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A critical review of adsorption methods that are currently used in the characterization of
ordered organic—inorganic nanocomposite materials is presented, and the adsorption
methodology that is potentially useful for this characterization, but has not yet been applied,
is discussed. The ordered organic—inorganic nanocomposites include surface-functionalized
ordered mesoporous materials (OMMSs) with siliceous frameworks (synthesized either via
postsynthesis surface modification or via direct co-condensation method), periodic mesoporous
organosilicas, and surfactant-containing OMMs. This review covers the methods for
determination of the specific surface area and pore volume. The available methods for
mesopore size analysis are critically compared and evaluated, with special emphasis on the
recent developments related to the application of advanced computational methods for
studying adsorption in porous media and to the direct modeling of adsorption using highly
ordered surface-functionalized OMMSs as model adsorbents. The review also covers adsorption
methods for studying the surface properties of organic—inorganic nanocomposites, including
those based on adsorption of molecules of different polarities. An emphasis is placed on the
emerging opportunity for studying the surface properties of nanocomposites using low-
pressure adsorption of nonpolar molecules, such as nitrogen and argon. The opportunities
and challenges in adsorption characterization of specific surface sites, uniformity of coated
or bonded layers, bonding density of groups on the surface, type of surface species, and so
forth, are presented. Thus, this review provides an overview of adsorption studies dealing
with organic—inorganic nanocomposites, a critical discussion of adsorption methods available
for such studies, and some recommendations for thorough characterization of these materials
using gas adsorption.

hexagonal (honeycomb) structure), whose surface was
modified with trimethylsilyl groups.2 The current wide-

Introduction
The discovery of surfactant-templated ordered meso-

porous materials (OMMs) in the early 1990s'2 created
remarkable new opportunities in the field of synthesis
and application of organic—inorganic nanocomposites
(OINSs) because it paved the way to nanocomposites with
well-defined ordered porous structures, tailored surface
properties, and framework compositions.34 The family
of ordered organic—inorganic nanocomposites (OOINS)
currently includes OMMs with silica-based frameworks
and surfaces functionalized with chemically bonded
organic groups,® OMMs with organosilica frameworks
(these materials will be referred to as periodic mesopo-
rous organosilicas (PMOs)),3# and surfactant-containing
OMMs.®

Surface-functionalized silica-based OMMSs can be
synthesized via chemical modification of surfactant-free
OMMs with organosilanes,? co-condensation of siloxane
and organosiloxane precursors in the presence of
surfactants,®~1° or chemical reaction of as-synthesized
(surfactant-containing) OMMs with organosilanes.11~15
The first of these methods was originally demonstrated
in 1992 for MCM-41 silica (which exhibits uniform
cylindrical pores arranged in a two-dimensional (2-D)
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spread use of this functionalization method can largely
be attributed to the vast knowledge on the reactions of
the silica surface with modifying organic agents that
has accumulated during the last 50 years, giving rise
to many useful materials, including a wide variety of
chromatographic packings.16-18 OMMs with silica-based
frameworks and organic groups on the surface can also
be synthesized via co-condensation of silica precursors
(such as tetraethyl orthosilicate, TEOS) and organosilica
precursors (such as organotriethoxysilane) in the pres-
ence of a proper structure-directing agent. The latter
can be chosen among ionic alkylammonium surfac-
tants,® neutral alkylamines,” oligomeric surfactants,®
and triblock copolymers.®19 The resulting ordered sur-
factant—organosilicate composite needs to be freed of
surfactant to open its porosity, which can be achieved
via solvent extraction®1° or, in certain cases, via
calcination at temperatures sufficiently high to ensure
quantitative surfactant removal, and yet low enough to
preserve the organic groups attached to the silica
framework.1® The co-condensation approach is a com-
bination of the surfactant templating, originally devel-
oped for purely inorganic materials, and the well-known
co-condensation approach for the synthesis of disordered
organosilicas with pendent organic groups,?® and thus
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shares the benefits of these two methodologies, includ-
ing the pore structure uniformity, pore size adjusting
capability, and tailorability of the surface properties.
Another approach to the synthesis of OOINs is based
on the direct reaction of as-synthesized OMMs with
organosilanes. Despite the fact that the feasibility of this
approach was demonstrated in 1990, this methodology
has not received much attention (except for the work of
the Mobil scientists)'?2 until recently. The last 2 years
brought the realization that the modification of surfac-
tant-containing OMMSs not only leads to OOINs of
structures similar to those attained via modification of
surfactant-free materials but also allows one to achieve
high loadings of organic groups.13-15

The aforementioned three approaches for the synthe-
sis of OOINs share many attractive features. The
ordered silica-based support imparts good mechanical,
thermal, and chemical stability, additionally allowing
for the pore size and pore structure tailoring, whereas
surface organic groups allow for introduction of desired
surface characteristics, such as sorption, or catalytic
properties.® Because of that, the synthesis, character-
ization, and application of these materials have recently
attracted much attention, resulting in the development
of many potentially useful catalysts, adsorbents, and
separation media.?

Reported for the first time in 1999, PMOs are novel
materials synthesized via surfactant templating using
organosilane precursors with two trialkoxysilyl groups
bridged by an organic group.?1=23 After surfactant
removal by extraction?1=23 or calcination (under an
oxygen-free atmosphere and at sufficiently low temper-
ature to prevent the degradation of framework organic
groups),?* PMOs exhibit ordered mesoporous voids
readily accessible to various adsorbate molecules.?1-24
Unlike the previously discussed surface-functionalized
silica-based materials with frameworks that exhibit only
Si—0-Si linkages, PMO frameworks feature Si—R—Si
linkages, where R is an organic group (such as —CH,—
CHZ—,21'22'24'25 —CHZ—,ZG —CH=CH—,22*23 or —C6H4—
2427y in addition to Si—O-Si linkages. Disordered
materials (referred to as bridged silsesquioxanes) with
such hybrid organosilica frameworks were reported in
198928 and have been actively studied because of their
interesting properties, such as large specific surface
areas and pore volumes, tailored framework properties,
and surface functionality.?3° The bridged silsesquiox-
anes are often highly porous, but their porous structures
are disordered and pore size distributions are broad.
Therefore, the shaping of their porous structures using
proper structure-directing agents, which is an essence
of PMO synthesis,?»2% is a highly promising new
approach. PMOs are envisioned to have many remark-
able properties related to the possibility of tailoring of
their framework properties between those of ceramics
and organic materials.®# This tailoring can be achieved
by selecting a suitable organic bridging group. Alter-
natively, a range of materials intermediate between
pure organosilicas (with each silicon atom bonded to one
carbon atom of the bridging organic group) and pure
silicas can be obtained via co-condensation of organo-
silica precursors with silica precursors.2324 The resulting
materials were indeed found to exhibit properties that
systematically changed as the proportion of organosilica
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to silica components varied.2* Surface properties of
PMOs can also be tailored using the above two strate-
gies (that is, the selection of the bridging organic group
and the content of the organosilicate component), pro-
vided that the organic groups are actually exposed on
the surface rather than buried in the framework. To this
end, PMOs with —CH=CH-— bridges were reported to
undergo reactions involving the organic group,?223
clearly demonstrating that these groups were actually
accessible. In addition, wetting behavior322 and low-
pressure gas adsorption properties3! indicated the ex-
posure of —-CH=CH-— and —CH,—CH,— groups on the
pore surface. Because of the presence of silanols in the
structure of PMOs, it is additionally possible to modify
the PMO surface via chemical bonding of organic
groups.?* The remarkable properties of PMOs make
them attractive from the point of view of advanced
nanostructured materials design.34

As-synthesized OMMs constitute another exciting
group of OOINs.> They are known to be capable of
undergoing phase transitions from one ordered phase
to another,32 and chemical reactions, such as those with
organosilanes that were already discussed. Their com-
position (silica:surfactant molar ratio) under given
synthesis conditions is often independent of the surfac-
tant chain length or even surfactant structure.33-35 In
these composites, surfactant ions are located in the voids
(pores) in the silicate framework.5 The external surfaces
of particles of these composites are also likely to be
covered by a relatively dense layer of surfactant ions,
as recently found for MCM-41 and MCM-48.343637
Because of the presence of surfactant, internal porous
structures (that is surfactant-filled voids in the silicate
framework) of as-synthesized OMMs were usually found
largely or fully inaccessible to adsorbates, such as
nitrogen.436-38 Nonetheless, the ordered surfactant—
silicate composites are capable of adsorbing nonpolar
molecules from solutions333° and catalyzing chemical
reactions in the liquid phase.*® This shows that the
surfactant micelles confined in a periodic inorganic
framework can effectively solubilize organics, which was
also confirmed by the feasibility of expanding the size
of voids in the silicate framework by swelling a pre-
formed surfactant—silicate nanocomposite using neutral
amines.*!

Gas adsorption is commonly used in OOIN char-
acterization,Zf"1°v12‘1519v21‘2527'31'34‘38'4042‘63 aIIowing
one to determine the specific surface area, pore volume,
and pore size distribution as well as to study the surface
properties. Many well-known adsorption methods for
characterization of porous materials are applicable to
OOINs,5164-68 pyt the custom-tailored structures of
these materials create new challenges with respect to
accuracy, reliability, and characterization capability and
open new opportunities in the development of adsorp-
tion characterization methods. This review is intended
to present the currently available gas adsorption meth-
ods suitable for characterization of OOINs. The discus-
sion will cover the methodology of adsorption data
analysis rather than adsorption data acquisition meth-
odology, whose description can be found elsewhere.546568
First, it is discussed what types of adsorption isotherms
and hysteresis loops are typically observed for OOINs
and what structural information they provide as well
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Figure 1. Classification of gas adsorption isotherms (after
refs 65 and 68).

as what kind of information cannot be readily obtained
from them on the basis of our current knowledge.
Second, the methods for evaluation of the specific
surface area and pore volume are presented with an
emphasis on the issues specific for OOINs. Third, the
approaches to evaluate the pore size and pore size
distribution (PSD) are critically discussed, highlighting
the recent developments related to the advances in the
computational modeling of adsorption in porous media
and to the application of OMMSs as model adsorbents to
test the existing methods for calculation of PSDs and
to develop a novel, accurate, and reliable pore size
analysis methodology. Finally, the opportunities in the
characterization of the surface properties of OOINs
using specific and nonspecific adsorbates are discussed
with an emphasis on the detection of surface groups
and the estimation of the surface coverage of organic
ligands.

The Shape of a Gas Adsorption Isotherm as a
Source of Qualitative Structural Information

Classification of Gas Adsorption Isotherms. Ex-
perimental gas adsorption isotherms usually fall into
six categories,558 out of which five (Types |-V accord-
ing to the IUPAC classification,®® see Figure 1) are
relevant to the present discussion. Type | isotherms
exhibit prominent adsorption at low relative pressures
(the relative pressure is defined as the equilibrium
vapor pressure divided by the saturation vapor pres-
sure) and then level off. Type | isotherm is usually
considered to be indicative of adsorption in micropores
or monolayer adsorption due to strong adsorbent—
adsorbate interactions (which may be the case for
chemisorption, which involves chemical bonding be-
tween the adsorbate and the adsorbent surface; we will
not discuss chemisorption here).58 It should be noted
that pores are classified herein on the basis of their
diameter (or width) as micropores (below 2 nm), meso-
pores (between 2 and 50 nm), and macropores (above
50 nm).%5 In the case of nonpolar gases commonly used
for characterization of porous solids (nitrogen, argon),64-68
chemisorption is unlikely and therefore a classical
interpretation would associate Type | with microporos-
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ity. However, Type | isotherms may also be observed
for mesoporous materials with pore sizes close to the
micropore range. In particular, in the case of adsorption
of N, at 77 K or Ar at both 77 and 87 K in cylindrical
pores, a Type | isotherm would have to level off below
the relative pressure of about 0.1 for the material to be
exclusively microporous, as inferred from the results of
recent studies of siliceous OMMSs.3%689 Consequently,
when a Type | isotherm does not level off below the
relative pressure of 0.1, the sample is likely to exhibit
an appreciable amount of mesopores or even be exclu-
sively mesoporous. However, such Type | behavior may
be indicative of some degree of broadening of the
mesopore size distribution. This is because materials
with highly uniform cylindrical pores may exhibit
discernible steps on adsorption isotherms (and there-
fore these isotherms are classified as Type 1V, as
discussed later) at relative pressures down to 0.1 or
perhaps even lower (for Ny at 77 K and Ar at 77 and 87
K).358° Type | isotherms are quite common for OMMs
with organic groups bonded to a silica framework, both
prepared via chemical bonding*” and co-condensa-
tion.1954

Adsorption on many macroporous solids proceeds via
multilayer formation in such a manner that the amount
adsorbed increases gradually as the relative pressure
increases, although the multilayer buildup close to the
saturation vapor pressure may be quite abrupt. This
unrestricted multilayer formation process gives rise to
Type Il and 111 isotherms. In this case, the adsorption
and desorption branches of the isotherm coincide; that
is, there is no adsorption—desorption hysteresis. De-
pending on the surface properties of a given solid, there
may be a pronounced stage of the monolayer formation
(Type 11) or the adsorption isotherm may be convex in
the whole pressure range (Type I11). The latter behavior
can be observed when lateral interactions between
adsorbed molecules are strong in comparison to interac-
tions between the adsorbent surface and adsorbate. N,
adsorption isotherms similar to Type Il were reported
for several as-synthesized (surfactant-containing) OM-
Ms.37:38 Type 111 adsorption isotherms were reported for
water adsorption on certain OOINs with hydrophobic
surfaces.44:46.48,53

Adsorption on mesoporous solids proceeds via multi-
layer adsorption followed by capillary condensation
(Type IV and V isotherms). Therefore, the adsorption
process is initially similar to that on macroporous solids,
but at higher pressures the amount adsorbed rises very
steeply due to the capillary condensation in mesopores.
After these pores are filled, the adsorption isotherm
levels off. Capillary condensation and capillary evapora-
tion often do not take place at the same pressure, which
leads to the appearance of hysteresis loops. However,
it was suggested long ago® and unequivocally confirmed
after the discovery of OMMSs™71 that the capillary
condensation—evaporation in mesopores may also be
reversible (this behavior will be denoted herein as Type
1Vc).%8 Type IV in general, and IVc in particular, is
typical for many OOINs with accessible mesopores,
although when the size of the pores is close to the
micropore range or PSD is broad, Type | isotherms can
be observed. The distinction between Types IV and V
is analogous to that between Types Il and I11. Finally,
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Figure 2. Classification of adsorption—desorption hysteresis
loops (after ref 65).

it should be noted that some OOINs may exhibit
adsorption isotherms that can be regarded as a combi-
nation of the aforementioned five types of isotherms as
a result of the presence of several different types of pores
in the structure.

Classification of Adsorption—Desorption Hys-
teresis Loops. As was already mentioned, the adsorp-
tion process on mesoporous solids is often accompanied
by adsorption—desorption hysteresis. This phenomenon
was a subject of numerous studies,468.72-75 put its origin
is still not fully understood. The hysteresis is usually
attributed to the thermodynamic or network effects or
the combination of these two effects.68:72 The thermo-
dynamic effects are related to the metastability of
adsorption or desorption (or both) branches of the
adsorption isotherm. Namely, the capillary condensation
or evaporation may be delayed and take place at higher
or lower pressures, respectively, in comparison to the
pressure of coexistence between the gaslike and liquid-
like phases in the pore. In addition, the hysteresis may
also be caused by pore connectivity (network) effects,
which are expected to play an important role in desorp-
tion processes. Namely, if larger pores have access to
the surrounding only through narrower pores, the
former cannot be emptied at the relative pressure
corresponding to their capillary evaporation since the
latter are still filled with the condensed adsorbate. So
the larger pores may actually be emptied at the relative
pressure corresponding to the capillary evaporation in
the smaller connecting pores (or at the relative pressure
corresponding to the lower limit of adsorption—desorp-
tion hysteresis). Hysteresis loops observed experi-
mentally most likely arise from some combination of
thermodynamic and network effects, although the
latter are often particularly prominent. Adsorption
isotherms for certain porous solids may also exhibit
low-pressure hysteresis loops (loops that do not close,
even at low relative pressures). Low-pressure hysteresis
may arise from swelling of the adsorbent during the
adsorption process or when physical adsorption is
accompanied to some extent by chemisorption pro-
cesses.

According to the IUPAC recommendations,5® hyster-
esis loops are classified into four types. The Type H1
loop exhibits parallel and nearly vertical branches (see
Figure 2). This kind of hysteresis loop was often
reported for materials that consisted of agglomerates
(assemblages of rigidly joint particles) or compacts of
approximately spherical particles arranged in a fairly
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uniform way.%> More recently, it has become clear®® that
H1 hysteresis loops are also characteristic of materials
with cylindrical pore geometry and a high degree of pore
size uniformity.327% Hence, the appearance of the H1
hysteresis loop on the adsorption isotherm for a porous
solid generally indicates its relatively high pore size
uniformity and facile pore connectivity. The Type H2
hysteresis loop has a triangular shape and a steep
desorption branch. Such behavior was observed for
many porous inorganic oxides and was attributed to the
pore connectivity effects,” which were often considered
to be a result of the presence of pores with narrow
mouths (ink-bottle pores), but the latter identification
may be grossly oversimplified. Indeed, H2 hysteresis
loops were observed for materials with relatively uni-
form channel-like pores, when the desorption branch
happened to be located at relative pressures in the
proximity of a lower pressure limit of adsorption—
desorption hysteresis.”® This lower limit is characteristic
of a given adsorbate at a given temperature (a relative
pressure of about 0.4 for N, at 77 K; 0.34 and 0.26 for
Ar at 87 and 77 K, respectively). It should be noted that,
in certain relatively rare cases, hysteresis extends below
this limit; that is, low-pressure hysteresis is observed.
Thus, the appearance of a H2 hysteresis loop in the
proximity of the lower pressure limit of adsorption—
desorption hysteresis should not be regarded as evidence
of poor pore connectivity or ink-bottle pore shape. In
fact, novel materials having uniform cagelike pores (and
thus suitable as model solids with ink-bottle pores)
exhibited adsorption isotherms with broad hysteresis
loops but without any dramatic differences in steepness
of adsorption and desorption branches.”’~7° These hys-
teresis loops seemed to be intermediate between Types
H2 and H1, rather than being Type H2, as could be
expected from the aforementioned simplistic interpreta-
tion.

Isotherms with Type H3 loops that do not level off at
relative pressures close to the saturation vapor pressure
were reported for materials comprised of aggregates
(loose assemblages) of platelike particles forming slitlike
pores. Type H4 loops feature parallel and almost
horizontal branches and their occurrence has been
attributed to adsorption—desorption in narrow slitlike
pores. However, recent experimental data for well-
defined systems question this interpretation. Namely,
the Type H4 loop was reported for MCM-41 that
exhibited particles with internal voids of irregular shape
and broad size distribution (between 5 and 30 nm).8°
Hollow spheres with walls composed of ordered meso-
porous silica also exhibited hysteresis behavior of the
H4 type.8! This would suggest that H4 hysteresis loops
may merely arise from the presence of large mesopores
embedded in a matrix with pores of much smaller size.
Because Type H3 loops are quite similar to Type H4
loops, one can also expect that the former are not
attributable solely to platelike materials with slitlike
pores. It should be noted that an appearance of a
hysteresis loop similar to Type H4 but of triangular
shape with an almost horizontal desorption branch that
falls steeply close to the lower limit of adsorption—
desorption hysteresis may be indicative of the presence
of disordered domains resulting from collapse of lamel-
lar structures.8
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Determination of Specific Surface Area and
Pore Volume

Specific Surface Area. Currently, there are two
major methods used to evaluate specific surface area
from gas adsorption data: the Brunauer—Emmett—
Teller (BET) method® %8 and the comparative
method.%468 The evaluation of the specific surface area
using the BET method is based on the evaluation of the
monolayer capacity (that is, the number of adsorbed
molecules in the monolayer on the surface of a material)
by fitting experimental gas adsorption data to the BET
equation. Thus, obtained monolayer capacity is multi-
plied by the cross-sectional area of the adsorbed mol-
ecule in the monolayer formed on a given surface. The
comparative method is based on the comparison of the
adsorption isotherm for a given porous material with
the adsorption isotherm for a suitable reference adsor-
bent of known specific surface area.

The derivation of the BET equation involves the
following major assumptions: the surface is flat; all
adsorption sites exhibit the same adsorption energy;
there are no lateral interactions between adsorbed
molecules; the adsorption energy for all molecules except
for the first layer is equal to the liquefaction energy;
and an infinite number of layers can form. In the case
of adsorption on actual porous solids, these assumptions
usually do not hold. In particular, surfaces are geo-
metrically and energetically heterogeneous, there are
lateral interactions between adsorbed molecules, and
interactions of adsorbed molecules vary with the dis-
tance from the surface.5466.68 Therefore, one should not
expect the monolayer capacity derived using the BET
method to be particularly accurate. In addition, the
values of cross-sectional areas (denoted as w) of ad-
sorbed molecules, even those most commonly used, are
currently somewhat uncertain and may actually vary
from one type of surface to another. 64.68.84.85 Moreover,
the very concept of determination of the specific surface
area on the basis of molecular size and monolayer
capacity should be treated with some caution because
the ability of molecules to effectively cover the surface
is dependent on the molecular size and surface corruga-
tion.%886 Clearly, adsorbed molecules cannot satisfacto-
rily probe surface roughness on the scale smaller than
their size. Therefore, the surface areas determined using
larger molecules may be smaller than those obtained
using smaller molecules. Because one usually employs
small N, molecules or Ar atoms to evaluate the specific
surface area, the aforementioned problems with the
inadequate probing of the surface roughness are not
expected to be severe for many OOINs. However, for
OOINs with fairly large organic surface groups that do
not form compact layers, the surface may be highly
rough and difficult to probe adequately by any kind of
adsorbate, and even the very concept of the surface may
be somewhat ill-defined. In addition, one needs to keep
in mind that the value of the monolayer capacity
multiplied by the cross-sectional area of adsorbed
molecules essentially provides the area of the surface
drawn through the centers of adsorbed molecules, which
may be different from the geometrical surface area of
the solid. For instance, in the case of approximately
cylindrical pores, the underestimation of the geometric
specific surface area would be by the factor of about
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w/(w — o), where w is the pore diameter and o is the
diameter of the adsorbed molecule. In the case of
nitrogen adsorption, this factor is more than 10% for
typical OOINs with cylindrical pores of diameter below
4 nm.

Despite all these problems and limitations, the BET
method is currently a standard in the specific surface
area evaluation,58 perhaps largely because other meth-
ods, except for the comparative analysis that is de-
scribed below, do not offer any appreciable advantages,
and at the same time their limitations are less well-
understood, and these methods themselves may be more
difficult to apply. Moreover, even the assessment of the
specific surface area using the comparative method
often employs data for reference samples for which the
specific surface area was evaluated using the BET
method. Because the BET method is so commonly used
and it is often unclear what alternative approaches can
be used to substitute it, it is worthwhile to discuss how
to use this method effectively for OOINs. The discussion
will be focused on the application of N, and Ar adsorp-
tion because these gases are most commonly used in the
BET analysis.58

In general, it is recommended to use adsorption data
at relative pressures below 0.3 in N, BET calculations.5”
However, even in this case the results will depend to
some extent, sometimes considerably, on the choice of
the relative pressure interval used.8” This needs to be
taken into account when the specific surface areas for
different samples are compared. It is advised to report
the relative pressure range used along with the results
of the BET calculations.5568 Moreover, it is often advised
to establish a relative pressure range where the BET
equation provides the best description of the experi-
mental data and then to use this range to determine
the BET monolayer capacity for a given sample. Because
a selection of such a range is often largely arbitrary and
the use of different ranges for different samples may
make the comparison of their specific surface areas
difficult, we do not recommend this practice. Instead,
we suggest using the same range of relative pressures
for a given adsorbate and type of adsorbents, if only this
procedure is practical and applicable (some criteria of
applicability of a given relative pressure range that are
relevant to OOINSs characterization are discussed later).
This would not only help in comparative studies, but
would also permit the evaluation of the accuracy of
calculations using model adsorbents, whose specific
surface areas can be evaluated independently with
reasonable accuracy. These model adsorbents currently
include uniform spherical nonporous particles®* and
OMMs (including OOINS), whose specific surface areas
can be determined, respectively, using electron micros-
copy data and using the combination of data from two
or three different experimental techniques, including
powder X-ray diffraction (XRD).526976 The studies of
uniform spheres by Jelinek and Kovats provided con-
vincing evidence that N, BET specific surface area
evaluated from data in the relative pressure range from
0.05 to 0.23 is in agreement with the geometrical surface
area when the cross-sectional area (w) for N, on silica
was 0.135 nm?, and was 0.168 nm? for nitrogen on the
silica surface fully covered with a dense layer of ligands
with long alkyl chains.* The latter w value is close to
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the commonly accepted one (0.162 nm?2),%567 put
suggested for silica is quite low. Although it is not
improbable that the N, molecule can orient on the silica
surface in such a way that w = 0.135 nm? can be
attained, there is another possible interpretation of the
data of Jelinek and Kovats. Namely, the validity of the
derived cross-sectional areas rested upon an assumption
that the values of the BET monolayer capacity deter-
mined in the pressure range used were correct. How-
ever, there is evidence that suggests that the monolayer
capacity evaluated for silica is overly large when the
considered relative pressure range is used in the BET
analysis, and consequently @ = 0.135 nm? was an
underestimation of the actual value. The evidence was
obtained from studies of adsorption in uniform MCM-
41 pores, whose size was evaluated using independent
methods.888° The well-defined pore geometry of MCM-
41 allowed for a reliable calculation of the statistical
film thickness of adsorbate in the pores,’® to find out at
which relative pressure the thickness corresponding to
the statistical monolayer is attained, and consequently
to determine the monolayer capacity as the amount
adsorbed corresponding to this relative pressure.? It
was found that the statistical film thickness of nitrogen
in silica pores is much larger than that usually assumed,
and as a result the monolayer capacity is much smaller
than that resulting from the BET analysis in the
relative pressure intervals typically used. The magni-
tude of the monolayer capacity overestimation for N
adsorption on silicas is quite similar to the ratio of the
standard N cross-sectional area to the cross-sectional
area determined by Jelinek and Kovats.8* Therefore, the
deviations of their results from the commonly accepted
value of w for N, on the silica surface might have merely
resulted from the inability of the BET method to provide
the correct monolayer capacity. This argument is based
on the assumption that the commonly used monolayer
statistical film thickness for N, (0.354 nm)®8 is valid for
the silica surface. If N, molecules actually exhibit
orientation effects, this assumption may be invalid.
Anyway, it is clear that, without additional data from
other experimental techniques, the conclusion of Jelinek
and Kovats about o of nitrogen on silicas appears
premature and this is probably not w, but the calcula-
tion of the monolayer capacity that should be corrected.
The latter correction can actually be achieved by chang-
ing the pressure range used in the BET calculations
because this range has a prominent effect on the results
in the case of silicas.8” However, from the practical point
of view, the relative pressure range for the BET calcula-
tions and the corresponding o determined by Jelinek
and Kovats can be used to obtain an accurate assess-
ment of the specific surface area for silicas, if only other
conditions required for the applicability of the BET
equation are fulfilled in this relative pressure range.
These conditions will be discussed below. Although the
use of MCM-41 as a model adsorbent suggested that the
results of Jelinek and Kovats for silicas should be
reinterpreted, the use of OOINs as model adsorbents
provided a confirmation of their results for strongly
hydrophobic surfaces. In this case, the BET analysis in
the relative pressure range from 0.05 to 0.23 appears
to provide a generally correct estimate of the monolayer
capacity.>?
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These findings are directly relevant to the specific
surface area determination for OOINSs. In the case of
such materials with surfaces that interact with nitrogen
or argon similarly to the silica surface (for instance,
siliceous OMM with chemically bonded polymeric ami-
nopropyl ligands),*® the monolayer capacity calculated
using the BET method in the relative pressure range
similar to that used by Jelinek and Kovats will be most
likely overestimated. To compensate for the resulting
error, one can use a lower value of w, such as 0.135 nm?,
keeping in mind that this value does not have an actual
physical significance. Alternatively, the pressure range
used for the BET analysis for silicas will need to be
modified®2 or an empirical correction to compensate for
the error from the determination of the monolayer
capacity using the BET method for silicas in the typical
relative pressure range can be introduced. In the case
of OOINs with strongly hydrophobic surfaces, such as
those covered by dense layers of long alkyl chains, the
BET monolayer capacity calculated in a typical relative
pressure range (such as 0.05—0.23) is likely to be correct
and an accurate estimate of the specific surface area
can be derived from it using the cross-sectional area
commonly used for N (that is, 0.162 nm?). The studies
of Ar adsorption at 87 K on siliceous OMMs and OOINs
indicate that the BET monolayer capacity obtained in
the relative pressure range similar to the above is rather
accurate, and reasonable values of the specific surface
area can be obtained when o = 0.138 nm? is used.®® In
all cases, one needs to keep in mind that the derived
specific surface area may actually reflect the area of the
surface drawn through centers of adsorbed molecules,
and therefore it may be appropriate to introduce a
suitable correction for the pore shape, as discussed
above. In many routine studies, the introduction of the
aforementioned corrections may not be necessary, al-
though the approximate nature of thus obtained specific
surface area estimates should be kept in mind.

In addition, one needs to restrict the BET calculations
to a range of gas adsorption data wherein the assump-
tions of the method are most closely fulfilled, if only such
a range can be found. This is an important problem in
the case of OOINs, whose adsorption isotherms are often
either of Type IVc with the capillary condensation step
below the relative pressure of 0.3, or Type I. In these
cases, the adsorption in the relative pressure range
potentially usable for the BET analysis does not proceed
exclusively as a multilayer formation, as the BET
equation assumes, but has contribution from capillary
condensation or micropore filling phenomena or both of
the above. It is clear that the data from the capillary
condensation or micropore filling regions as well as from
the plateau observed after the pores have been filled
should not be used, if possible, in the BET analysis. So
in the case of the Type IVc isotherm, one is forced to
select the data at relative pressures below the onset of
capillary condensation. For the Type | isotherm, there
might be no range of data points, where adsorption
would proceed in a way close to unrestricted multilayer
formation, and perhaps the best choice is to use data
somewhere below the relative pressure at which the
isotherm levels off. Obviously, the resulting BET mono-
layer capacity will need to be treated with caution.®8 It
can be concluded that, despite its limitations and



Reviews

< 250

b
(=
(=3

mesoporous

—
W
<

—_
(=
(=

W
(=3

Amount Adsorbed (cm3 STP g

00 04 08 12 16 20

Standard Adsorption o

Figure 3. Comparative plots calculated for a microporous (as-
synthesized ethanol-washed C12 MCM-41),%¢ mesoporous
(ODMS-modified MCM-41),52 and macroporous (ODMS-modi-
fied silica)®? hydrophobic adsorbents using reference data for
macroporous ODMS-modified silica. The solid line without
symbols shows the comparative plot for the hydrophobic
mesoporous adsorbent calculated using the reference data for
silica. Data partially taken from ref 52.

shortcomings, the days of the BET analysis are not over.
The method can still provide useful information about
the specific surface area, although some caution should
be taken to select a proper range of data for the
calculations and use appropriate values of the molecular
cross-sectional areas. When an accurate determination
of the geometrical specific surface area is required, one
can introduce suitable corrections for the pore shape.
Finally, it needs to be kept in mind that even when
these precautionary measures are taken, the BET
specific surface areas derived from Types Il and IV
isotherms may still be somewhat inaccurate, although
perhaps closer than within 20% (which was provided
as an estimate of accuracy of the BET monolayer
capacity in the well-known monograph; ref 64, p 61) of
the actual value. However, lower accuracy can be
expected for isotherms of Types I, Ill, and V, but
fortunately these last two types are not common in the
case of the specific surface area evaluation for OOINs
using N or Ar.

After the many problems associated with the BET
analysis were considered, the concept of the comparative
analysis of adsorption data can be readily appreciated.
The comparative analysis is based on the idea of
comparing the adsorption isotherm for material under
study with the adsorption isotherm of a reference
macroporous solid of the same surface properties with
respect to the adsorbate used. The adsorption on the
macroporous reference solid proceeds as multilayer
adsorption essentially in the entire relative pressure
range, except perhaps the relative pressures very close
to the saturation vapor pressure, where capillary con-
densation may also be observed. If the compared solid
is also macroporous, the adsorption on its surface also
proceeds via multilayer formation. When the amount
adsorbed on the compared solid is plotted as a function
of the amount adsorbed on the reference adsorbent at
the same relative pressure values, a straight line is
observed because the amount adsorbed on one of these
solids is proportional to the other, whereas the propor-
tionality constant is simply the ratio of the specific
surface areas of these two solids. This situation is
depicted in Figure 3 for two macroporous silicas modi-
fied with octyldimethylsilyl (ODMS) ligands. One of
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these adsorbents was chosen as a reference (for the
latter, the amount adsorbed is expressed as standard
reduced adsorption, as, which will be defined below). So
if the specific surface area of the reference solid is
known, the specific surface area of the compared solid
can readily be determined from the comparative plot.
This is advantageous because once an accurate surface
area evaluation is achieved for the reference solid, the
specific surface area of the compared material can be
accurately evaluated from adsorption data in essentially
any relative pressure range. The analysis along the lines
described above can be carried out for both Types Il and
111 isotherms. Initial parts of Types IV and V isotherms
(that is, the parts at relative pressures below the onset
of capillary condensation) also provide straight lines
when an appropriate reference adsorbent is used (see
Figure 3). This allows one to assess the specific surface
area. Moreover, the slope of a linear segment of the
comparative plot at relative pressures where the me-
sopores are already filled with condensed adsorbate
provides an estimate of the external surface area of the
material, whereas the intercept of the line passing
through this segment with the “Amount Adsorbed” axis
of the plot reflects the adsorption capacity of mesopores.
This quantity can be recalculated to the corresponding
volume of mesopores (see below). In the case of Type |
isotherms, the external surface area and the micropore
and/or mesopore volume can be determined in the same
manner. However, because adsorption in pores of size
within or close to micropore range is enhanced at low
relative pressures, the slope of the initial part of the
comparative plot for the Type | isotherm will in general
be higher than that corresponding to the specific surface
area. Therefore, the resulting specific surface area
estimates for Type | isotherms should be treated with
caution, especially when the compared material is
largely or exclusively microporous.

This discussion was based on an assumption that the
reference solid exhibits the surface properties very
similar to those of the compared solid in the case of the
adsorbate used. If this is not the case, the comparative
plot analysis becomes more complicated. The differences
in surface properties may cause various deviations of
the comparative plot from linearity. These deviations
themselves can be analyzed to gain some useful infer-
ences about the nature of the surface of the com-
pared.5190.°1 To obtain good estimates of the specific
surface area, especially from Types IV and V isotherms,
is necessary to have a reference adsorbent whose surface
properties are as close as possible to those of the
compared solid so as to eliminate the aforementioned
deviations. This is illustrated in Figure 3, where the
comparative plots for OOIN with a highly hydrophobic
surface were obtained using the reference adsorbents
of a similar surface nature and largely different surface
nature. When the appropriate reference adsorbent was
employed, the initial part of the plot was approximately
linear and could be used to determine the specific
surface area, whereas in the other case, such determi-
nation was impossible because the comparative plot was
strongly bent downward. In both cases, the mesopore
volume and the external surface area could be deter-
mined and were acceptably close, which reflects the
well-known observation that surface properties affect
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the low-pressure part of the adsorption isotherm more
strongly than the multilayer adsorption part at higher
relative pressures.

The comparative analysis is very useful in character-
ization of adsorbents. However, the number of reference
adsorption isotherms currently available in the litera-
ture is limited and, as far as we know, only one of them
was reported in a tabular form for a material with an
organic-modified surface (that is, for strongly hydro-
phobic ODMS-modified silica).>? Therefore, there seem
to be currently only two choices of reference data
relevant for OOINSs, one being the data for silica®48” and
the other one being the data for the aforementioned
modified material.52 Unfortunately, in none of these
cases was an estimate of the specific surface area made
independent from the BET analysis, although in both
cases the accuracy of the BET specific surface area was
generally assessed®? and thus fairly accurate estimates
of the actual specific surface area can be established. It
would be desirable to acquire the reference adsorption
isotherms for various types of surfaces encountered in
cases of OOINSs. Finally, it should be mentioned that
there are several different versions of the comparative
analysis, which are essentially equivalent, but differ in
ways of expressing amounts adsorbed on the reference
solid, or on both the reference solid and the compared
solid. In the t-plot method,%* the amount adsorbed for
the reference is expressed as the statistical film thick-
ness curve (t-curve). However, the determination of the
t-curve usually requires knowledge of the specific
surface area, which is often not known with satisfactory
accuracy.® Therefore, it was suggested to be more
convenient to express the amount adsorbed for the
reference adsorbent as the standard reduced adsorption,
that is, the amount adsorbed (as a function of pressure)
divided by the amount adsorbed at an arbitrarily chosen
relative pressure (usually 0.4).6468 This modification of
the comparative plot method is referred to as the a5 plot
method and is perhaps the most popular today. Other
legitimate choices can also be made in the expression
of the amount adsorbed for the reference adsorbent.®%:9

Pore Volume Determination. The total pore vol-
ume of a given adsorbent can be calculated from the
amount adsorbed at a relative pressure close to the
saturation vapor pressure (for instance, at a relative
pressure of 0.99) simply by converting this amount
adsorbed to the corresponding volume of liquid adsor-
bate at the temperature of the adsorption measurement.
In the case of N, at 77 K and Ar at 87 K, the conversion
factors from the amount adsorbed (expressed in cm3 STP
g~1; STP stands for standard temperature and pressure)
to the volume of liquid adsorbate are 0.0015468 and
0.001279,%° respectively, under the assumption that the
density of condensed adsorbate in the pores is equal to
the density of bulk liquid adsorbate. This assumption
appears to be satisfactory for mesopores. The total pore
volume determined as described above reflects the
volume of all pores in which the capillary condensation
and micropore filling have taken place plus the volume
of adsorbed film on the surface of the pores in which
the capillary condensation did not take place. The
determination of the mesopore volume and micropore
volume using the comparative method was discussed
above. In the case of the two OOIN samples whose
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comparative plots are presented in Figure 3, these
calculations provide the volume of ordered pores. The
latter are often referred to as primary pores, to distin-
guish them from disordered, for instance, interparticle,
mesopores and macropores of the size below about 200—
400 nm that are often referred to as secondary (textural)
pores. It should be noted that the range for pores in
which capillary condensation takes place at relative
pressures distinguishable from the saturation vapor
pressure varies from one adsorbate to another and it is
additionally dependent on temperature. For instance,
the upper limit of this range is similar for N, at 77 K
and Ar at 87 K and appears to be about 200—400 nm,
whereas it is only about 20 nm for Ar at 77 K.

For some adsorbents, the pore volume simply cannot
be correctly determined using a given adsorbate because
the pores are not fully filled with the adsorbate at any
relative pressure discernible from the saturation vapor
pressure. For instance, this is the case for water
adsorption on hydrophobic surfaces of certain OOINs
because the hydrophobic surface groups hinder the
formation of multilayer (or clusters) of water.44.46:48,53
Another example is provided by benzene adsorption on
OOINSs with phenyl groups on the surface. The presence
of the latter apparently prevents the adsorbed molecules
from accessing a part of otherwise available pore
volume, probably because of the steric hindrance.5®
Therefore, it is often beneficial to use small molecules,
such as N or Ar, that can more readily probe the
accessible pore volume of OOINSs.

Determination of Pore Size and Pore Size
Distribution

Pore Diameter. The structural properties of OOINs
with accessible ordered porosity are expected to fulfill
certain geometrical relations arising from the uniform
ordered nature of the pores. In the case of materials
with uniform cylindrical pores, the diameter of ordered
pores, w, is related to their volume, V), and geometrical
surface area, S, through the following simple equation:
w = 4V,/S,’® which was employed in some studies of
OOINs.?442 Although both V, and S are available from
gas adsorption data, this relation for the pore diameter
is not as useful as it seems to be because of the
uncertainty in the determination of the geometrical
surface area using the available methods. Therefore, one
should search for relations that involve parameters that
can be determined with satisfactory accuracy, providing
a reliable method for the pore diameter evaluation for
OOINSs. A very useful relation involves the pore diam-
eter, pore volume, and (100) interplanar spacing, dipo,
for 2-D hexagonal structures similar to that of MCM-
41:88,89

Vo )1/2 M

w = Cdloo(r\/p
p

where p is the density of pore walls of the material and
c is a constant characteristic of the pore geometry and
equal to 1.213 for cylindrical pores. The (100) interpla-
nar spacing can be evaluated using XRD or transmission
electron microscopy. Equation 1 was employed in pore
diameter calculations for a variety of OMMs, including
MCM-41 silica,8976:89.93-95 non-silica porous oxides,** and
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PMOs.3! The results for different samples of the same
composition® 76 as well as for samples with different
compositions3! are remarkably consistent despite the
fact that, in most cases, the pore wall density used in
calculations was estimated from the literature data
rather than measured. Unfortunately, PMOs are the
only group of OOINs for which eq 1 is directly ap-
plicable. In the case of OOINs with silica frameworks
and organic ligands on the surface, one can attempt to
introduce the density of organic groups to the calcula-
tions, as was proposed in ref 63 without providing the
actual calculation procedure. For OOINs obtained via
postsynthesis surface modification of MCM-41 or simi-
larly structured materials, an equation was derived to
determine the pore size from the ratio of pore volumes
before and after modification, the pore size of unmodi-
fied material, and the weight percentage of the organic
moieties introduced.*® This simple equation was em-
ployed in the pore diameter calculation for OOINs used
as model adsorbents to determine the reference t-curve
of N2 on the organic-modified silica.

Pore Size Distribution. There are many methods
for calculation of pore size distributions (PSDs),5466.68
and most of them are potentially applicable for OOINSs.
However, the ordered nature of OOINs and the tendency
to custom-tailor their structures impose stringent re-
quirements on the accuracy and reliability of the
methods for the PSD calculation. Unfortunately, many
of the available methods do not fulfill these criteria
because either they do not allow one to assess the pore
size with acceptable accuracy or they produce artifacts,
which would be potentially misleading. PSDs for OOINs
are usually evaluated using methods based on either
the Kelvin equation®-192 or the Horvath—Kawazoe
method!%® and its modifications.’®* The first group
includes the methods of Barrett, Joyner, and Halenda
(BJH),%8 Cranston and Inkley (CI),°” Dollimore and
Heal (DH),% and Broekhoff and de Boer (BdB).9102
The BJH method was commonly used in OOINs
characterization.21,22.25,38:44.49.53,57 A [though the BJH, ClI,
and DH methods are often considered as appreciably
different, all of them are based on the general concept
of an algorithm outlined in the BJH work,% although
the latter originally suggested a simplification that was
later eliminated in the ClI and DH approaches. To
implement the algorithms proposed in these three
methods, the knowledge of a relation between the pore
size and capillary condensation or evaporation pressure
and the t-curve is required, and a choice needs to be
made as to which branch of the isotherm is appropriate
for PSD calculations. The original BJH, CI, and DH
works are not fully consistent as far as the selection of
these relations and the choice of the branch of the
isotherm are concerned. These inconsistencies are ca-
pable of affecting the results of calculations much more
than the minor differences in the algorithms,1%5 being
most likely responsible for claims that these three
methods appreciably differ.

The BJH, CI, and DH methods assume the same
general picture of the adsorption—desorption process.
Adsorption in mesopores of a given size is pictured as
multilayer adsorption followed by capillary condensation
(filling of the pore core, that is, the space that is
unoccupied by the multilayer film on the pore walls) at
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a relative pressure determined by the pore diameter.
The desorption is pictured as capillary evaporation
(emptying of the pore core with retention of the multi-
layer film) at a relative pressure related to the pore
diameter, followed by thinning of the multilayer. It has
recently been confirmed using MCM-41 with approxi-
mately cylindrical pore geometry (that is assumed in
the BJH, CI, and DH algorithms) that this general
picture reflects the actual nature of adsorption in
mesopores.®9.76 These methods also adopted the concept
of a common t-curve for mesopores of different sizes.
This has also been tested using MCM-41 and found to
be acceptably accurate,35:36.69.76 although some increase
in the statistical film thickness was observed as the pore
size approached the micropore range. The BdB method,
which is from the computation point of view an exten-
sion of the BJH, CI, and DH methods, attempted to
account for the differences in the statistical film thick-
ness in pores of different size. The aforementioned
model studies indicate that this type of correction is
generally beneficial, although certainly not crucial.

Because the concept underlying the BJH, CI, and DH
algorithms appears to be correct, it is important to (i)
establish an accurate relation between the pore size and
capillary condensation or evaporation pressure, (ii)
determine the correct t-curve (or a set of t-curves), and
(iii) verify whether adsorption or desorption, or both
branches of the isotherms, are suitable for the accurate
pore size assessment. This would allow one to perform
accurate PSD calculations using these simple algo-
rithms. To this end, theoretical considerations,®* non-
local density functional theory (NL DFT) calcula-
tions,”5106 computer simulations,%” and studies of model
adsorbents® 76 strongly suggested that the Kelvin equa-
tion commonly used to provide a relation between the
capillary condensation or evaporation pressure and the
pore size underestimates the pore size. The DFT cal-
culations,”>108 computer simulations,'%” and novel meth-
ods based on the use of OMMs as model adsorbents6%76
provided consistent results for N, at 77 K in cylindrical
pores having diameters from about 2.5 to 4.0 nm. This
range is particularly important from the point of view
of OMM and OOIN characterization because it covers
the typical pore sizes of these materials. The relations
(determined using OMMSs®°7 and OOINs®? as model
adsorbents) between the pore diameter and the capillary
condensation pressure for N, at 77 K and Ar at 87 K in
silica and hydrophobic (ODMS-modified) pores are
provided in Table 1.

Unfortunately, for larger pore sizes, the results
derived on the basis of DFT data’1%8 and those obtained
using model OMM materials diverged (the data from
computer simulations'®” did not extend beyond w = 5
nm, so comparison could not be made). This divergence
is likely to be related to the fact that it is difficult to
unequivocally assign the branches of hysteresis loops
and the equilibrium transition point from DFT calcula-
tions to the experimentally measured adsorption and
desorption branches of isotherms. Indeed, two versions
of the DFT-based procedures to calculate PSDs provide
consistent results at relative pressures where hysteresis
is not observed experimentally and thus the equilibrium
transition point can be unequivocally assigned to the
position of both these branches. However, in the hys-
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Table 1. Values of the Capillary Condensation Pressure (p/po) and the Corresponding Pore Diameters (w) in Nanometers
for Nitrogen on the Silica and ODMS-Modified Surfaces at 77 K and Argon on the Silica Surface at 87 K526976

p/po Wsilica(N2) Wobms(N2) Wisilica(Ar) p/po Wsilica(N2) Wobms(N2) Wisilica(Ar)
0.05 2.08 1.70 1.92 0.43 4.36 4.16 4.08
0.06 2.15 1.79 1.99 0.44 4.44 4.24 4.16
0.07 2.22 1.86 2.06 0.45 4.52 4.32 4.23
0.08 2.28 1.94 2.12 0.46 4.60 4.41 4.31
0.09 2.34 2.01 2.18 0.47 4.69 4.50 4.39
0.10 2.40 2.07 2.24 0.48 4.78 4.59 4.47
0.11 2.46 2.14 2.30 0.49 4.87 4.68 4.55
0.12 2.51 2.20 2.35 0.50 4.96 4.78 4.64
0.13 2.57 2.26 2.41 0.51 5.06 4.88 4.73
0.14 2.62 2.32 2.46 0.52 5.16 4.98 4.82
0.15 2.68 2.38 2.51 0.53 5.27 5.09 4.92
0.16 2.73 2.43 2.56 0.54 5.38 5.20 5.02
0.17 2.78 2.49 2.61 0.55 5.49 5.32 5.12
0.18 2.83 2.55 2.66 0.56 5.61 5.44 5.23
0.19 2.89 2.61 2.71 0.57 5.73 5.56 5.34
0.20 2.94 2.66 2.76 0.58 5.86 5.69 5.46
0.21 2.99 2.72 2.81 0.59 5.99 5.83 5.58
0.22 3.04 2.78 2.86 0.60 6.13 5.97 5.70
0.23 3.10 2.83 2.91 0.61 6.28 6.12 5.84
0.24 3.15 2.89 2.96 0.62 6.43 6.27 5.97
0.25 3.21 2.95 3.02 0.63 6.59 6.43 6.12
0.26 3.26 3.01 3.07 0.64 6.75 6.60 6.27
0.27 3.32 3.07 3.12 0.65 6.93 6.78 6.43
0.28 3.37 3.13 3.17 0.66 7.12 6.97 6.60
0.29 3.43 3.19 3.23 0.67 7.31 7.17 6.78
0.30 3.49 3.25 3.28 0.68 7.52 7.38 6.97
0.31 3.55 3.31 3.33 0.69 7.74 7.60 7.17
0.32 3.61 3.37 3.39 0.70 7.97 7.83 7.38
0.33 3.67 3.44 3.45 0.71 8.22 8.08 7.60
0.34 3.73 3.50 3.51 0.72 8.48 8.35 7.84
0.35 3.79 3.57 3.56 0.73 8.77 8.64 8.10
0.36 3.86 3.64 3.62 0.74 9.07 8.94 8.38
0.37 3.93 3.71 3.69 0.75 9.39 9.27 8.67
0.38 3.99 3.78 3.75 0.76 9.74 9.62 8.99
0.39 4.06 3.85 3.81 0.77 10.12 10.01 9.34
0.40 4.13 3.93 3.88 0.78 10.54 10.42 9.71
0.41 4.21 4.00 3.94 0.79 10.99 10.88 10.12
0.42 4.28 4.08 4.01 0.80 11.48 11.37 10.57

teresis region, this assignment needs to be modified
because adsorption and desorption branches do not
coincide. In principle, the experimental desorption
branch should correspond to a certain point between the
DFT desorption branch and the equilibrium transition
point, whereas the experimental adsorption branch
should correspond to a certain point between the equi-
librium transition point and the metastable desorption
branch determined from DFT. Clearly, different legiti-
mate assignments can be made consistent with the
above identification. Similar problems are encountered
in the case of computer simulations of adsorption. It is
thus not surprising that the two current DFT-based
procedures to calculate PSDs for cylindrical pores from
N, data at 77 K provide significantly different pore size
estimates in the hysteresis region. For instance, for the
same MCM-41 sample whose pore size was estimated
as 5.5 nm using eq 1,7 one of the DFT-based proce-
dures’>1% provided a pore diameter of 5.1 nm,10
whereas the other onel% suggested 6.0 nm. This indi-
cates that the assignment of the DFT predictions to
experimental hysteresis loops needs to be clarified
before procedures to calculate PSDs using the DFT-
based data can be regarded as fully reliable for materi-
als whose isotherms exhibit pronounced hysteresis.

Because the reliability of advanced computational
methods to calculate PSDs is yet to be improved, it is

suggested to perform PSD calculations for OOINs using
the BJH, CI, or DH algorithms. In doing so, adsorption
rather than desorption data should be employed to avoid
artifacts and to improve accuracy of the pore size
determination. It was already discussed herein that
desorption is often delayed because of network
effects.646872-74 Surprisingly, the delayed desorption can
even be observed for MCM-41, which is one of the most
highly ordered mesoporous materials currently known.
This effect probably arises from nonuniformity in di-
ameter along the MCM-41 pores, which causes a situ-
ation where wider pore parts cannot be emptied until
narrower pore parts separating them from the sur-
rounding area are emptied or the relative pressure
approaches the lower limit of adsorption—desorption
hysteresis.!!! Spectacular effects of delayed capillary
evaporation are observed for Type H4 hysteresis loops,
where desorption can be observed at much lower pres-
sures than those attributable to the actual pore sizes.8081
Therefore, we suggest avoiding use of desorption data
in the pore size analysis. It should be noted that the
combined analysis of both branches of adsorption iso-
therms may provide valuable insights into the con-
nectivity’* and size of constrictions in the porous
structure.58112 However, recent studies of highly ordered
MCM-4136.111 syggest that our current knowledge of the
desorption behavior in uniform pores is far from being
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Figure 4. (a) The experimental relations between the MCM-
41 pore diameter and capillary condensation (experimental
adsorption) relative pressure as well as capillary evaporation
(experimental desorption) relative pressure. The dashed line
shows predictions of the Kelvin equation with the statistical
film thickness correction, whereas the solid line shows the
relation between the pore size and the capillary condensation
pressure (the Kelvin equation with t-curve correction and
additional correction) proposed in ref 76. Data partially taken
from refs 36 and 76. (b) Pore size distributions for MCM-41
and ODMS-modified MCM-41 calculated from N, data at 77
K and Ar data at 87 K using the BJH method calibrated using
MCM-41 and OOINs.52626976 Data taken from ref 62.

satisfactory, and thus it may be very difficult to develop
a reliable methodology for this kind of structural
characterization.

Relations between the pore size and the capillary
condensation pressure suitable for the BJH, Cl, and DH
calculations have recently been established for N, at 77
K and Ar at 87 K using MCM-41 silicas with pore sizes
from about 2 to 6.5 nm.5%7® These relations were
reported in the form of empirical equations extrapolated
over the entire mesopore range, and the agreement of
one of them with the experimental data (determined
using eq 1) for more than 60 MCM-41 samples is shown
in Figure 4a. It would be desirable to test the validity
of the extrapolation beyond the pore size range attain-
able for good-quality MCM-41, but this is currently
difficult because of the problems in finding model extra-
large-pore materials (SBA-15 silicall® that was the most
promising of them has been shown to have small
connecting pores in the pore walls of large uniform
pores).5! Finally, the application of the BJH, CI, and
DH approaches requires the availability of proper
t-curves. The t-curves for Ny at 77 K and Ar at 87 K
adsorption on silica®®” and the t-curve for N adsorption
at 77 K on the surface of ODMS-modified silica were
reported.52 All of these t-curves are highly useful in the
characterization of OOINSs.13:31.4550-5259-62 Ag can be
seen in Figure 4b, PSD calculations provided remark-
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ably consistent results for N, at 77 K and Ar at 87 K
when the BJH-based algorithm with proper relations
between the pore size and capillary condensation pres-
sure and suitable t-curves were used, and calculations
were based on adsorption rather than desorption data.®?
However, there is a need to derive t-curves for some
other types of OOIN surfaces. To this end, a suitable
procedure was outlined in ref 52 and should be helpful
in this endeavor.

Some comments need to be made about the BdB and
HK methods that have recently become increasingly
popular. The BdB method?-192 constitutes a major
improvement over the BJH, Cl, and DH methods in
their original form.%~%8 However, one can readily verify
that the predictions of the BdB method°102 gre incon-
sistent with the data on OMMs (Table 1). Because of
its rather complicated nature, it is not clear how the
BdB method can benefit from the calibration using
OMMs. In contrast, the BJH, CI, and DH approaches
allow for easy introduction of appropriate corrections.
Consequently, the application of proper t-curves and
relations between the pore size and capillary condensa-
tion pressure in these three methods is expected to
provide much more reliable results than the application
of the BdB method.

Although common for OOINSs, 21246-48 the use of the
HK method!® or its various modifications!%4 is strongly
discouraged. In some cases, these approaches are ca-
pable of correctly reproducing the mesopore size,? but
this is a result of the choice of parameters rather than
their sound theoretical basis. The HK method does not
capture the actual nature of adsorption in mesopores
(multilayer adsorption followed by capillary condensa-
tion), but tacitly assumes that the initially empty pores
become completely filled at relative pressures that are
related to their size.’4 This assumption is also incorrect
in the micropore range for which the method was
originally developed.'® Thus, the HK method and its
modifications are notorious in producing artifacts,14-116
such as prominent peaks in the micropore range for
essentially mesoporous materials.11#115 The artificial
nature of these peaks was recognized by some materials
scientists,? but their appearance may be misleading for
others. Thus, the use of the HK method is strongly
discouraged, unless one is able to separate the actual
information from the many artifacts.

In this section, the methodology for accurate PSD
calculations for OOINs with cylindrical pore geometry,
which is most common for these materials, was dis-
cussed. For other OOIN pore geometries, one can use
the methods for cylindrical pores, although the pore size
assessment would be less accurate and some artifacts
may appear on PSDs. Alternatively, methods to calcu-
late PSDs for other pore geometries, such as slit-
like,}17~119 or spherical,’?®® can be employed, but some
of these methods were developed for materials with
surfaces of properties largely different from those of
OOINSs (for instance, carbon surfaces),’1”11° and none
of them was tested using model adsorbents. So their
reliability for OOINSs is uncertain. The discussion about
PSD calculations was restricted to N, and Ar adsor-
bates. Some other adsorbates may also be useful in PSD
calculations, but their adsorption behavior is less well
understood. However, in the case of adsorbates such as
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water or benzene that are capable of interacting in a
more specific way with the OOINs surface, the feasibil-
ity of PSD determination is questionable because sur-
face properties rather than PSD may have a predomi-
nant effect on adsorption behavior, as seen from recent
studies.44’46~48'53

Characterization of Surface Properties

The ability of adsorbates to discriminate between
inorganic and organic surfaces has long been recog-
nized.18121-128 Egrly work was done largely on silica
surfaces modified by esterification!8122128 or chemical
bonding of organosilanes.18121.123-127 These surface modi-
fications often led to dramatic changes in the adsorption
behavior, which manifested itself in a significant de-
crease in the amount adsorbed (sometimes by more
than 1 order of magnitude)'8121123 and adsorption
energy,1?17123 and in the transition from Type Il to Type
111 adsorption behavior.124126 Adsorption of polar mol-
ecules, such as water,123-127 methanol,'23 triethy-
lamine,’?” and some rather large nonpolar molecules,
such as benzene,1?1.123 hexane,23 and carbon tetrachlo-
ride,’28 was particularly affected by introduction of
hydrophobic organic groups on the silica surface. These
findings constitute a good basis for a qualitative assess-
ment of the surface properties of organic-modified silica
surfaces. Moreover, in some cases, a more quantitative
characterization could be made, including the assess-
ment of the surface concentration of silanol groups using
triethylamine adsorption.1?” Water adsorption has al-
ready been employed in OOIN studies.3844:46,48,49,53,55
Unmodified silica OMMs exhibited Types /38444953 or
V46:48 adsorption isotherms that changed to Type V3849
(from Type 1V) or 11144464853 after chemical bonding of
organosilanes or esterification. This was accompanied
by a decrease in the water uptake. These changes were
clearly correlated with the size*®48 and structure*® of
the organic groups introduced. Surfaces of OOINs have
also been studied using adsorption of benzene,**53
n-hexane, acetone, and methanol.>® Adsorption of n-
hexane was enhanced after surface modification with
organic groups, whereas adsorption of benzene, acetone,
and methanol was reduced. Phenyl-modified silica
exhibited markedly different adsorption of n-butanol
and tert-butyl alcohol, as adsorption of more bulky
alcohol took place at lower relative pressures and with
higher final uptake.®®

Nitrogen adsorption was reported to be influenced by
the presence of surface organic groups to a much smaller
extent than adsorption of polar or large nonpolar
molecules (see ref 18, p 699 for an account of Kiselev’s
work). However, nitrogen adsorption was found to have
some important advantages, including the possibility of
qualitative estimation of the strength of adsorbent—
adsorbate interactions8485122.126.128 gr even calculation
of the enthalpy of adsorption!?2 on the basis of the BET
C-constant.5466.68 This approach was employed in the
OOIN studies. 425657 Moreover, a method to evaluate
the organic matter coverage on mineral surfaces was
proposed on the basis of the enthalpy of adsorption
evaluated from the BET C-constant.!?® Although the
value of C is useful in a comparison of the surface
properties, the calculation of the adsorption enthalpy
from it is not recommended because of the approximate
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Figure 5. (a) Relative adsorption curves for silicas modified
with different coverages of ODMS ligands. (b) Adsorption
energy distributions for ethane silica PMO (HMM-1),3: ODMS-
modified MCM-41,%5 and siliceous MCM-41.3! Data taken from
refs 31, 59, and 45.

nature of the BET model (ref 68, p 102). Moreover,
surfaces of appreciably different adsorption properties
with respect to Nz (such as those of MCM-41 modified
with trimethylsilyl, butyldimethylsilyl, and polymeric
octylsilyl)*> may provide very similar BET C-constants,
thus suggesting similarity for significantly different
surfaces.

Despite these ambiguities, the information from the
BET analysis, such as the specific surface area%121.126
or the monolayer capacity,’20 is useful in the analysis
of surface properties of materials. Namely, it allows one
to recalculate the adsorption isotherms so that they
express the adsorption per unit area or the number of
statistical layers on the surface (which will be referred
to as relative adsorption), which opens many new
opportunities in adsorption data interpretation. In
particular, relative adsorption curves for samples modi-
fied with the same type of chemically bonded organic
ligand, but with different surface coverage, are expected
to gradually decrease in the low-pressure range as the
surface coverage increases.*® This behavior is illustrated
in Figure 5a for ODMS-modified silicas. This finding
suggests the possibility of development of a simple
methodology to calculate the surface coverage of bonded
groups from low-pressure nitrogen adsorption data.>® A
similar decrease in low-pressure adsorption was ob-
served with the increase in the loading of organic
molecules coated or chemically bonded on the silica
surface, although in the case of a similar surface
coverage, the chemical bonding had a larger effect on
low-pressure adsorption, presumably because of a more
uniform coverage and removal of strongly interacting
sites during the chemical modification.’3? On the basis
of the low-pressure adsorption data, it was possible to



Reviews

evaluate the fraction of the surface coated by the organic
modifier by employing bare silica surface as well as a
chemically bonded and subsequently coated surface as
references. This, in combination with elemental analysis
data, allowed us to demonstrate that the coated layer
on the MCM-41 surface was highly nonuniform,3051
whereas a satisfactory uniformity of coverage was
observed for conventional silicas with significantly
larger pores.’®° Nitrogen and argon relative adsorption
curves for different bonded groups of the same surface
coverage were found to be appreciably different, when
the groups were dissimilar4®62 and close to one another
when the groups were similar.13! The use of a compara-
tive method to analyze low-pressure adsorption data
also allows one to study surface properties®°l and
organic groups on the silica surface in particular.51,52.62
The theoretical foundations of this analysis were re-
cently outlined to facilitate the prospective applica-
tions.%* When silica is used as a reference adsorbent,
the presence of organic groups on the surface of meso-
porous silica results in downward deviations from
linearity on the comparative plot. The extent of these
deviations is dependent on the type of organic surface
groups®® and on their surface coverage. On the other
hand, when a reference adsorption isotherm for strongly
hydrophobic surfaces is used to analyze adsorption data
for somewhat more polar surfaces, upward deviations
of the comparative plot are observed.52

A very useful methodology to analyze low-pressure
N, and Ar data is based on the calculation of adsorption
energy distributions (AEDs).66:132133 AEDs were found
to provide information about the presence of different
surface groups, such as silanols, aliphatic groups,
aromatic rings, and so forth, on the surface of modified
silica.*®5! Obviously, the information is obtained only
about groups that are accessible to the adsorbate, and
for instance silanol groups covered by a dense chemi-
cally bonded*> or coated layer3° will not be detected.
In combination with elemental analysis data, AEDs may
constitute the basis for evaluation of uniformity of the
distribution of bonded organic ligands on the OOIN
surface.’° This was demonstrated in the case of trim-
ethylsilyl ligands bonded on the MCM-41 surface using
two different modification procedures, one on the cal-
cined sample and the other one on the as-synthesized
sample. The AEDs for the modified materials suggested
that the distribution of bonded ligands was more
uniform in the second case, as expected from the fact
that organosilane is likely to displace electrostatically
bonded surfactant ions that are likely to be uniformly
distributed on the silicate surface. Illustrative AEDs are
shown in Figure 5b. It can be seen that siliceous MCM-
41 has very similar adsorption properties to ethane—
silica PMO3! and very different ones from ODMS-
modified MCM-41.%5 This can be attributed to the fact
that ethane—silica differs from silica only by substitu-
tion of some of the siloxane bridges by ethane groups,
both of which are expected to interact weakly with
nitrogen, resulting in similar nitrogen adsorption pro-
perties.®! In contrast, the surface of an ODMS-modified
sample has its surface effectively covered by octyl chains
that interact with nitrogen very weakly.*> Consistent
information can be extracted from AEDs calculated on
the basis of both N, and Ar data, showing the sensitivity
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of the latter gas to the surface properties of OOINSs.52
It should be noted that the exact shape of AED is
somewhat model-dependent because of the many as-
sumptions involved in the AED calculations.8%132 There-
fore, in the case of comparative studies, it is important
to calculate AEDs consistently using the same set of
parameters, the same model of adsorption behavior, and
the same computational procedure.

Conclusions

There are many opportunities in gas adsorption
characterization of OOINs. Adsorption data can be
analyzed to evaluate the specific surface area, pore
volume, and pore size distribution and to study the
surface properties, all based for instance on a single
nitrogen or argon adsorption isotherm measured in both
low-pressure and high-pressure ranges. However, ap-
propriate data analysis methods need to be used to avoid
gross inaccuracies and artifacts. With these precautions,
adsorption methods will be invaluable in the develop-
ment of OOINs and in tailoring their structures toward
intended applications.
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