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Abstract

Detailed analysis of textural properties, e.g., pore size and connectivity,
of nanoporous materials is essential to identify correlations of these
properties with the performance of gas storage, separation, and catalysis
processes. The advances in developing nanoporous materials with uniform,
tailor-made pore structures, including the introduction of hierarchical pore
systems, offer huge potential for these applications. Within this context,
major progress has been made in understanding the adsorption and phase
behavior of confined fluids and consequently in physisorption character-
ization. This enables reliable pore size, volume, and network connectivity
analysis using advanced, high-resolution experimental protocols coupled
with advanced methods based on statistical mechanics, such as methods
based on density functional theory and molecular simulation. If macro-
pores are present, a combination of adsorption and mercury porosimetry
can be useful. Hence, some important recent advances in understanding
the mercury intrusion/extrusion mechanism are discussed. Additionally,
some promising complementary techniques for characterization of porous
materials immersed in a liquid phase are introduced.
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Nanopore:
pore width <100 nm

Micropore:
pore width <2 nm

Mesopore:
pore width 2-50 nm

Macropore:
pore width >50 nm

1. INTRODUCTION

Challenges arising with the necessity of further optimizing applications in the area of gas storage,
separation processes, and catalysis (e.g., 1-5) cause a demand in tailoring of textural properties
of adsorbents and methodologies for their textural characterization. Within this context, major
progress has been made concerning the development of advanced nanoporous materials, such as
ordered mesoporous molecular sieves (e.g., M41S materials), ordered carbons (e.g., CMK mate-
rials), metal-organic frameworks (MOFs), and related materials (e.g., 6-10). The introduction of
hierarchical pore systems in materials such as zeolites, carbons, and silicas has received a lot of
attention as well (e.g., 11-16).

For the design and optimization of these challenging processes, we need to investigate the re-
lationship between structural properties and process performance. In particular, pore size, shape,
and connectivity are key parameters affecting diffusional rates, adsorption capacity, and selectiv-
ity (e.g., 17-20). Advanced textural characterization is crucial to obtain detailed information on
surface area, pore size, and network connectivity. Combining this information with studies on pro-
cess performance will help to correlate structural properties of materials with the performance of
these processes. Hierarchical pore structures especially can improve diffusional rates and, hence,
process performance (e.g., 17, 18). Additionally, adsorption capacity can often be directly cor-
related with pore structure (e.g., 21-24). Moreover, molecular simulation and high-throughput
screening of possible new porous materials are powerful tools for correlating textural properties
with process performance (25-29).

Textural characterization can be based on different techniques, such as gas adsorption, X-ray
diffraction, small-angle X-ray and neutron scattering, mercury porosimetry, electron microscopy,
and nuclear magnetic resonance (NMR) methods. Each of these methods has a limited application
range. Reference 30 provides an overview of the different methods and their application ranges
for pore size analysis.

Characterization based on gas adsorption allows for the determination of a wide range of pore
sizes in the nanopore size range (up to 100 nm), including the complete range of micropores (pore
width smaller than 2 nm) and mesopores (pore width between 2 and 50 nm) (31). In recent years,
major progress has been made in the textural characterization of porous materials by physisorp-
tion (31-42). To characterize larger nanopores and macropores (pore width >50 nm) up to ~400
pm, complementary techniques such as mercury porosimetry are needed. Gas adsorption in com-
bination with mercury porosimetry covers a wide range of pore sizes; hence, we focus on these
methods for textural characterization in this review.

However, in contrast to textural characterization in the gas phase, far fewer advances have
been made in the textural characterization of porous materials immersed in a liquid, although this
is essential for the optimization of corresponding processes, e.g., liquid chromatography. This is
particularly important for functionalized nanoporous materials, where the interaction with the
chosen liquid may affect the accessible surface area and porosity, or in cases in which materials
cannot be outgassed or dried without changing their texture.

In this work, we do not attempt to provide a comprehensive general review of recent ad-
vances in the field of porous materials characterization but instead focus on selected, im-
portant aspects of assessing surface and pore structure of nanoporous materials via physi-
cal adsorption. We also briefly discuss recent advances in macropore analysis by mercury
porosimetry and the challenges associated with the textural characterization of solvated porous
materials.
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Figure 1

(@) International Union of Pure and Applied Chemistry classification of physisorption isotherms (reproduced
with permission from Reference 31) and (b) schematic illustration of adsorption potential on a planar,
nonporous surface and in a meso- and micropore (based on Reference 34).

2. PHYSICAL ADSORPTION CHARACTERIZATION

In general, adsorption means the enrichment of molecules, atoms, or ions near an interface. The
material in the adsorbed phase is known as the adsorbate; the same component in the fluid phase
is referred to as the adsorptive. Physical adsorption occurs whenever an adsorptive is brought into
contact with the surface of a solid (adsorbent) because of attractive fluid—(pore-)wall interactions

G1).

2.1. Adsorption Mechanism

Understanding the adsorption mechanism is essential for a reliable interpretation of adsorption
isotherms and hence for obtaining structural information, surface area, pore size, volume, and
connectivity of porous materials from gas adsorption experiments. In the case of complex pore
networks, analyzing the adsorption mechanism can be challenging.

The shape of the adsorption isotherm reflects the interplay between attractive fluid—fluid and
fluid-wall interactions coupled with the effect of confinement. Accordingly, isotherms are classi-
fied based on the 2015 International Union of Pure and Applied Chemistry TUPAC) classifications
(31). The classification of physisorption isotherms is illustrated in Figure 1a. Figure 15 schemati-
cally shows the characteristic adsorption potentials. In micropores, sorption behavior is dominated
almost completely by the interactions between fluid molecules and the pore wall. Hence, microp-
ore filling is, in most cases, a continuous process and occurs at low relative pressures p/py < 0.15
(for N, and Ar at 77 and 87 K, respectively; py is the saturation pressure of the bulk fluid at a
given temperature). In the case of ultramicropores, the pore filling is governed entirely by the
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pore width <0.7 nm
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Supermicropore:
pore width 0.7-2 nm
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Schematic (qualitative) illustration of pore geometry effects on the adsorption mechanism. (#) Adsorptive
molecule inside a slit, cylindrical, and spherical micropore with the same pore width w. (b)) Adsorption
potential depending on the micropore geometry. (c) Pore geometry effects on adsorption isotherm; i.e., the
relative pressure at which pore filling occurs increases depending on the pore geometry from spherical to
cylindrical to slit pores.

enhanced gas—solid interaction, giving rise to a type I(a) isotherm. However, in addition to the
strong adsorption potential, a cooperative mechanism plays a role in the pore-filling process of
wider micropores (i.e., supermicropores), which occurs in a range of higher relative pressures (e.g.,
p/po = 0.01-0.15 for N and Ar at 77 and 87 K, respectively), leading to a type I(b) adsorption
isotherm. Figure 2 illustrates the effect of different micropore geometries for a given pore width
on the adsorption potential and the isotherm. The relative pressure at which pore filling occurs
for a given pore width increases from spherical to cylindrical to slit pores owing to their different
adsorption potentials, whereby the adsorption potential increases from slit- to spherical-pore ge-
ometry. Hence, this illustrates the importance of assuming a proper pore geometry for a reliable
pore size analysis, as discussed in Section 2.2.3.

Reversible type II isotherms are characteristic for nonporous or macroporous materials with
heterogeneous surfaces. In this case, unrestricted monolayer-multilayer formation during adsorp-
tion is possible. In the case of a highly uniform nonporous surface, layer-by-layer adsorption oc-
curs, leading to a type VI adsorption isotherm, e.g., Ar and Kr adsorption on graphitized carbon
blacks (32). In contrast, type Il isotherms can be observed if the fluid does not completely wet the
surface because of weak interactions between fluid molecules and the (pore) wall. In this case, the
molecules build clusters around preferred sites of the adsorbent owing to stronger interactions
between fluid molecules compared with fluid-wall interactions. In the case of type V isotherms,
molecular clustering is followed by pore filling (31). For instance, type V isotherms are observed
for water adsorption in hydrophobic microporous and mesoporous adsorbents.

Type IV isotherms are characteristic for the adsorption of fluids in mesopores. In fact, the
definition of micro- and mesopore size ranges is somewhat arbitrary, and the detailed adsorption
mechanism depends on the ratio between molecular size and pore size. However, particularly for
simple fluids such as Ar, N,, CO,, and Kr, which are the key adsorptives for textural characteriza-
tion, the association of type I isotherms and type IV isotherms with microporous and mesoporous
materials, respectively, is phenomenologically true.

In case of Type IV isotherms, adsorbate films completely wet the adsorbent surface. The sorp-
tion and phase behavior of fluids in mesopores depend not only on the fluid-wall attraction butalso
significantly on the attractive fluid—fluid interactions. This leads to the occurrence of multilayer
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adsorption followed by capillary condensation. Pore condensation represents a phenomenon
whereby gas condenses to a liquid-like phase in pores at a pressure lower than the saturation pres-
sure, po, of the bulk fluid. In this sense, pore condensation reflects a first-order phase transition be-
tween an inhomogeneous gas configuration, which consists of vapor in the core region of the pore
in equilibrium with a liquid-like adsorbate layer, and a liquid configuration, where the pore is filled
with liquid (36, 37). At the pore critical point of the confined fluid, these two hitherto-distinct fluid
configurations become indistinguishable; i.e., a pore condensation step can no longer be observed
(43). The critical temperature of the confined fluid is shifted to lower temperatures; i.e., in contrast
to the predictions of the classical Kelvin equation, pore condensation and hysteresis will vanish al-
ready at temperatures below the critical temperature of the bulk fluid. The shift of the critical tem-
perature can be rationalized, for instance, by the argument that a fluid in narrow pores is an inter-
mediate between a three-dimensional fluid and a one-dimensional fluid for which no critical point
exists at T > 0. Hence, the shift in pore critical temperature is correlated with pore width; i.e., the
narrower the pore, the lower the pore critical temperature (43). Consequently, at a given subcrit-
ical temperature, pore condensation is possible only in pores wider than the critical pore size w..

Both type IV(a) isotherms with hysteresis and IV(b) isotherms without hysteresis can be
observed for mesoporous materials. Capillary condensation is accompanied by hysteresis if the
pore width exceeds a certain critical width, which is dependent on adsorptive and temperature.
Hysteresis is attributed to the existence of a metastable state of the pore fluid associated with the
nucleation of the liquid phase; i.e., pore condensation is delayed. For instance, hysteresis occurs
for nitrogen (77 K) and argon (87 K) adsorption when the pore size exceeds 4.5 nm. For smaller
mesopores, no hysteresis is observed. This phenomenon is correlated with the effect of confine-
ment on the phase diagram of a confined fluid, as indicated above. Figure 3 provides a schematic,
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Figure 3

Schematic phase diagram of a bulk and pore fluid confined to different-sized pores of widths w; > w; and
resulting isotherm types IV(a) and IV(b). (#) T-p-diagram for bulk fluid (b/ack) and fluid confined in a pore
with width w; (blue) and width w; (red), respectively. Pore condensation lines terminate in the pore critical
points C; and C;. Near the pore critical point, the hysteresis critical temperature (T, Ti2), which is the
temperature below which experimental hysteresis can be observed, can be defined (based on Reference 34).
(b) Materials with pore width w exhibit a type IV(a) isotherm at the measurement temperature Tiyeas
(Tineas < T'1)- (¢) Materials with smaller pores of width w; lead to a type IV(b) isotherm (T'meas > T2).
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(@) Adsorption (points 1 to 4) and desorption points (points 4 to 7) at temperature T in a schematic
pressure—density phase diagram of a fluid confined to a mesopore. (b)) Resulting type IV(a) isotherm with
marked points 1 to 5 during adsorption and 4 to 7 during desorption.

simplified illustration of the shifted phase diagram for a fluid confined to slit-like mesopores with
two different widths together with the resulting isotherm types IV(a) and IV(b). As illustrated,
the critical point of confined fluid shifts to lower pressures and temperatures compared with the
bulk critical point (44, 45). The triple point is also shifted to lower temperatures (43-48), in line
with experimental observations for simple fluids such as Ar, Kr, and CO, (46, 49, 50) confined
in mesoporous silica. However, details of the sorption and phase behavior below the bulk triple
point, as well as the nature of pore triple points, are still under investigation.

Near the pore critical point, a hysteresis critical temperature T can be defined. If the measure-
ment temperature is below Ty for a given pore width, pore condensation with hysteresis occurs
[type IV(a) isotherm in Figure 35], whereas for temperatures above Ty, reversible pore conden-
sation occurs, giving rise to a type IV(b) adsorption isotherm. This is the case for the smaller pores
(width w,), in which a completely reversible type IV(b) isotherm is found (Figure 3c). However,
decreasing the measurement temperature could lead again to hysteresis for this pore.

Figure 44 illustrates the detailed mechanism of delayed condensation in case of a type IV(a)
isotherm with a schematic pressure—density (here displayed as 1/p) phase diagram for a fluid con-
fined in a mesopore [the phase diagram is shifted to higher densities as compared to the corre-
sponding bulk phase diagram (44, 46, 50-52), but this is not shown here for clarity]. The average
density of the pore fluid can be correlated directly with the amount adsorbed, and the resulting
type IV(a) isotherm is shown in Figure 4b. The delay in pore condensation is consistent with the
classical van der Waals picture, which predicts that the metastable adsorption branch terminates
at a vapor-liquid spinodal, where the limit of stability for the metastable states is achieved and the
pore fluid spontaneously condenses into a liquid-like state (so-called spinodal condensation; see
53, 54, and references therein). Points 1-4 represent capillary condensation during adsorption,
and points 5-7 represent evaporation during desorption. Hence, during the adsorption process,
the phase transition does not occur when crossing the binodal (point 2). The delayed phase transi-
tion is induced near the spinodal (point 3). In contrast, at the beginning of the desorption process,
the pore is filled with liquid-like condensate. Hence, a liquid-vapor interface with the bulk vapor
phase is already present. This leads to desorption without nucleation via a receding meniscus (55).
The evaporation occurs when crossing the binodal (point 6). Therefore, the desorption process
is associated with the equilibrium liquid—vapor transition. At higher temperatures, the width of
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Adsorption hysteresis types and their correlation with pore structure, coupled with their underlying
adsorption mechanism. (#) Type H1 hysteresis; () type H2(a) hysteresis in materials with wide pore cavity
size distribution with marked points 1 and 2 during desorption and corresponding illustration of an example
ink-bottle pore during pore blocking; (¢) type H2(b) hysteresis in materials with a wide pore neck size
distribution; and (d) type H2(a) hysteresis with marked points 1-3 during desorption, illustrating cavitation
in a pore system with very narrow necks, and corresponding illustration of an example ink-bottle pore during
cavitation (adapted with permission from Reference 36).

the metastable region becomes smaller. Hence, the hysteresis width also decreases, and hystere-
sis should disappear at the pore critical temperature (43, 46). However, experimental hysteresis
will already disappear at a temperature near the pore critical temperature at the hysteresis critical
temperature, as already mentioned (44, 45). At the hysteresis critical temperature, fluctuations are
sufficient to overcome the now very small nucleation barrier associated with the narrow metastable
region; i.e., the difference between binodals and spinodals becomes smaller as it approaches the
critical temperature, where it disappears.

A detailed understanding of the effect of confinement on the sorption and phase behavior of
fluids, including their critical behavior, is important not only for advanced physisorption charac-
terization but also for many applications in the area of oil and gas production, where an accurate
description of the state of hydrocarbons confined in real nanoporous systems, such as shale reser-
voirs, is required (51, 56).

To obtain detailed information on the pore (network) structure of a material, the origin of
hysteresis and, consequently, the shape of hysteresis loops must be analyzed. The IUPAC (31)
categorizes hysteresis loops into five different types. Figure 5 illustrates some selected hysteresis
types. In general, type H1 hysteresis is typical for materials with no pore network effects. Type H1
hysteresis can be found for mesoporous materials with independent cylindrical pores (e.g., MCM-
41) and ordered three-dimensional pore networks (e.g., MCM-48, KI'T-6 silicas, and controlled
pore glass) (50, 57).
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In addition to delayed condensation during adsorption, materials with more complex pore net-
works, e.g., networks with ink-bottle pores, show a shift in liquid—vapor transition during desorp-
tion (e.g., porous vycor glass, certain silica gels). Pore blocking or cavitation can cause delayed
evaporation (58). The pore neck width determines which of these mechanisms is present for a
given adsorptive and temperature. For nitrogen and argon adsorption at 77 K and 87 K, respec-
tively, the critical neck width lies at 5-6 nm (59-61). Pore blocking occurs for pore necks larger
than the critical width. In this case, the pore body remains filled until the neck evaporates ata lower
relative pressure, and then the fluid from the pore cavity and neck evaporates simultaneously.

Pore blocking usually leads to type H2(a) or H2(b) hysteresis, as illustrated in Figure 55,c. Type
H2(a) hysteresis shows a steeper desorption branch compared with the adsorption branch. This
can be caused by a relatively wide size distribution of pore cavities compared with the distribution
of neck sizes. Another reason for H2(a) hysteresis is percolation effects in pore networks. Hence,
the liquid in the cavities evaporates when the largest neck evaporates (42). In this case, the desorp-
tion mechanism depends not only on the neck size but also on the connectivity to neighboring
pores and their state (62). In contrast, type H2(b) hysteresis can be observed for materials with a
narrow pore-cavity size distribution and in the absence of percolation effects (42). In this case, the
pore neck size distribution can be obtained by analyzing the desorption branch. In some special
cases, H1 hysteresis is possible for materials exhibiting pore blocking, e.g., for 3DOm carbons
with spherical pores that are restricted by windows of a uniform size (63).

If the pore neck width is smaller than a certain critical width for a given adsorptive and temper-
ature, desorption occurs via cavitation (58). In this case, the liquid in the pore cavity evaporates,
whereas the neck remains filled. In case of cavitation, the neck and cavity remain filled while cross-
ing the metastable region (illustrated in Figure 44). Near the spinodal of the pore fluid, a sponta-
neous nucleation of a bubble in the pore cavity followed by a liquid-vapor transition is induced;
i.e., cavitation-induced desorption/evaporation represents a spinodal evaporation (64). Cavitation
usually leads to type H2(a) hysteresis, as illustrated in Figure 5d. However, for materials with
narrow cavity size distribution, type H1 hysteresis can also be observed.

It is important to note that many materials used in various adsorption-based applications are
highly disordered and show a wide pore size/volume and shape distribution. Hence, a combina-
tion of the above-described phenomena is present for these materials. Consequently, important
insights obtained from a systematic investigation of the adsorption and phase behavior of fluids
in model porous materials also allow for improving the understanding of the adsorption behavior
in disordered materials, which in turn contributes to advancing physisorption-based characteri-
zation methodologies. A detailed understanding of the adsorption and desorption mechanisms is
essential for reliable pore size distribution, pore size, and pore network analysis, as discussed in
the following section.

2.2. Assessment of Surface Area and Pore Size

For textural characterization, the adsorption isotherm should ideally be considered a fingerprint
of the pore structure. Hence, adsorption should not be appreciably affected by the adsorbent’s
surface chemistry for reliable surface area, pore size/volume, and network analysis. The proper
choice of adsorptive coupled with the application of advanced data-reduction methods is the basis
for accurate textural characterization.

2.2.1. Choice of adsorptive. For surface area and pore structure analysis, choosing the proper
adsorptive is critical. Although nitrogen (IN,) adsorption at 77 K was the accepted standard ad-

sorptive for both micropore and mesopore size analysis for many years, nitrogen is not always
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appropriate for surface area and micropore size analysis. Nonpolar materials, and specifically non-
functionalized carbons, can be analyzed accurately using nitrogen at 77 K. However, specific inter-
actions between the quadrupole moment of the nitrogen molecule and various surface functional
groups and exposed ions that are present in materials such as MOFs or zeolites lead to inaccurate
analysis. This affects both the orientation of the adsorbed nitrogen molecules and the micropore
filling pressure. Such specific interactions shift the pore-filling pressure of nitrogen to very low
relative pressures (p/po equal to ~1077) (e.g., 31, 42). Consequently, the pore-filling pressure is
not correlated in a straightforward way with the micropore size.

In contrast to the issues with nitrogen adsorption, argon adsorption at 87 K (the boiling tem-
perature of argon) displays no specific interactions with surface functionality or uncertainty in
orientation and is the ITUPAC’s recommended choice for micropore characterization (31). In ad-
dition to using liquid argon, a variety of commercially available cryostats and cryocoolers enable
high-precision control of experimental temperature at 87 K. Because in many cases argon (87 K)
adsorption fills micropores at significantly higher p/po than nitrogen, it is possible to reliably
resolve small differences in micropore size (65, 66). However, nanoporous carbons may contain
significant amounts of ultramicropores (i.e., often active carbons exhibit pores <0.5 nm), and dif-
fusion further limits access to these micropores. To address this problem, the use of CO; as ad-
sorptive was proposed for adsorption measurements at temperatures close to 273 K. It had been
shown that carbon dioxide, with slightly smaller kinetic diameter and high adsorption temper-
ature, enables higher diffusion rates, ultimately producing better ultramicropore resolution (67,
68). Because of these experimental advantages, CO, adsorption at 273 K has become a standard
tool for the assessment of microporous carbons (32, 55, and references therein).

Coupling of CO; (273 K) adsorption with N, and Ar adsorption to obtain the combined mi-
cromesopore analysis (69) is needed because at 273 K and atmospheric pressure (i.e., the maximum
pressure in conventional adsorption equipment used for physisorption characterization), CO, is
restricted to filling pores narrower than ~1 nm (atmospheric pressure corresponds to a relative
pressure of 1072). Hence, expanding the pore size analysis of carbon based on CO, adsorption
at 273 K would require use of high-pressure CO, adsorption data, measured up to saturation
pressure (~35 bar) (52).

Moreover, compared with N,, CO, exhibits an even stronger quadrupole moment, which af-
fects the adsorption behavior on surfaces with polar surface functionality and hence prohibits the
use of CO; as adsorptive for reliable pore size analysis of materials such as zeolites and MOFs.
Also, caution must be applied in characterizing carbons containing appreciable amounts of oxygen
surface functionalities.

2.2.2. Assessment of surface area. Despite its well-known limitations (32, 34, 41), the
Brunauer-Emmett—Teller (BET) method (70) continues to be widely used to evaluate surface
areas of micro- and mesoporous adsorbents, including nanoporous carbons. Indeed, under cer-
tain, carefully controlled conditions, the BET area of a nonporous, macroporous, or mesoporous
solid giving rise to type II or type IV(a) isotherms can be regarded as the probe-accessible area
or the effective area available for the adsorption of specified adsorptives. The 2015 TUPAC
recommendations (31) provide a concise critical appraisal of the BET method. In addition to
problems arising from the chemical and geometrical heterogeneity of the surface, porosity (i.e.,
existence of micro- and/or mesopores) plays an important role in determining the applicability
of the BET equation. In the presence of micropores (i.e., type I isotherms and combinations
of type I and IT or type I and IV isotherms, which are characteristic of many micromesoporous
materials), application of the BET method leads only to an apparent surface area (i.e., BET area).
This is also correlated with the fact that the processes of monolayer-multilayer adsorption and
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micropore filling are impossible to separate. Within the same context, it also appears that the
BET method is inaccurate for estimating the surface area of mesoporous materials exhibiting a
type IV(b) isotherm. Here, pore condensation is observed at pressures very close to the pressure
range in which monolayer-multilayer formation on the pore walls occurs: This may lead to a
significant overestimation of the monolayer capacity in a BET analysis.

As already indicated, the BET theory is not applicable in the presence of micropores, and by
applying the BET method, the linear BET range is often shifted to significantly lower relative
pressures (41, 71, 72). As a result, for predominantly microporous materials, linear BET plots are
typically found at relative pressures of 0.1 and even lower. In fact, locating the relative pressure
range for the linear BET plot can be challenging. Rouquerol and colleagues (71) introduced a
useful procedure for determining the linear BET range that allows one to overcome this difficulty
and determine the linear BET range in an unambiguous way for purely microporous materials.
However, the BET area derived from an isotherm obtained on a microporous adsorbent should
be treated not as a realistic probe-accessible surface area but rather as an apparent surface area,
which, however, still may serve as a useful fingerprint of the adsorbent (31).

Furthermore, the heterogeneous nature of many surfaces causes another problem. As men-
tioned in the previous section, the quadrupole moment of the nitrogen molecule leads to specific
interactions with potential polar surface sites (such as hydroxyl groups), causing an orienting ef-
fect on the adsorbed nitrogen molecule (31, 42). Consequently, the effective cross-sectional area
is smaller than the customary value of 0.162 nm?”. For a completely hydroxylated surface, a cross-
sectional area of 0.135 nm? was proposed, which was obtained by measuring the volume of N,
adsorbed on silica spheres of known diameter (31, 34, and references therein). Accordingly, these
uncertainties concerning the assumption of a proper cross-sectional area may affect the accuracy
of BET areas obtained from N; (77 K) adsorption by up to 20-25%. Hence, as discussed above,
argon adsorption (at 87 K) may be a useful alternative adsorptive for surface-area determination.
Argon is monatomic, and far less reactive than the diatomic nitrogen molecule mainly because
of the absence of a quadrupole moment. Hence, the cross-sectional area of argon (0.142 nm? at
87 K) is also less sensitive to structural differences of the adsorbent surface. Consequently, as also
discussed in the 2015 IUPAC recommendations, argon has significant advantages compared with
nitrogen as a probe for the textural characterization of powders and porous materials. Alternative
methods to obtain a specific surface area from gas adsorption are based on the application of the
standard isotherm concept, e.g., t- and alpha-s methods (including the high resolution alpha-s
analysis). In this connection, the alpha-s method has been found helpful because under certain
conditions it allows one to obtain and approximate both the internal and external available areas
(32).

In summary, the above-discussed points concerning the proper choice of adsorptive are crucial
for a reliable surface assessment, and if not taken into account, this may lead to inaccuracies in
surface area determination of 20-30%. Hence, this is important for the design of adsorption-based
separation processes and applications in catalysis.

2.2.3. Pore size analysis. To obtain reliable information about pore size, pore size distribution,
pore volume, and porosity from adsorption data, proper models that describe the underlying
adsorption mechanism must be applied. For materials containing only micro- and mesopores,
type I, type IV, or a combination of type I and IV isotherms can be observed. In this case, the
nearly horizontal plateau near the bulk saturation pressure indicates that the pores are completely
filled with adsorbate. Therefore, the pore volume can be calculated based on the amount of gas
adsorbed near the saturation pressure, e.g., p/po = 0.95, assuming the density of the adsorbate
corresponds to the bulk liquid density [Gurvich rule (34)]. This method is not applicable for
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materials containing macropores, as are, for instance, present in isotherms exhibiting hysteresis
of type H3 where no plateau can be observed.

The validity of classical, macroscopic, thermodynamic methods for mesopore size analysis, such
as the widely used BJH (Barrett, Joyner, Halenda) method (32), which is based on the modified
Kelvin equation, becomes questionable for narrow mesopores. In fact, the effect of confinement
on the state of the pore fluid cannot be described accurately via macroscopic, thermodynamic
approaches (35, 55, 73), leading to large errors in pore size analysis for narrower pores of a diameter
<20 nm. It was found that the BJH method- and related Kelvin equation-based procedures may
underestimate the pore size by up to 20-30% for narrow mesopores smaller than 10 nm (34, 36,
55) if not properly corrected (74, 75). However, these calibrated methods are valid over only a
limited pore size range.

Very often, microporous materials contain additional mesoporosity, and in this case, the micro-
pore volume can be obtained by applying standard and comparison isotherm concepts (t-method,
alpha-s method). These empirical methods allow one to determine micropore volume, external
surface area, and, in principle, information about the average pore size (34, 76).

Similar to the situation of mesopore analysis, classical methods for micropore analysis based
on the Dubinin—Radushkevich and the Horvath and Kawazoe methods (32, 77-79) often under-
estimate the pore size.

Applying microscopic methods based on molecular simulation [grand canonical Monte Carlo
and density functional theory (DFT)] for pore size analysis addresses the above-mentioned prob-
lems of the macroscopic, thermodynamic methods. These advanced methods yield the thermody-
namic and density profiles of confined fluids (80); describe molecular-level details of the adsorbed
phase; and capture the essential features of the underlying mechanism for micropore filling, pore
condensation, and hysteresis (37, 55, 81, 82). Use of DFT and molecular simulation-based meth-
ods allows for the determination of pore size distributions for the complete micro- and mesopore
range. This is demonstrated in Figure 6, which shows the pore size distribution of hierarchically
structured ZSM-5 zeolite determined with a nonlocal DFT (NLDFT) analysis of the argon (87 K)
adsorption data (13).
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Figure 6

Characterization of hierarchically structured ZSM-5 zeolite by argon (87 K) adsorption and nonlocal density functional theory
(NLDFT) analysis. (#) High-resolution transmission electron microscopy image of a self-pillared pentasil (SPP) lamella. () Argon
(87 K) isotherm for the silica SPP zeolite with the NLDFT (cylindrical pore model) fit. (¢) Pore size distributions up to 10 nm for silica,

aluminosilicate SPP zeolite, and commercial MFI zeolite (reproduced with permission from Reference 13).
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DFT-based methods, in particular NLDFT] can be regarded as a standard method for pore
size/volume analysis of nanoporous materials (for a review, see 55). Commercial software is now
available for many adsorption systems, and the DFT method is also featured in international
standards (such as ISO 15901-3). Recent advances include the development of 2D-NLDFT ap-
proaches (83-85) and quenched solid DFT (QSDFT), which consider the heterogeneity of real
carbon surfaces (86). With these advanced DFT methods, much more realistic pore size analysis of
disordered carbons can be obtained as compared to NLDFT. The NLDFT approach is based on
the assumption of a molecularly smooth surface leading to pronounced layering in the theoretical
adsorption isotherms and consequently to artifacts in the obtained pore size distribution (87, 88).

With these advanced DFT methods, it is now possible to obtain reliable information from
both the adsorption and desorption branches of the hysteresis loop. In fact, DFT methods can
take quantitatively into account the delay in condensation owing to metastable adsorption films
in case of mesopores. This allows one to accurately calculate the pore size distribution from the
adsorption branch by using a dedicated metastable adsorption branch kernel (89, 90). The applica-
tion of metastable adsorption branch kernels is essential for the textural characterization of porous
materials exhibiting pore blocking or cavitation; i.e., this is the only way to obtain a reliable pore
size analysis for such materials, because classical approaches based on the Kelvin equation do not
correctly describe the origin of hysteresis owing to delayed condensation.

An interesting example is given in Figure 7, which shows the nitrogen (77 K) adsorption
isotherm of a typical carbide-derived carbon (91, 92). The isotherm reveals a type H4 hysteresis
loop indicating the presence of micro- and mesopores. The steep stepdown in the isotherm around
a relative pressure of 0.4 indicates the presence of cavitation in this sample. In this case, an accu-
rate pore size distribution must be calculated from the adsorption branch of the isotherm. Hence,
a hybrid QSDFT method, which assumes slit-pore geometry for the micropores and a cylindrical
pore model to correctly describe the adsorption/condensation mechanism in the mesopores and
considers the delay in condensation owing to metastable adsorption fluids, was applied. Figure 74
demonstrates that this model fits the experimental adsorption isotherm, and the resulting pore size
distribution is shown in Figure 7b. In addition, the pore size distribution was obtained from the
desorption branch by applying a slit/cylinder QSDFT equilibrium transition model. The obtained
pore size distribution agrees with the pore size distribution derived from the adsorption branch
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Figure 7

(@) Nitrogen (77 K) adsorption isotherm on carbide-derived carbon with quenched solid density functional
theory (QSDFT) fit. (b)) Pore size distribution (PSD) calculated from the desorption branch using a QSDFT
equilibrium kernel illustrating the artifact owing to cavitation at ~5 nm and pore size distribution calculated
from the adsorption branch using a QSDFT metastable adsorption branch kernel (reproduced with
permission from Reference 40).
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Pore model effect on the calculation of the pore size distribution of KLE silica (61). () N, (77 K) adsorption
isotherm. (b) Pore size distribution calculated by applying nonlocal density functional theory on the N>

(77 K) adsorption branch using a cylindrical pore model and a hybrid pore model consisting of cylindrical
micropores and spherical mesopores. Because KLE silica pore structure consists of spherical mesopores,
mesopore size can be readily determined with the hybrid (cylindrical/spherical) model. The cylindrical
model causes a significant underestimation (~35%) of the mesopore size.

with the exception of the artificial peak at 5 nm, which is due to cavitation-induced evaporation,
indicating that some larger pores are accessible only through necks/entrances that are smaller than
a critical width [~5-6 nm for N, (77 K) adsorption] (40).

As explained in Section 2.1, the pore geometry affects the adsorption potential. Hence, a cer-
tain pore geometry must be assumed for calculating a reliable pore size distribution. For instance,
in classical models, a slit-pore geometry is often assumed for microporous carbons, whereas the
Kelvin equation-based methods for mesopore analysis usually assume a cylindrical pore model.
The effect of assuming an incorrect pore model for the pore size analysis is demonstrated in
Figure 8 for a micro- and mesoporous KLE silica (61). The pore size distributions were calcu-
lated based on N, (77 K) adsorption by applying NLDFT with a cylindrical pore model and a
hybrid model assuming cylindrical micropores and spherical mesopores. Owing to cavitation ef-
fects, the NLDFT model was applied on the N; adsorption branch. However, the micropores of
the KLE silica are cylindrical and connected to spheroidal mesopores. Hence, the pore size distri-
bution calculated with the cylindrical/spherical model represents a realistic description of the pore
size (61). However, assuming only cylindrical pores clearly underestimates the mesopore size by
approximately 35%. Assuming a spherical model gave here the mesopore size in agreement with
small-angle X-ray scattering and TEM analysis (61, 93). This clearly demonstrates the importance
of choosing the right pore model for calculating pore size distributions. An accurate evaluation
of the pore size distribution is possible only if the adsorptive/adsorbent system and the nanopore
structure are compatible with the chosen DFT kernel. Hence, a good fit between experimental
and theoretical isotherm is a necessity but not a sufficient criterion.

Obtaining detailed complementary information on pore network connectivity requires ad-
vanced adsorption experiments coupled with state-of-the-art approaches based on DFT and
molecular simulation. Coupling of various adsorptives at different temperatures in addition to
hysteresis scanning experiments enables the identification of the underlying mechanisms of ob-
served hysteresis. This provides the basis for analyzing details of the pore network characteristics
(42, 61, 94, 95). During hysteresis scanning, partial adsorption/desorption curves are measured
in the relative pressure range in which hysteresis occurs by changing the direction of the gas
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Argon and nitrogen adsorption on mesostructured zeolite Y. (#) Ar (87 K) and N, (77 K) adsorption isotherms. (b)) Nonlocal density
functional theory pore size distribution calculated from Ar and N, isotherms. (¢) Ar isotherms at 77 K and 65 K. (d) Hysteresis scanning
isotherms with argon (77 K) (adapted with permission from Reference 98).
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pressure variation during the adsorption/desorption process. For example, a desorption scan is
started at a relative pressure at which pores are only partially filled. Within this context, a recently
developed statistical theory describes adsorption/desorption hysteresis including scanning curves
in one-dimensional pore structures with structural disorder (96, 97). A quantitative description of
scanning curves obtained in 3D pore networks has been suggested by percolation models coupled
with methods based on molecular simulation (e.g., 94, 95, and references therein).

An example is given in Figure 9, which shows advanced physisorption experiments on C16
mesostructured zeolite Y to verify the hierarchical structure of the material (98). For both nitro-
gen and argon adsorption isotherms at 77 and 87 K, respectively, hysteresis associated with pore
condensation was observed (Figure 94). The width of the hysteresis loops for argon and nitrogen
is different, indicating different states of the mesopore fluid [i.e., nitrogen at 77 K is here much
closer to its pore critical temperature (35)]. Figure 95 exhibits a bimodal pore size distribution
obtained by applying dedicated NLDFT hybrid methods, assuming, in accordance with the un-
derlying pore structure, a spherical pore model for the micropores and a cylindrical pore model
for the mesopore range. Additional argon adsorption experiments at 77 and 65 K (Figure 9c¢)
helped to further elucidate structural details about the micromesopore network characteristics of
this mesoporous zeolite. Lowering the analysis temperature affects the state of the confined phase;
i.e., the fluids even in narrow mesopores (i.e., the pores in the range from 3—4 nm) are now also be-
low their hysteresis critical temperature (see Section 2.1 and Figure 3) and therefore contribute,
contrary to 87 K, to the shape of the hysteresis loop. As Figure 9¢ shows, type H5 hysteresis,
according to the IUPAC classification, is observed for argon adsorption isotherms at 65 and 77 K.
This hysteresis loop is associated with the presence of both open and partially blocked pores,
whereby the majority of mesopores are freely accessible without constriction, whereas access to
a smaller amount of mesopores is affected by constrictions in the form of pore necks; i.e., most
likely these pores are accessible only via the narrow zeolitic micropore channels. The emptying of
these constricted pores is associated with cavitation, as confirmed by analysis of hysteresis scan-
ning measurements performed for the argon (77 K) isotherm and shown in Figure 9d. Advanced
analysis of these data obtained with the described procedure allows one to differentiate between
different types of interconnected pore networks and to quantify the accessible pore volume. In
this case, approximately 33% of pores are restricted, whereas the remaining mesopores are fully
accessible and lead to the micropores of the zeolite, as had been demonstrated by the application
of complementary techniques based on electronic tomography (98). However, despite the amount
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of restricted pores, this hierarchically structured mesoporous zeolite Y performs better in catalysis

(14).

3. MACROPORE ANALYSIS

Although gas adsorption can be used to assess the pore network characteristics of porous materi-
als exhibiting micro- and mesopores, major challenges are still associated with assessing macrop-
orosity. In 2012, the TUPAC (99) provided an overview of various techniques that can be used for
macropore analysis, including liquid-intrusion methods such as contact porosimetry, capillary flow
porometry, and mercury porosimetry. Mercury porosimetry is still considered to be the state-of-
the-art method for textural analysis of macroporosity (99). The main attraction of this technique
is that it allows pore size analysis over a wide range of mesopore—macropore widths (from ~3 nm
up to >400 pwm) in a fast and highly reproducible way (100). In contrast to physical adsorption of
fluids such as nitrogen and argon at their boiling temperatures, where the adsorbed phase com-
pletely wets the pore walls, liquid metals such as mercury do not wet the majority of materials at
or close to room temperature. Hence, (hydraulic) pressure must be applied to force liquid metals
into pores. By using the Washburn equation, the pore size distribution can be calculated from the
intrusion data. In recent years, a more detailed understanding of the phase behavior of mercury
in nanoconfinement has been achieved via systematic experiments on porous materials with well-
defined meso- and macropore structure coupled with approaches based on statistical mechanics
such as DFT and molecular simulation (101-106).

Further insights on mercury sorption and phase behavior were enabled very recently through
the discovery that KI'T-6 silica (an ordered mesoporous molecular sieve exhibiting an ordered 3D
pore network) can (in contrast to MCM-41 or MCM-48) withstand the high pressures in mercury
intrusion/extrusion experiments. These studies on KIT-6 silicas also allowed investigation of the
analogies between condensation/evaporation mechanisms of wetting (N, at 77 K) and nonwet-
ting (Hg at 298 K) fluids as a function of pore size, confirming the thermodynamic consistency be-
tween Hg intrusion/extrusion and capillary evaporation/condensation (105). This is demonstrated
in Figure 104, which shows the N, at 77 K isotherm on one of the KIT-6 in comparison with
the corresponding mercury adsorption/desorption isotherm (i.e., the hydraulic pressure needed
to push mercury into the pores is correlated with the pressure of mercury vapor that coexists with
the liquid mercury inside the porous material). The reversed symmetry observed between the two
sets of curves is striking. Whereas capillary condensation of N, occurs at pressures smaller than
the saturation pressures, the vapor-liquid phase transition for the nonwetting fluid mercury occurs
at pressures larger than the saturation pressure. The effect of pore size on both the vapor-liquid
phase transition of the wetting adsorptive (N3, 77 K) and the nonwetting fluid (Hg) could also be
investigated, and the results are summarized in the schematic phase diagram in Figure 105. These
experiments on the highly ordered mesoporous molecular sieves KIT-6 confirm the analogy be-
tween mercury intrusion/extrusion and gas adsorption (pore condensation/evaporation). Hence,
one is now in a potential position to transfer and adapt methodologies developed for assessing
the pore network characteristics by physisorption (e.g., scanning of hysteresis loop) to interpret
intrusion/extrusion data of nonwetting fluids such as mercury. However, more work is needed to
arrive at proper methodologies.

4. CHARACTERIZATION IN THE LIQUID PHASE

The main drawback of gas adsorption, liquid intrusion, and complementary methods based on
electron microscopy, such as scanning and transmission electron microscopy, stems from their

www.annualreviews.org o Characterization of Nanoporous Materials

IS5I



152

Liquid
AN Ak Hg intrusion/extrusion
(nonwetting)

Wi >w, Wy Wi e Cauk
Wi

o Solid W,

/ “Pore condensation/

evaporation (wetting)

Normalized volume ads. (a.u.)

Vapor

(*n°*e) SBWIN[OA papN.Jjul pazijeWION

1 I N |
03040506070809 1 3 5 7 9 11 T

p/Po p/py
(N, physisorption) (Hg porosimetry)

Figure 10

Equivalence of mercury porosimetry and gas sorption: phase behavior of wetting and nonwetting fluids in
mesopores. (7) Adsorption and desorption isotherms for KIT-6C of wetting (N2, 77 K) and the
corresponding equivalent gas sorption isotherms of a nonwetting fluid (Hg, 298 K) converted from the
mercury porosimetry data. (b)) Schematic phase diagram of bulk and confined fluid showing the symmetry
between pore condensation/evaporation and Hg intrusion/extrusion (adapted with permission from
Reference 105).

inability to test wet materials (i.e., in presence of the liquid/mobile phase), thus providing no direct
information concerning the state of the nanoporous materials immersed in a liquid phase. This is
particularly important for functionalized nanoporous materials for which the interaction with the
chosen liquid may affect the effective surface chemistry, as well as accessible surface area and poros-
ity, or in case the materials cannot be outgassed or dried without changing the material’s texture.
Hence, for the optimization of processes in the liquid phase, e.g., liquid chromatography, charac-
terization based only on gas adsorption and complementary techniques may not be sufficient.

One traditional approach is to study adsorption from the liquid phase via the standard im-
mersion method, in which one adds a known mass of the adsorbent to a measured amount of the
solution of known concentration and follows the change in solute concentration by proper ana-
lytical techniques (107-110). Within this context, immersion calorimetry has also been applied.
The obtained heat of immersion (or heat of wetting) can be correlated with surface and textu-
ral properties (surface area and micropore size distribution) of the system under investigation (66,
111). Immersion calorimetry has been employed mainly for the textural characterization of micro-
porous carbons for estimating the accessible surface area and for pore size analysis (66). Rouquerol
et al. (112) provide more details on the theoretical background and experimental aspects of this
technique.

However, one technique that can be applied to assess textural properties such as pore size and
volume distribution of meso- and macroporous chromatographic adsorbents over a wide range
of pore widths (i.e., from 1-400 nm) is inverse size exclusion chromatography (ISEC) (113-121).
ISEC is performed in the liquid phase and uses a set of molecular probes with defined sizes to
determine pore dimensions; i.e., ISEC is based on the relationship between retention volumes
and sizes of polymer standards with known molecular mass and narrow mass distribution. Vari-
ous theoretical approaches for deriving pore size and porosity information have been developed
based on the assumption of independent cylindrical pores, complex agglomerates of spheres, and
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Figure 11

Spin-spin (T) nuclear magnetic resonance relaxation of water in comparison to 10 wt% silica particles with
different surface area in water.

other models (113, 118-120, 122). However, major challenges still exist with regard to rigorous
validation of the accuracy and resolution of ISEC for the pore size assessment of porous materials,
particularly if they exhibit bimodal or multimodal pore size distributions.

An important challenge in liquid-phase characterization is a reliable and fast assessment of sur-
face area. The application of NMR relaxometry for textural characterization has received a lot of
attention recently. This method is based on the fact that the relaxation behavior of molecules in
contact with a surface is different from that of the bulk phase (“free” liquid) because molecules
near a surface exhibit a reduced relaxation time compared with the bulk liquid. Hence, the higher
the surface area of a material immersed in a liquid phase, the shorter the relaxation time as more
liquid is bound to the surface (123-137). This phenomenon can be observed for both spin-lattice
relaxation (T) and spin-spin relaxation (T3). For example, Figure 11 shows the spin-spin re-
laxation of silica particles with different specific surface area immersed in water compared with
pure water. From an analysis of these relaxation data, information on the specific surface area can
be obtained (129, 134-137). NMR relaxation measurements have already been applied on various
material types, including silicas and titania, carbons (129, 136, 137), and even MOF materials (134,
135), to assess surface area in the liquid phase. However, a rigorous and systematic validation of
the method using materials with true surface area benchmark data has not yet been reported.

Moreover, NMR relaxation measurements not only can provide valuable information about the
surface area but also can be used to assess pore volume, pore size, and pore size distributions (e.g.,
124,126,127,130-132, 138, 139). However, similar to the situation with assessing surface area, a
systematic, rigorous validation of the technique for pore size analysis based on model materials is
missing.

5. SUMMARY AND CONCLUSION

Detailed information on pore size and connectivity can help to identify correlations between these
textural properties and the performance of gas storage, separation, and catalytic processes. Within
this context, major advances have been made during the last 25 years with regard to the physisorp-
tion characterization of nanoporous materials. The 2015 TUPAC technical report (31) summarized
corresponding recommendations for surface and pore size analysis. Performing reliable adsorption
experiments requires the choice of an appropriate adsorptive leading to an adsorption isotherm
that ideally can be considered a fingerprint of the adsorbent texture. Here, argon adsorption at
87 K is the recommended adsorptive for assessing both surface and pore size characteristics. In
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contrast to nitrogen, for instance, argon does not exhibit a quadrupole moment that shows specific
interactions with polar surface functionality. Microscopic treatments such as DFT and molecular
simulation can be regarded as a standard method for pore size/volume analysis of nanoporous ma-
terials. Commercial software is now available for many adsorption systems, and the DFT method
is also featured in international standards (such as ISO 15901-2/ISO 15901-3). With these ad-
vanced methods, it is now also possible to obtain reliable information from both the adsorption
and desorption branches of the hysteresis loop, which is crucial for pore size characterization of
materials consisting of an interconnected micro-mesoporous network.

Advanced experimental physisorption methodologies, including the combination of different
adsorptives, measurements at various temperatures, and hysteresis scanning, allow one to differ-
entiate between different types of interconnected pore networks and even quantify the amount of
open and restricted mesopores. If macropores are present, it is useful to combine adsorption with
complementary techniques such as mercury porosimetry, and we discussed some important recent
advances in our understanding of the underlying mechanisms of mercury intrusion/extrusion (see
Section 3). These results confirm the analogy between condensation—evaporation mechanisms of
a wetting fluid (e.g., argon and nitrogen at their boiling temperatures) and of a nonwetting fluid
(mercury at room temperature). Based on these new insights, it is now possible to transfer and
adapt methodologies developed for assessing the pore network characteristics by physisorption
(e.g., scanning of hysteresis loop) for the interpretation of mercury intrusion/extrusion data; how-
ever, more systematic work is needed here.

Although the nature of connectivity of the restricted mesopores follows directly from advanced
gas adsorption studies (and mercury intrusion/extrusion experiments), only limited information
about the connectivity of the freely accessible mesopores can be obtained by physisorption analysis
alone. For this, a combination of advanced physisorption experiments with complementary tech-
niques such as digital image analysis, small angle scattering, e.g., small angle X-ray scattering, or
even techniques such as positronium annihilation lifetime spectroscopy is possible (140, 141). In
fact, more efforts are needed to combine and integrate such complementary experimental tech-
niques with the development of enhanced experimental protocols and simulations. Within this
context, it is crucial to develop data-reduction methods based on more realistic porous materials
models (e.g., 3D reconstructed pore networks) to address the many open questions associated with
the investigation and identification of structural descriptors, which exhibit a strong correlation
with transport phenomena. Understanding the relation between porous materials morphology and
key transport properties is crucial for optimizing the application of disordered porous materials in
many industrial applications including catalysis, adsorption, and separation (142, 143). Within the
same context, there are challenges associated with the assessment of surface heterogeneity/surface
chemistry, although some progress has been made here, also by introducing roughness into DFT
models (e.g., QSDFT, 2D-NLDFT methods). Major advances are needed with regard to surface
area and pore size characterization of MOFs and related nonrigid materials, particularly when the
adsorbent undergoes a phase or structural change during the adsorption process (144-147).

The advances made in textural characterization allow us to enhance existing (industrial) char-
acterization protocols for assessing the textural properties of adsorbents used in many industrial
processes, including catalysis and adsorption-based separation processes.

The inclusion of advanced methodologies for surface area and pore size analysis in character-
ization protocols will allow for the investigation of the correlation between textural properties
of adsorbents and the resulting process performance in more detail, i.e., to define the underlying
structure—property—performance relationship. This is a key factor for the optimization of existing
processes but s also essential for the design of new processes in catalysis and separation using novel
materials with tailor-made textural properties (e.g., 2, 3). The introduction of hierarchical pore
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structures promises huge improvements in catalysis (e.g., 148-155) and may also lead to improve-
ments in adsorption-based separation processes such as wastewater treatment, adsorption-based
removal of volatile organic compounds, and CO; capture (e.g., 18, 104, 156-163). However, the
underlying structure—property—performance relationships are in many cases not well understood
yet, and more research is absolutely required here.

To optimize processes in a liquid phase (e.g., liquid chromatography), the characterization of
materials immersed in a liquid phase can be required. Some promising methods for characteri-
zation of porous materials immersed in a liquid phase exist, such as NMR relaxometry or ISEC.
However, further advancement of these methods is necessary to enable reliable textural charac-
terization in the case of complex pore networks and hierarchical materials.
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