindrical pores with
several different pore sizes using the pore-size-dependent surface
tension with the experiments. The temperature dependence of
the vaporlike spinodal is also included in the figure. For an open-
ended cylindrical pore, the previous theoretical and simulation
studies™'*'**7*" suggest that capillary condensation should
take place between the spinodal and equilibrium, whereas
capillary evaporation occurs near the point of equilibrium.
Neimark et al.’> have distinguished two hysteresis regimes
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Figure S. Temperature dependence of the capillary condensation and
evaporation pressures (f/f,) of nitrogen in MCM-41 (sample 1), SBA-
15 (sample 2), SBA-15 (sample 4), and SBA-1S (sample S). Open and
closed symbols denote capillary condensation and evaporation
pressures, respectively. Blue and red lines denote the capillary
condensation and equilibrium transition pressures, respectively, of
nitrogen calculated on the basis of the semimacroscopic model with a
size effect in surface tension for a cylindrical pore, while green dotted
lines denote the vaporlike spinodal pressures of nitrogen calculated.

depending on the pore size: “developed hysteresis” in larger
mesopores when condensation occurs close to the vapor—liquid
spinodal and “developing hysteresis” when condensation occurs
in between the spinodal and equilibrium with a narrower
hysteresis loop. For sample S, the capillary condensation
pressures calculated were nearly identical to the vaporlike
spinodal pressures in the whole temperature region of hysteresis.
The hysteresis observed for sample 5 belongs to the developed
hysteresis. For sample 4, on the other hand, the capillary
condensation pressures calculated were well below the vaporlike
spinodal pressures, although the former approaches the latter
with decreasing temperature. The hysteresis observed for
sample 4 belongs to the developing hysteresis. Such a
classification cannot be applied to the hysteresis observed for
samples 1 and 2 because these materials have pore
imperfections, and thus the mechanism of the hysteresis is
different from that for an ideal cylindrical pore. For the reversible
capillary condensation pressures in the relatively small
cylindrical mesopores of MCM-41 and SBA-15, a fit between
theory and experiment is also improved. The effect of pore size
on the surface tension between the vapor and adsorbed phases
surely exists. The effect with respect to a flat surface reverses with
temperature.

Figure 6 shows a comparison between theory and experiment
for a series of the ordered mesoporous silicas with cylindrical
pores reported separately in our previous study.”” The capillary
condensation and evaporation pressures calculated based on
cylindrical pores were obtained using the pore-size dependent
surface tension. Here, MCM-41 (C16) was prepared using an
ionic surfactant of shorter chain length as a structure-directing
agent as compared to MCM-41 (sample 1). SBA-15 (P8S) was
prepared using Pluronic P85 as a structure-directing agent, in
order to obtain a sample of a smaller pore size. SBA-15 (P123)
was prepared using Pluronic P123 and hydrothermally treated at
373 K for 6 days, in order to enlarge the pore size. The
hydrothermal treatment time at 373 K of SBA-15 (P85) was
only 1 day. In calculations of activated condensation and
equilibrium transition pressures, the pore radii of MCM-41
(C16), SBA-15 (P85), and SBA-15 (P123) were assumed to be
1.9, 2.8, and 4.2 nm, respectively. As stated above, the theoretical
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Figure 6. Temperature dependence of the capillary condensation and
evaporation pressures (f/f,) of nitrogen in MCM-41 (C16), SBA-1S
(P8S), and SBA-15 (P123). Open and closed symbols denote capillary
condensation and evaporation pressures, respectively. Blue and red
lines denote the capillary condensation and equilibrium transition
pressures, respectively, of nitrogen calculated on the basis of the
semimacroscopic model with a size effect in surface tension for a
cylindrical pore.

and simulation studies for an open-ended cylindrical pore
predict that capillary condensation takes place from a metastable
multilayer film, while capillary evaporation takes place via a
receding meniscus from pore ends at the equilibrium transition
pressure.”'*'>***" Figures 5 and 6 clearly indicate that the
temperature dependence of the adsorption hysteresis observed
for SBA-15 with mesopores of diameters above ~7 nm confirms
such theoretical predictions for a cylindrical pore. Very recently,
Dantas et al.>* have examined the temperature dependence of
the adsorption hysteresis due to capillary condensation of CO,
in CMK-3-ordered mesoporous carbon using experiments and
molecular simulations, where the nucleation barriers for the
condensation were estimated from continuous gauge cell Monte
Carlo isotherms. They were able to account for the temperature
dependence of the adsorption hysteresis by assuming a certain
critical nucleation barrier, namely, the level of surmountable
nucleation barrier in the present study. In our opinion, the level
(~60 k; T) of surmountable nucleation barrier determined here
can give equally a reasonable account for the temperature
dependence of the adsorption hysteresis of CO,, although the
value estimated by them was 43 k;,T.

For SBA-15 and MCM-41 with smaller mesopore sizes,
however, the capillary evaporation pressures in the hysteretic
isotherms no longer obey the temperature dependence of the
equilibrium transition pressure expected for an ideal cylindrical
pore. Instead, the capillary condensation pressures in the
hysteretic isotherms are close to the equilibrium transition
pressures expected for ideal cylindrical pores. The results are
directly concerned with the long-term debate as to which branch
of adsorption or desorption is better suited for the pore size
analysis of mesoporous materials with cylindrical pores.>*>°°
The capillary evaporation pressures observed are always lower
than the equilibrium desorption pressures expected for the ideal
cylindrical pore. The presence of the pore corrugation in these
ordered mesoporous silicas with cylindrical pores may be
responsible for it: minimal deviations from geometric ideality
dramatically change the mechanisms of capillary condensation
and evaporation. Cavitation or pore-blocking-controlled
desorption may occur.

2.4. Pore Imperfections. Effects of the pore imperfections
on capillary condensation and evaporation in cylindrical pores
have been extensively investigated by experiments,”*>°%°7~%?
theories,”*~*® and simulations.””~"* It is generally accepted that
among various forms of the imperfections, the presence of pore
corrugation inside the main channels has considerable effect on
the adsorption hysteresis in the ordered mesoporous silicas with
cylindrical pores. Here, the pore corrugation is undulations
along the pore axis. “Advanced adsorption” and “single pore
blocking” are considered for adsorption and desorption,
respectively, of a fluid in the corrugated pores.””*” In the
advanced adsorption, the condensation in narrow sections of the
pores triggers or advances the condensation in the neighboring
wide sections. In the single pore blocking, the liquids remained
in the narrow sections block the desorption of the liquids
condensed in the wide sections located at a deeper position upon
desorption. However, the exact nature of the pore imperfections
that affect the adsorption hysteresis in the ordered mesoporous
silicas with cylindrical pores is still unclear. To better understand
it, we compared the temperature dependences of the adsorption
hysteresis for nitrogen in the two kinds of SBA-15, SBA-15
(sample 2) and SBA-15 (P85), with those calculated for ideal
cylindrical pores of several different pore radii. Figures 7 and 8

0.9

0.3 1 1 1 1
65 75 85 95 105 115

T/K

Figure 7. Comparison of the capillary condensation and evaporation
pressures (f/f,) of nitrogen in SBA-15 (sample 2) with the theoretical
estimation for two kinds of cylindrical pores with different radii. Open
and closed circles denote capillary condensation and evaporation
pressures, respectively. Blue, red, and green lines denote the capillary
condensation, equilibrium transition, and cavitation pressures,
respectively, of nitrogen calculated on the basis of the semimacroscopic
model with a size effect in surface tension for cylindrical pores.

show such comparisons for SBA-15 (sample 2) and SBA-1S
(P8S), respectively. Three theoretical dependences for each
pore size were calculated for activated condensation, equili-
brium transition, and activated evaporation. For an ideal
cylindrical pore, the activated capillary condensation and
activated evaporation pressures merge with the equilibrium
transition pressure above T}. This means that above Ty, the
capillary condensation and evaporation of a fluid in a particular
section of the corrugated cylindrical pore do not at all depend on
the state of the neighboring section and occur reversibly at a
particular pressure depending only on the strength of confine-
ment of the section. Below Tj, the advanced adsorption on
adsorption and the single pore blocking or cavitation on
desorption begin to occur in the corrugated pores. The capillary
condensation occurs first in small pore sections followed by the
growth of the liquid bridges near the equilibrium transition
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Figure 8. Comparison of the capillary condensation and evaporation
pressures (f/f,) of nitrogen in SBA-15 (P8S) with the theoretical
estimation for two kinds of cylindrical pores with different radii. Open
and closed circles denote capillary condensation and evaporation
pressures, respectively. Blue, red, and green lines denote the capillary
condensation, equilibrium transition, and cavitation pressures,
respectively, of nitrogen calculated on the basis of the semimacroscopic
model with a size effect in surface tension for cylindrical pores.

pressures of individual sections. Therefore, the capillary
condensation is expected to occur near the equilibrium
transition pressures of the individual sections of the corrugated
pores, in accord with the conclusion of a very recent study.'®

As Figures 7 and 8 show, the capillary condensation of
nitrogen in the corrugated pores of the ordered mesoporous
silicas takes place near the equilibrium transition pressure rather
than the activated condensation, in accord with such an
expectation. On the other hand, the capillary evaporation is
expected to occur via pore blocking or cavitation at pressures
lower than the equilibrium. For SBA-15 (P8S), the capillary
evaporation pressure in the hysteretic isotherms obeys the
temperature dependence of the equilibrium transition pressure
expected for a cylindrical pore of 2.5 nm in radius smaller than
the average pore radius of 2.8 nm. This agrees with the
desorption behavior solely controlled by the pore blocking,
where most of the liquid condensed inside the corrugated pores
can desorb through the equilibrium desorption of liquids
condensed in narrow sections close to both pore ends. For the
corrugated pores, the radius of each section within a given pore
is supposed to follow a normal distribution with its mean radius
and standard deviation 6,,.o,."” Due to the random distribution
of the section radii and the relatively long pore, it is expected that
the differences between the radii of the narrow sections close to
the pore ends and the mean radius are larger than 6., For the
pore corrugation of SBA-15, the value of 6, slightly smaller
than ~0.3 nm is plausible for the mean radius of 2.8 nm.”” For
SBA-15 (sample 2), on the other hand, the desorption in the
hysteretic isotherms seems to proceed by cavitation because the
capillary evaporation pressure obeys the temperature depend-
ence of the activated evaporation pressure calculated. The radii
of the narrow sections close to the pore ends are estimated to be
close to ~2.3 nm, while the mean radius is 2.7 nm. The
corrugation amplitude of SBA-15 (sample 2) is slightly larger
than that of SBA-15 (P8S).

It is generally believed that the pore imperfections of MCM-
41 are less than SBA-15. However, the present two samples of
MCM-41, MCM-41 (sample 1) and MCM-41 (C16), showed
thermal behavior of hysteresis loops typical of the corrugated
cylindrical pores. The capillary condensation pressure in the

hysteretic isotherms obeys the temperature dependence of the
equilibrium transition pressure expected for an ideal cylindrical
pore, while the capillary evaporation pressure deviates from the
equilibrium transition pressure. Even a smaller amplitude of the
pore corrugation in MCM-41 can affect considerably the
adsorption hysteresis because the mean radius of the channels is
also smaller than SBA-185. This has been revealed in our previous
study of modeling calculations.”” We have previously reported
that MCM-41 carefully synthesized shows the temperature
dependence of the adsorption hysteresis typical of an ideal
cylindrical pore.”® The effect of the pore corrugation on the
adsorption hysteresis depends on the synthesis method rather
than the kind of the ordered mesoporous silica. All these studies
clearly indicate that for mesoporous materials with cylindrical
pores, a routine selection of the desorption branch for pore size
analysis is not always validated because it is not confirmed that
the desorption process is associated with the equilibrium vapor—
liquid transition in all instances.

3. CONCLUSIONS

The present continuum models capture the exact nature of
capillary condensation and evaporation phenomena of nitrogen
in cagelike and cylindrical pores with ideal geometries. The
effect of curvature on the surface tension in capillary
condensation is negligibly small for mesopores of diameters
above ~7 nm but cannot be neglected for mesopores of smaller
sizes. The effect of pore size on the surface tension with respect
to a flat surface reverses with temperature. For SBA-1S5 with
cylindrical mesopores of diameters above ~7 nm, the temper-
ature dependences of the adsorption hysteresis measured
confirm the previous theoretical predictions concerning the
mechanisms of capillary condensation and evaporation in an
ideal cylindrical pore. For SBA-15 and MCM-41 with smaller
mesopore sizes, on the other hand, the capillary condensation
takes place close to the equilibrium transition pressures, while
the capillary evaporation takes place at pressures lower than the
equilibrium, as opposed to the theoretical predictions, owing to
single pore blocking. A change in the mechanisms of capillary
condensation and evaporation is ascribable to the corrugation of
the cylindrical pores. The effect of the pore corrugation on the
adsorption hysteresis depends on the synthesis method rather
than the kind of the ordered mesoporous silica.

For materials with open-ended cylindrical pores of minor
imperfections, the classical scenario is confirmed: the desorption
branch is equilibrium, and the adsorption branch corresponds to
the delayed (activated) capillary condensation transitions
through the nucleation of a capillary bridge. For materials with
pore blocking or pore wall corrugations, the desorption
transition is shifted to the pressures smaller than the equilibrium
pressure, which is most pronounced due to possible cavitation
when the blocking pores are small.

4. MATERIALS AND METHODS

4.1. Materials. Three kinds of ordered mesoporous silicas
with cagelike pores (KIT-5, KIT-S (expand), and SBA-12) and
seven kinds of ordered mesoporous silicas with cylindrical pores
(MCM-41 (sample 1), SBA-15 (sample 2), SBA-15 (sample 4),
SBA-15 (sample 5), MCM-41 (C16), SBA-15 (P85), and SBA-
15 (P123)) were used in the study. Sample synthesis and
characterization were described elsewhere.””**

4.2. Measurement and Data Treatment. Measurements
of adsorption isotherms were also described in detail else-
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where.**** Capillary condensation and evaporation pressures of
nitrogen in the ordered mesoporous silicas at various temper-
atures were reproduced from our previous studies.””** The
condensation and evaporation pressures were transformed to
fugacities using the second and third virial coefficients,”* in order
to compare with theoretical results.

4.3. Spherical Pore. As the vapor pressure increases, the
fluid is progressively adsorbed at the pore wall owing to a fluid—
solid interaction, forming a multilayer film, which bounds a
vapor “bubble” in the pore core. In the framework of the same
thermodynamic approach as that used for a cylindrical pore,®”**
the grand potential of the spherical bubble of radius R, per unit
pore, with respect to the completely filled pore is

Q(R) = 47 /(;R WR* — r* (B(r) — B,(r)) dr + 4noR?
(1)

where Pj(r) and Pg(r) are the local liquid and gas pressures,
respectively, and o is the liquid—vapor surface tension. For small
undersaturations, Py(r) and Py(r) satisfy the relation**”*

B(r) = B() = (0,(B) = 4,(B)) (P, )
~ 1 (B,) - U()

= Ap(Ap — U(r)) (2)

where py(P,,) and p,(P,,) are densities of bulk liquid and vapor
at saturation, respectively, ﬂg(P o) and p,(P,) are chemical
potentials of external vapor in contact with a solid and saturated
vapor, respectively, and U(r) is a solid—fluid interaction
potential. The solid—fluid interaction potential for silica
spherical pore is adopted from that used frequently in the
molecular simulation works.">'? A distance between the surface
of the pore wall and the pore center, R,, is usually referred to as
the pore radius, while a distance between the centers of oxygen
atoms in the first layer of the pore wall and the pore center, Ry, is
used in the solid—fluid potential function. Two distances have a
relation Ry = R, + 0,/2, where o is the interaction parameter
for oxygen atom. Introducing the reduced radius x = R/Ry, the
grand potential of the spherical bubble of radius x, per one pore,
with respect to the completely filled pore is given by a
combination of eqs 1 and 2 as follows:

Q(x) = gApA/mRO x> + 4moR,*x” — 872ApR,} NEOis

/ yx* — y*F(y, Ry) dy
0

()

9 10

2 Z o, o -

F(x, RO) = — (i) (1 _ x)l 10 + (_1)21 10
S i=0 RO

10
Oif i—10
— 1+«

[R ] (149

O i—4 214654
“Z|[wfa-wre e (]

(1+ x)i_4
(4)

where p, is the number density of oxygen atoms, o and & are
the fluid—solid interaction parameters. Equilibrium conditions

(dQ(x)/dx = 0, Q(x) = 0) lead to

3 ZﬂApRooef £
—Xeqg T — ; - y4/x
eq

27rA,oRc,0S €50 d

F()’; RO) dy -
dx
[/ g =" F(y Ro) dy]
0
=0 ()
where x, is reduced radius at equilibrium. x., is obtained by

solving eq S with a bisection method. Then, the equilibrium
condensation pressure (relative fugacity f/f,) can be calculated
using x., and the equilibrium condition Q(x) = 0. The
parameters of the fluid—solid interactions are taken from
previous works as follows: o = 3.17 A, e4/k, = 1473 K, p, =
0.153 A7 and 6, = 2.726 A.">*" The difference of liquid and
vapor densities (Ap) and surface tension (o) for bulk liquid are
taken from ref 42.

Mechanisms of liquid and vapor nucleation in a spherical pore
are straightforward.™ Capillary condensation takes place when
the energy barrier between the maximum and minimum of the
grand potential becomes surmountable, while capillary evapo-
ration takes place when the energy barrier at the maximum of the
grand potential becomes surmountable. Dimensionless energy
barrier heights for liquid nucleation (Ej*) and vapor nucleation
(cavitation) (EZ) are given by the following two equations 6 and
7, respectively.

Ef 2ﬂApR0ps€sfaS% %,
= [fo Y%, = 3" F(y, Ry) dy

47[0R§ o
= [Tyt = FGu Ry) dy]

R, Apk, Tln(i)
W (&) — &) +x} — &
30 ! ET ()

f
g* RyApk, Tln(f—o)

= x
4noR 3 3o g c

f yyxs = y* E(y, Ro)dy + ]
0 (7)

where x, and x,, are the reduced radii at energy maximum and
minimum and f and f, are the fugacities of external gas and
saturated gas, respectively. When the nucleation barrier is
surmounted by thermal energy, capillary condensation and
evaporation occur.

At a pressure higher than the equilibrium, activated
condensation occurs. The nucleation barriers can be calculated
as a function of relative fugacity pressure (f/f,) for given
temperature and pore size. Then, equilibrium transition,
activated condensation, and activated evaporation (cavitation)
pressures are obtained from a comparison between the curve of
the normalized energy barrier versus f/f, and the normalized
level of surmountable nucleation barrier.

2zApR €50
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4.4, Cylindrical Pore. In the framework of a continuum
thermodynamic approach, the grand potential of the cylindrical
bubble of radius R, per unit pore length, with respect to the
completely filled pore is*

R
QR) = 27 / rAp(Ap — U(r)) dr + 270R ©
0

BW used the interaction potential of Saam and Cole (sc)*®
for U(r). However, this choice of the interaction potential leads
to large discrepancies in T}, between theory"” and experiment””
for nitrogen in the ordered mesoporous silicas with cylindrical
pores. Ustinov and Do (UD)’” have derived the fluid—solid
potential for nitrogen in cylindrical and spherical pores of silica
from the potential exerted by the flat surface of a reference non-
porous silica in the framework of the continuum approach. The
potential of SC is significantly weaker than that of UD in the
region of the pore core, where capillary condensation takes
place. Instead, we employ a potential function of Tjatjopoulos et
al.”® for U(r) because the strength of this potential function is
almost the same as that of UD in the region of the pore core. The
potential function has been often used in molecular simulation
works of capillary condensation in a cylindrical silica pore.'>**””
HTM also used this potential function in their modeling work of
activated and equilibrium condensation.”' Introducing the
reduced radius x = R/R, the grand potential of the system is

Q(x) = ApAunRyx* + 2m0R,*x — 2n°ApR,peo”

Here,
63| R 19
B(x, Ry) = 2| 2o (1 = o) F[——, 2 ]
32] o
R R
-3 =2(1 — &%) F[——, -2 1 xz]
Oy 22

(10)
where F(a, b, ¢; d) is a hypergeometric function. Equilibrium
capillary condensation (desorption), activated capillary con-
densation, and activated capillary evaporation (cavitation)

pressures can be calculated according to the BW approach.*
Equilibrium conditions (dQ(x)/dx = 0, Q(x) = 0) leads to

2

2+ R, Aprpegos’|F(x, Ry) — —

Yeq Yeq

X
YE(y, Ro) dy
0

=0 (11)
where x,, is reduced radius at equilibrium. x,, is obtained by

solving eq 11 with a bisection method. Then, equilibrium
condensation pressure can be calculated using ., and condition
dQ(x)/dx = 0.

Capillary condensation takes place through the vapor-to-
liquid nucleation via bridging. When capillary evaporation at
equilibrium from pore ends is forbidden, it occurs through the
liquid-to-vapor nucleation via cavitation.*” The dimensionless
level of surmountable nucleation barrier, N. = E*/k,T, is
determined as described for the case of an inkbottle pore, where

ky, is the Boltzmann constant. The energy barrier heights of the
liquid nucleation and the vapor nucleation as a function of f/f,
are obtained for given temperature and pore size according to
the BW approach.”” Equilibrium transition, activated con-
densation, and activated evaporation pressures can be obtained
from a comparison between the curve of the normalized energy
barrier height vs f/f, and the normalized level of surmountable
nucleation barrier.
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