
Adsorption Hysteresis of Nitrogen and Argon in Pore Networks and
Characterization of Novel Micro- and Mesoporous Silicas

Matthias Thommes,*,† Bernd Smarsly,‡ Matthijs Groenewolt,‡ Peter I. Ravikovitch,§ and
Alexander V. Neimark*,§

Quantachrome Instruments, 1900 Corporate DriVe, Boynton Beach, Florida 33426, Max-Planck Institute of
Colloids and Interfaces, D-14424, Potsdam, Germany, and Center for Modeling and Characterization of

Nanoporous Materials, TRI/ Princeton, 601 Prospect AVenue, Princeton, New Jersey 08540-0625

ReceiVed June 22, 2005. In Final Form: October 20, 2005

We report results of nitrogen and argon adsorption experiments performed at 77.4 and 87.3 K on novel micro/
mesoporous silica materials with morphologically different networks of mesopores embedded into microporous
matrixes: SE3030 silica with wormlike cylindrical channels of mode diameter of∼95 Å, KLE silica with cagelike
spheroidal pores of ca. 140 Å, KLE/IL silica with spheroidal pores of∼140 Å connected by cylindrical channels of
∼26 Å, and, also for a comparison, on Vycor glass with a disordered network of pores of mode diameter of∼70 Å.
We show that the type of hysteresis loop formed by adsorption/desorption isotherms is determined by different
mechanisms of condensation and evaporation and depends upon the shape and size of pores. We demonstrate that
adsorption experiments performed with different adsorptives allow for detecting and separating the effects of pore
blocking/percolation and cavitation in the course of evaporation. The results confirm that cavitation-controlled evaporation
occurs in ink-bottle pores with the neck size smaller than a certain critical value. In this case, the pressure of evaporation
does not depend upon the neck size. In pores with larger necks, percolation-controlled evaporation occurs, as observed
for nitrogen (at 77.4 K) and argon (at 87.3 K) on porous Vycor glass. We elaborate a novel hybrid nonlocal density
functional theory (NLDFT) method for calculations of pore size distributions from adsorption isotherms in the entire
range of micro- and mesopores. The NLDFT method, applied to the adsorption branch of the isotherm, takes into
account the effect of delayed capillary condensation in pores of different geometries. The pore size data obtained by
the NLDFT method for SE3030, KLE, and KLE/IL silicas agree with the data of SANS/SAXS techniques.

1. Introduction

Pore size analysis of mesoporous materials from adsorption
isotherms is based on an adopted interpretation of the mechanisms
of capillary condensation and evaporation and associated
hysteresis phenomena (refs 1 and 2 and references therein). Two
principal factors determine the hysteretic behavior: hysteresis
on the level of a single pore of a given shape and cooperative
effects reflecting the specifics of connectivity of the pore network.
On the pore level, adsorption hysteresis is considered as an
intrinsic property of the vapor-liquid-phase transition in a finite
volume system. A classical scenario of capillary condensation
implies that the vapor-liquid transition is delayed because of
the existence of metastable adsorption films and hindered
nucleation of liquid bridges.3-9 The nonlocal density functional
theory (NLDFT) models revealed that, in principle, both
condensation and evaporation can be associated with metastable

states of the pore fluid.6,8,9 This is consistent with the classical
van der Waals theory,8c which predicts that the metastable
adsorption branch terminates at a vaporlike spinodal that
corresponds to the limit of stability for the metastable adsorbed
films. Accordingly, the metastable desorption branch terminates
at a liquidlike spinodal, which corresponds to the limit of stability
of metastable (stretched) condensed fluid. In open uniform
cylindrical pores, however, metastabilities occur only on the
adsorption branch. Indeed, in an open pore filled by liquidlike
condensate, the liquid-vapor interface is already present and
evaporation occurs without nucleation, via a receding meniscus.
That is, the desorption process is associated with the equilibrium
vapor-liquid transition, whereas the condensation process
involves nucleation of liquid bridges. In sufficiently wide pores,
the barrier in the nucleation process is too high and condensation
occurs spontaneously near the vaporlike spinodal.

This mechanism of adsorption hysteresis is dominant in ordered
mesoporous materials with uniform cylindrical pores such as
MCM-41 and SBA-15. Typically, one observes a hysteresis loop
of type H1, according to the IUPAC classification, with parallel
adsorption and desorption branches. The NLDFT method relates
the location of the vaporlike spinodal with the pore size.9 It is
assumed that spontaneous condensation occurs at the spinodal.
The kernel of NLDFT metastable adsorption isotherms can be
used to obtain the pore size distribution from the adsorption
branch of the isotherm. If hysteresis is caused solely by the
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delayed condensation effect, pore sizes calculated from the
adsorption branch (by applying the kernel of metastable adsorption
isotherms) and pore sizes calculated from the desorption branch
(by applying the kernel of equilibrium isotherms) must be
consistent. This consistency was found for MCM-41, SBA-15,2,8a

and for CPG (controlled pore glass) silica samples.2

To describe hysteresis phenomena in disordered adsorbents,
the network models have been developed (e.g., refs 10-15).10-15

The network models attribute hysteresis to the so-calledpore
blockingor percolation effect. This effect is expected to occur
if the pore has access to the external surface only through a
narrower neck, as in the ink-bottle pore.16-18 The wide body of
the ink-bottle pore is filled at the vapor pressure, which
corresponds to delayed condensation, and remains filled during
desorption until the narrow neck empties first at a lower vapor
pressure. Thus, in a network of ink-bottle pores, evaporation of
the capillary condensate is obstructed by the pore necks. The
vapor pressure, at which a pore body empties, depends upon the
size of the necks, the connectivity of the network, and the state
of the neighboring pores. The pore network empties when the
relative pressure is below a characteristic percolation threshold
associated with the onset of a continuous cluster of pores open
to the surface.11-13 In such a case, the desorption branch of the
hysteresis loop is significantly steeper than the adsorption branch,
which results in a triangular hysteresis loop of type H2 according
to the IUPAC classification. For example, it is believed that the
observed type H2 hysteresis in porous Vycor glass is associated
with the occurrence of percolation effects (e.g., ref 19). Capillary
condensation hysteresis in disordered systems and effects caused
by correlations between pores have recently been studied using
both molecular20,21 and lattice models.22,23

Adsorption/desorption mechanisms in ink-bottle-type pores
were recently revisited.24-27In particular, theoretical,25amolecular
simulation,26 and experimental25b,28 studies, which employed
novel mesoporous materials consisting of well-defined ink-bottle
pores, such as FDU-1,29 PHTS,28 and SBA-16,29b,30-32 revealed
that, if the neck diameter is smaller than a certain critical size

at a given experimental temperature, desorption from the pore
body occurs viacaVitation (spontaneous nucleation of a bubble).
In this case, desorption occurs at a pressurePcav, which is higher
than the pressure of equilibrium evaporation from the pore neck
Pneck. The pore body can empty by diffusion. while the pore neck
remains filled.24,26Classical pore-blocking effect takes place when
the neck size is greater than a certain characteristic value (ca.
50 Å for nitrogen at 77.4 K, assuming that the neck can be
considered as a cylindrical pore25b).

The cavitation effect was correlated with the lower limit of
hysteresis of the desorption isotherm, which is traditionally
discussed within the framework of the tensile strength
hypothesis.32-36 In this classical approach, which dates back to
the works of Schofield, Kadlec and Dubinin, and Burgess and
Everett,32-36 it was supposed that the tensile stress limit of
condensed fluid, which is indicated by cavitation, does not depend
upon the nature and the pore structure of the adsorbent yet is a
universal feature of the adsorptive. This conclusion was supported
by the fact that, in many mesoporous systems, the lower closure
point of the hysteresis loop was observed in a very narrow range
of relative pressures, about 0.42 for nitrogen at 77.4 K,∼0.25
for argon at 77.4 K, and∼0.38 for argon at 87.3 K. Noteworthy,
these “universal” values correlate with the characteristic pressure
of the disappearance of hysteresis in MCM-41 and SBA-15
materials, which contain cylindrical pore channels. However,
the cavitation-induced stepwise desorption in the ink-bottle pores
of FDU-1 and SBA-16 mesoporous molecular sieves25 occurs
at appreciably larger pressures (∼0.055P0 larger) than the
“universal” lower closure point of hysteresis mentioned above.
The authors25 concluded that the cavitation pressure and,
respectively, the lower closure point of hysteresis may depend
upon the pore geometry, i.e., upon pore size and shape. Further,
the authors31 presented a correlation between the desorption
pressure and condensation pressure, which relates to the pore
size.

For given adsorptive and temperature, the neck diameter of
an ink-bottle pore determines the mechanism of evaporation from
the pore body. This situation is illustrated schematically in Figure
1. In the case of pore blocking, the evaporation occurs at the
pressure of equilibrium meniscus in the pore neck, and information
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Figure 1. Schematic illustration of pore blocking and cavitation
phenomena.
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about the neck size can be obtained from the desorption branch
of the isotherm. In the case of cavitation, the evaporation pressure
is not related to the size of the neck, and no information about
the neck size can be obtained from the analysis of the desorption
branch. Determination of the neck size is crucial for a
comprehensive pore structure characterization. In principle, neck
sizes in ordered materials with cagelike pore structures (e.g.,
SBA-1, SBA-6, and SBA-16) can be determined by high-
resolution electron crystallography.37 However, interpretation
of the electron-potential maps requires a choice of a certain
threshold value to define a pore boundary. In the systems with
microporous walls, this procedure is complicated.31 It was also
suggested to determine the entrance sizes by postsynthesis surface
modification by employing the reaction of the pore wall surface
with a series of monofunctional organosilances of gradually
increasing ligand sizes in combination with gas adsorption.29b,31

Studies of the temperature dependence of the hysteresis loop in
ink-bottle pores showed a transition between cavitation and pore-
blocking regimes, which suggests a possibility of estimating the
neck size distribution from the desorption isotherm by tuning the
experimental conditions.25b For example, argon adsorption at
77.4 K allows the probing of the neck sizes down to 40 Å, and
krypton adsorption at 87.3 K allows to probe the pore necks as
small as ca. 30 Å.

In this work, we study adsorption behavior of nitrogen and
argon at 77.4 and 87.3 K in novel ordered micro- and mesoporous
silica materials (SE3030 silica,38,41 KLE silica,39 and KLE/IL
silica) with morphologically different networks of mesopores
embedded into microporous matrixes. We also invoke Vycor
glass with a wide pore size distribution. We show that the use
of different adsorptives allows one to identify and separate
percolation and cavitation phenomena. A novel hybrid NLDFT
method is applied to the adsorption branch of the hysteretic
isotherms over a wide range of relative pressures to calculate
micro- and mesopore size distributions. The NLDFT calculations
are shown to agree with independent pore structure data of small-
angle neutron scattering (SANS) and small-angle X-ray scattering
(SAXS) techniques.

2. Materials and Methods

2.1. Materials.SE3030 Silica.The synthesis of SE3030 silica is
described in ref 38. Lyotropic amphiphilic copolymer phases of
poly(styrene)-block-poly(ethyleneoxide)-(SE) were used here as
structure-directing agents. An accurate characterization of this
material was provided by novel SANS38,41and SAXS methods, as
well as transmission electronic microscopy (TEM) analysis. It was
found from SANS analysis using the hard-disk model of Rosenfeld
(for details, see ref 41) that the pore system can be considered as
elongated wormlike mesopores (of ca. 95 Å in diameter) connected
by narrow cylindrical micropores (i.e., the micropores of diameter
ca. 1 nm are located in the pore walls, which have a thickness of
ca. 6 nm).

KLE Silica. KLE silica contains mesopores of almost ideal
spherical shape, which are arranged on a distorted FCC lattice.39 In
aqueous solution, the KLE block copolymer forms an FCC lattice
of isolated spherical micelles. However, in KLE silica, the spherical
KLE mesopores are connected through small micropores, originating

from the hydrophilic poly(ethylene oxide) block penetrating the
silica matrix. Thus, this cubic structure of spherical mesopores
represents an ideal morphology to study the adsorption and desorption
phenomena in pores of well-defined shape. A decrease in the polymer
concentration in the initial starting solution can lead to isolation of
KLE micelles, so that the polymer cannot be removed by calcination.
The pore structure of KLE silica as confirmed by SAXS and TEM
studies (for details, see ref 39) can be described as spherical mesopores
of ca. 140 Å, in diameter connected via narrow (ca. 13 Å) cylindrical-
like micropores in the pore walls.

KLE/IL Silica.KLE/IL silica is synthesized using the same block
copolymer as KLE silica, but in addition, an “ionic liquid” is used
as a second template.40This leads to a material that exhibits a trimodal
pore size distribution: similarly to KLE silica, KLE/IL silica contains
micropores of ca. 13 Å in diameter and main mesoporous cavities
of spherical geometry and size of 138 Å, but in addition, these
cavities are connected through narrow cylindrical mesopores of ca.
26 Å in diameter (from the ionic liquid). TEM images of KLE/IL
silica were taken with a Zeiss EM 912Ω. SAXS patterns were
recorded using a Cu KR rotating anode instrument.40 The original
formula used for KLE silica and KLE/IL silica39was optimized (see
ref 40) to improve accessibility of the mesopores.

Vycor Glass.Porous Vycor glass (Corning 7930) was obtained
from Corning (via Advanced Glass and Ceramics, Holden, MA).

2.2. High-Resolution Adsorption Measurements.Nitrogen (77.4
K) and argon (77.4 and 87.3 K) adsorption/desorption measurements
were performed with an Autosorb-I-MP instrument (Quantachrome
Instruments, Boynton Beach, FL) in the relative pressure rangeP/P0

from 1× 10-6 to 1. The analysis station of the volumetric adsorption
apparatus was equipped, in addition to the standard pressure
transducers in the dosing volume (manifold) of the apparatus, with
high-precision pressure transducers (Baratron MKS) dedicated to
read the pressure in the sample cell itself. Hence, the sample cell
was isolated during equilibration that ensured a very small effective
dead volume and therefore a highly accurate determination of the
adsorbed amount. To provide high accuracy and precision in the
determination ofP/P0, the saturation pressureP0 was measured
throughout the entire analysis by means of a dedicated saturation
pressure transducer, which allowed us to monitor the vapor pressure
for each data point. The samples were outgassed overnight at 150
°C prior to the adsorption analysis.

2.3. NLDFT Method for Pore Size Characterization. The
adsorption data were analyzed using a novel hybrid NLDFT approach
that allows quantification of both micro- and mesopores. The NLDFT
method, which has been previously shown to give quantitatively
correct pore size distributions in silica materials with cylindrical9

and spherical25a mesopores, has been extended to the range of
micropores, i.e. down to 5 Å pores. A new hybrid approach has been
used to calculate pore size distributions in micro- and mesoporous
silicas containing pores of different geometry. For materials with
cylindrical mesopores (e.g., SE3030 silica), the method uses a
cylindrical pore model for both meso- and micropores. For materials
with cagelike mesopores (e.g., KLE and KLE/IL silicas), the method
uses a spherical pore model in the region of pores that exhibits
adsorption/desorption hysteresis and a cylindrical pore model in the
region of reversible filling of micropores and small mesopores. Thus,
the method allows one to calculate pore size distributions in the
complete range of micro- and mesopores from the adsorption branch
of the isotherm. In the region of hysteresis, the method takes into
account the effect of delayed condensation and uses NLDFT
metastable adsorption isotherms, while in the region of reversible
capillary condensation/desorption, the method uses NLDFT equi-
librium isotherms.

3. Results and Discussion

3.1. Adsorption Isotherms and Pore Size Characterization.
A Comparison with SANS/SAXS. High-resolution nitrogen
(77.4 K) and argon (87.3 K) adsorption/desorption isotherms on
SE3030, KLE, and KLE/IL silica are shown in Figures 2a, 3a,
and 4a. Semilogarithmic plots, emphasizing the low relative
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pressure region of the isotherms on SE3030 and KLE/IL silicas,
are presented in Figures 2b and 4b. All isotherms clearly reveal
capillary condensation accompanied by a very wide hysteresis
loop (see Figures 2a, 3a, and 4a). Figure 2b shows that argon
(at 87.3 K) fills the micropores in SE3030 at a higher relative
pressure as compared to nitrogen. The adsorption isotherms and
the observed characteristic hysteresis loops are reproducible as
seen from Figures 3a and 4a, which show two independently
measured nitrogen adsorption/desorption isotherms on KLE and
KLE/IL silica.

The wide hysteresis loops indicate a delay in both condensation
and evaporation. Hence, the mesopore size distributions were
calculated from the adsorption branches by applying the nitrogen
and argon metastable adsorption branch kernels described above.
Studies by TEM,38 SANS,41 and SAXS suggest that SE3030
silica consists of wormlike mesopores connected by cylindrical
micropores; hence, a cylindrical pore model was assumed for the
NLDFT pore size analysis over the complete micro- and mesopore
size range. In the case of KLE silica, a cylindrical pore model
was assumed for the micropore range, but the mesopore size
distribution was calculated on the basis of a spherical pore
model,25a again, in accordance with the information about the
pore structure.39

The analysis of the nitrogen and argon adsorption data obtained
at 77.4 and 87.3 K, respectively, supports the existence of both
micro- and mesoporosity in SE3030 silica. The NLDFT PSD
curves for SE3030 show two maxima centered at pore diameters
of ca. 10-13 and 90-95 Å (see Figure 2d). The mesopore size

distributions calculated from nitrogen (77.4 K) and argon (87.3
K) isotherms are in excellent agreement, including cumulative
pore volume plots (Figure 2c). Note, that calculations for argon
were not extended in the range of micropores. From the nitrogen
isotherm, a specific surface area of ca. 600 m2/g was obtained
by formally applying the BET method in the relative pressure
range from 0.05 to 0.15 (using a cross-sectional area of 16.2 Å2

for the nitrogen molecule). One should keep in mind that the
BET surface area in materials, such as SE3030, which contain
a substantial amount of microporosity, does not correlate with
the geometrical surface area and can only be considered as a
BET equivalent surface area.

Similar to SE3030, KLE silica also contains micropores
centered at ca. 13 Å; however, the diameter of spherical mesopores
is ca. 139 Å (see Figure 3b) that is significantly larger than the
size of the wormlike mesoporous channels in SE3030 silica. The
nitrogen equivalent BET surface area is ca. 310 m2/g.

The NLDFT pore diameters for SE3030 and KLE silicas are
in very good agreement with independent pore size data of TEM
and SANS/SAXS methods;38,39i.e., micropores of diameter ca.
10-13 Å were obtained for both SE3030 and KLE silica (see
Tables 1 and 2). The application of TEM and SANS revealed
a mesopore size of ca. 95 Å for SE3030.38,41In the case of KLE
silica, a pore diameter of ca. 138 Å was obtained for the spherical
mesopores by SAXS (for details, please see ref 39).

For KLE/IL silica, we obtained a trimodal pore size distribution
(Figure 4c). Similarly to KLE silica, some microporosity is
revealed; the pore size distribution curve is centered at around

Figure 2. (a) High-resolution nitrogen (77.4 K) adsorption/desorption isotherm on SE3030 silica. (b) Nitrogen (77.4 K) and argon (87.3
K) adsorption/desorption on SE3030 silica (semilogarithmic plot). (c) NLDFT cumulative pore volume plots calculated from the adsorption
branch of the adsorption/desorption isotherms shown in b by applying the kernel of metastable adsorption isotherms based on a cylindrical
pore model for the systems nitrogen (77.4 K)/silica and argon (87.3 K)/silica. (d) NLDFT differential pore size distribution for SE3030 silica
from nitrogen (77.4 K) and argon (87.3 K) adsorption data (see b and c).
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13 Å, and the PSD of the large mesoporous cavities (i.e., pore
diameter of 139 Å) is also similar to KLE silica. The pore diameter
of the narrow mesopores is 26 Å. A BET-equivalent surface area
of ca. 700 m2/g was obtained from the nitrogen isotherm (the
BET analysis was performed in the relative pressure range from
0.007 to 0.05).

SAXS data for the sample of KLE/IL silica and a high-
resolution TEM image are presented in Figures 5 and 6,
respectively. The SAXS data show various interferences, which
are attributable to an ordered hierarchical micropore structure.
In particular, it is noteworthy that, in contrast to previous
publications on similar systems,42 the packing of the smaller
mesopores in the walls between the larger ones was visible in
the SAXS data as a broad maximum at arounds ) 0.03 Å-1.
A detailed SAXS analysis by applying a Percus Yevick approach
(see ref 40) reveals a quite uniform diameter of 137 Å for the
spherical cages and 28 Å for the smaller mesopores, while the
latter show a significant variance of ca. 2-3 Å based on the
SAXS procedure. Nevertheless, also for this material, a very
good agreement is obtained with the results of adsorption/NLDFT
analysis.

The fact that the mesopore size distributions obtained with the
NLDFT adsorption kernels agree so well with SANS and SAXS
data confirms the validity of the NLDFT method for the pore
size analysis of micro- and mesoporous materials.

3.2. Mechanism of Pore Evaporation in Micro- and
Mesoporous Materials: Pore Blocking or Cavitation?Ad-
sorption data on KLE/IL silica clearly demonstrate a cavitation-
controlled mechanism of evaporation. Indeed, this material
presents an example of well-defined ink-bottle pores with a quite
uniform neck diameter of 26 Å, which was established by
adsorption and SAXS techniques. This result is in agreement
with NLDFT calculations25 and earlier experiments,25b which
showed that desorption occurs via cavitation for neck diameters
smaller than 40-50 Å. The nitrogen adsorption isotherm on
KLE/IL silica clearly demonstrates that, even though the fluid
evaporates from the pore body in the process of cavitation, the(42) Groenewolt, M.; Antonietti, M.; Polarz, S.Langmuir 2004, 20, 7811.

Figure 3. (a) High-resolution nitrogen (77.4 K) adsorption/
desorption isotherms on KLE silica. (b) NLDFT pore size distribution
for KLE silica calculated from the adsorption branch of the N2
isotherm shown in a by applying the kernel of metastable adsorption
isotherms. The hybrid NLDFT kernel used here is based on a
cylindrical pore model for the micropore range and a spherical pore
model for the mesopore range in which hysteresis is observed.

Figure 4. (a) High-resolution nitrogen (77.4 K) adsorption/
desorption isotherms on KLE/IL silica. (b) Semilogarithmic plot of
a nitrogen (77.4 K) isotherm on KLE/IL silica measured over a
relative pressure range from 10-6 to 1. (c) NLDFT pore size
distribution for KLE/IL silica calculated from the adsorption branch
by applying the kernel of metastable adsorption isotherms on the
adsorption data shown in b. The hybrid NLDFT kernel used here
is based on a cylindrical pore model for the micropore and narrow
mesopore (pore diameter<5 nm) range and a spherical pore model
for the mesopore range in which hysteresis is observed.
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constrictions (necks) remain filled until a significantly lower
relative pressure is reached (Figure 4a). Both filling and desorption
from the necks are reversible processes.

In general, the hysteresis loops observed in micro- and
mesoporous materials can be affected by both percolation and
cavitation mechanisms. The pore size distribution of mesopores
can be calculated, as demonstrated in the previous section, from
the adsorption branch of the isotherm by applying a proper
NLDFT method. However, as discussed in the Introduction, one
can potentially obtain information about the neck sizes directly
from the desorption branch, but only if the percolation is the
dominating mechanism of pore evaporation. Hence, it is important
to determine which of the mechanisms controls the position of
the desorption branch.

As a simple test to detect the mechanism of evaporation, we
propose to measure the adsorption isotherms of different
adsorptives (i.e., simple fluids such as argon and nitrogen) in
combination with a proper method for the calculation of the pore
size distribution. If percolation is a dominant mechanism, the
evaporation pressure is controlled by the size of the necks (or
the connecting pores). Hence, the “pore size distribution”
calculated from the desorption branch should be independent of
the choice of the adsorptive and temperature; i.e., one would
expect to find a good agreement between the pores size distribution
curves obtained from different adsorptives. In contrast, if
evaporation occurs by cavitation, the position of the evaporation
step is not correlated with the neck size. In such a case, an artificial
“pore size distribution” determined from the desorption branch
should depend upon the choice of the adsorptive; i.e., the PSD
results calculated from the desorption branches of isotherms of
different adsorptives should be substantially different.

This simple test was applied to SE3030 silica and Vycor glass.
Figure 7a shows adsorption isotherms of argon (at 87.27 K) and
nitrogen (at 77.35 K) on Vycor glass. For both gases, the
adsorption isotherms feature a characteristic type H2 hysteresis
loop. The NLDFT pore size distribution obtained from the
adsorption branches of nitrogen and argon isotherms are in good
agreement (see Figure 7b). We find also a perfect agreement for
the PSD curves obtained from the desorption branches (see Figure
7c). Hence, this example clearly indicates that the percolation
mechanism is in effect for Vycor glass. Information about the
size of narrow mesopore channels (“necks”) connecting larger
mesopores can be obtained from the desorption branch. However,
the width of the pore size distribution obtained from the desorption
branch is still artificially narrow because the liquid evaporates
from both the constrictions and the larger pores simultaneously.
On the contrary, the adsorption branch contains information about
the size of pore bodies, and the width of the calculated pore size
distribution looks more realistic.

A different result is observed for SE3030 silica. While the
NLDFT pore size distributions obtained from the adsorption
branches of nitrogen (77.4 K) and argon (87.3K) isotherms are
in excellent agreement (parts c and d of Figure 2), the pore size
distributions calculated from the desorption branches of nitrogen
and argon isotherms are drastically different, which confirms the
cavitation-controlled mechanism of evaporation in SE3030 silica
(see Figure 8). It should be noted that this result contradicts the
conclusions of ref 38, in which the wide hysteresis loop for
SE3030 silica was attributed to pore-blocking effects.

3.3. Effect of Pore Structure and Temperature on Cavita-
tion. The question of whether the pore shape and size, and also
the size of pore necks affect the cavitation pressure can be
discussed by comparing the adsorption behavior of nitrogen and
argon in SE3030, KLE, and KLE/IL silicas. Figure 9 shows
nitrogen adsorption isotherms on SE3030 and KLE/IL silicas.
The two materials differ in the shape and size of mesopores

Table 1. Surface and Pore Size Characterization of SE3030
Silica by Nitrogen Adsorption, SANS, and TEM Analysis

SE3030 silica

SBET (N2) (m2/g) with Rsx ) 16.2 Å2 600 (P/P0 ) 0.05-0.15)
SSANS (m2/g) 55038

total (Gurvich) pore volume
at (P/P0 ) 0.95) (cm3/g)

0.70

NLDFT micropore volume (cm3/g) 0.11
SANS micropore volume (cm3/g) 0.138,41

NLDFT mesopore volume (cm3/g) 0.58
NLDFT micropore diameter (Å) 11
SANS micropore diameter (Å) 1041

NLDFT mesopore diameter (Å) 94 (from N2,77.4 K);
91 (from Ar, 87.3 K)

SANS mesopore diameter (Å) ca. 9541

TEM mesopore diameter (Å) ca. 9538

Table 2. Surface Area and Pore Size Characterization of KLE
Silica and KLE/IL Silica by Nitrogen Adsorption, SAXS, and

TEM Analysis

KLE silica KLE/IL silica

SBET (m2/g) with
Rsx ) 16.2 Å2

310 (P/P0 )
0.05-0.2)

670 (P/P0 )
0.007-0.05)

total (Gurvich) pore
volume at (P/P0 ) 0.95)
(cm3/g)

0.46 0.47

NLDFT pore volume
(for pores<300 Å) (cm3/g)

0.44 0.44

NLDFT micropore
diameter (Å)

13 13

NLDFT mesopore
diameter (Å)

139 bimodal mesopore
size distribution,
modes at 26 and 139

SAXS mesopore
diameter (Å)

13839 28 and 137

TEM mesopore
diameter (Å)

ca. 13039 ca. 135

Figure 5. SAXS curve of KLE/IL silica (9) and fitting (b).

Figure 6. TEM image of KLE/IL silica. The inset is the high-
magnification SEM image.
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(wormlike cylindrical mesopores of pore diameter∼ 95 Å) in
SE3030 versus spherical mesopores (pore diameter∼ 139 Å in
KLE/IL), as well as in size of the connecting pores. Figure 10a
shows nitrogen adsorption isotherms at 77.4 K on KLE and
KLE/IL silicas. These materials contain spherical cavities with
a pore size distribution centered at around 139 Å, but they differ
appreciably with regard to the size of the connecting pores. The
cumulative and differential pore volume distributions in KLE
and KLE/IL silicas (see parts b and c of Figure 10) reveal
microporosity in theporewalls. Inaddition,KLE/ILsilicacontains
a substantial amount of small 26 Å mesopores (ca. 0.25 cm3/g).

This means that in KLE silica the cavities are connected through
the network of micropores, while in KLE/IL, they are also
connected by small mesopores.

Despite the prominent differences in pore structure, the
cavitation-controlled evaporation occurs, in all of the materials
considered in this work, within a very narrow range of relative
pressures between the onset of cavitation and the closure point
of the hysteresis loop, which are clearly defined on the stepwise
desorption isotherm (fromP/P0 ∼ 0.49 to∼ 0.47 for nitrogen
at 77.4 K). Similar cavitation behavior was found in FDU-1 and
SBA-16 silicas with spheroidal cavities of diameters 85 and 150
Å, respectively.25 This means that the cavitation in pores wider
than 85 Å does not depend upon the pore shape and size and also
on the size of connecting pores (at least for the pore necks smaller
tha 26 Å) appreciably.

It is further interesting to note that in KLE silica (see Figures
3 and 10a), the desorption branch consists of two regions; i.e.,
the main part reflects the cavitation transition (at the relative
pressures of 0.49-0.47 for nitrogen at 77.4 K, 0.32-0.30 for
argon at 77.4 K, and 0.45-0.43 for argon at 87.3 K), and a small
“tail”, which leads to a closure of the hysteresis loop at smaller
relative pressures, i.e., about 0.42 for nitrogen at 77.4 K, about
0.25 for argon at 77.4 K, and about 0.38 for argon at 87.3 K.
The origin of this “tail” is not completely understood, but the
lower closure point of the hysteresis loop agrees with the
“universal” limit of hysteresis observed in cylindrical pores of
MCM-41.25 A possible explanation is that KLE silica contains

Figure 7. (a) Nitrogen (77.4 K) and argon (87.3 K) adsorption/
desorption on porous Vycor glass. (b) NLDFT pore size distribution
curves for Vycor calculated from the adsorption branch of the sorption
data shown in a by applying the kernels of metastable adsorption
isotherms based on a cylindrical pore model for the systems nitrogen
(77.4 K)/silica and argon (87.3 K)/silica. (c) NLDFT pore size
distribution curves for Vycor glass obtained from the desorption
branches of the sorption data shown in a by applying the NLDFT
equilibrium transition kernel (on the basis of a cylindrical pore model)
for the systems nitrogen (77.4 K)/silica and argon (87.3 K)/silica.

Figure 8. NLDFT pore size distribution curves for SE3030 silica
obtained from the desorption branch of the adsorption/desorption
data shown in Figure 2b by applying the NLDFT equilibrium
transition kernel (on the basis of a cylindrical pore model) for the
systems nitrogen (77.4 K)/silica and argon (87.3 K)/silica.

Figure 9. Comparison of the adsorption/desorption behavior of
nitrogen (at 77.4 K) in SE3030 and KLE/IL silica.
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a small fraction of irregular mesopores of a somewhat smaller
size than the main cagelike mesopores.

The effect of temperature on cavitation is significant. This is
clearly seen in Figure 11 with adsorption isotherms of argon in
KLE/IL silica at 87.3 and 77.4 K (the adsorption isotherm at
77.35 K is plotted by using the saturation pressure of supercooled
liquid, i.e., P0 ) 230 Torr43). Figure 11 shows that as the
temperature decreases, the condensation pressure and cavitation
pressure decrease. The cavitation at 87.3 K occurs atP/P0 )
0.44-0.43, whereas at 77.4 K, it occurs atP/P0 ) 0.31-0.30.

4. Conclusions

We performed systematic nitrogen and argon adsorption studies
of micro- and mesoporous materials with four distinctly different
pore structures: (1) micro- and mesoporous SE3030 silica with

wormlike randomly blocked channels, (2) micro- and mesoporous
KLE silica with an array of spherical mesopores, (3) trimodal
KLE/IL silica with micropores and cylindrical, and spherical
mesopores, and (4) Vycor glass with a disordered network of
mesopores. The structure of silica materials had been previously
characterized by TEM, SANS, and SAXS studies.38-41

We developed a new hybrid NLDFT method to calculate pore
size distributions in materials containing pores of different
geometry. The pore size distributions calculated by the NLDFT
method are in agreement with the results obtained from
independent SANS/SAXS methods. In SE3030 silica, we found
that the average size of mesopores is∼95 Å as obtained by the
NLDFT method using the cylindrical pore model and by SANS
using the hard-disk model of Rosenfeld. Moreover, micropores
with an average size of 10-13 Å and a broad distribution have
been assessed by both methods. In KLE silica, we found∼139
Å mesopores from the NLDFT method using a spherical pore
model, which agrees well with the SAXS pore diameter of∼138
Å calculated by using the Percus-Yevick approach. Finally, in
the trimodal KLE/IL silica, we found∼139 Å spherical and∼26
Å cylindrical mesopores from adsorption compared to∼137 and
28 Å SAXS diameters, respectively.

We confirmed our previous conclusions regarding the mech-
anisms of hysteresis in ink-bottle-type pores.25 We further
demonstrated that adsorption measurements with different
adsorptives allows one to identify and separate the effects of
pore-blocking and cavitation-controlled evaporation (desorption).
The results show that cavitation is the dominant mechanism of
desorption in SE3030, KLE, and KLE/IL silicas. In this case, the
pore size distributions cannot be obtained from an analysis of
the desorption branch of the isotherm. An example of KLE/IL
silica clearly shows that desorption in the structure consisting
of large mesopores connected by smaller mesopores occurs first
by cavitation of the liquid in the large mesopores followed by
the desorption from smaller mesopores. In contrast, we confirmed
that the percolation effects, rather than cavitation, contribute
into the hysteresis observed in Vycor glass. In this case,
information about the size of the pore necks can be obtained
from the desorption branch.

(43) Neimark, A. V.; Ravikovitch, P. I.; Gru¨n, M.; Schüth, F.; Unger, K. K.
J. Colloid Interface Sci.1998, 207, 159.

Figure 10. (a) Comparison of adsorption/desorption behavior of
nitrogen (at 77.4 K) in KLE silica and KLE/IL silica. (b) Comparison
of NLDFT cumulative pore volume for KLE silica and KLE/IL
silica. (c) Comparison of NLDFT differential pore size distributions
for KLE silica and KLE/IL silica.

Figure 11. Effect of temperature on the cavitation transition of
argon at 77.4 and 87.3 K in KLE/IL silica (please note that the
adsorption/desorption isotherm at 77.35 K is plotted by using the
saturation pressure of supercooled liquid,P0 ) 230 Torr). At 87.3
K, cavitation starts at a relative pressure of ca. 0.44, whereas at 77.4
K, the onset of cavitation can be observed at a relative pressure of
0.31.
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Our results reveal that the cavitation pressures of nitrogen at
77.4 K and argon at 77.4 and 87.3 K in SE3030, KLE, and
KLE/IL silicas do not depend upon the pore shape and size
appreciably. They are noticeably higher (ca. 0.05-0.06P0) than
the lower limit of hysteresis in MCM-41 materials containing
an array of cylindrical pores. These observations are in agreement
with our previous results for FDU-1 and SBA-16 silicas.25bThat
is, no appreciable confinement effect on the bubble nucleation
is observed in the materials with large mesopores (pore diameters
> 85 Å) considered in this paper and in ref 25. However, our
ongoing measurements show a slight yet detectable decrease of
the cavitation pressure as the pore size decreases. This conclusion
agrees with the correlation between the desorption and adsorption
pressures in the cagelike materials presented in ref 31.
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