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Abstract: This review focuses on disordered, or amorphous, porous heterogeneous catalysts, es-
pecially those in the forms of pellets and monoliths. It considers the structural characterisation
and representation of the void space of these porous media. It discusses the latest developments
in the determination of key void space descriptors, such as porosity, pore size, and tortuosity. In
particular, it discusses the contributions that can be made by various imaging modalities in both
direct and indirect characterisations and their limitations. The second part of the review considers
the various types of representations of the void space of porous catalysts. It was found that these
come in three main types, which are dependent on the level of idealisation of the representation and
the final purpose of the model. It was found that the limitations on the resolution and field of view
for direct imaging methods mean that hybrid methods, combined with indirect porosimetry methods
that can bridge the many length scales of structural heterogeneity and provide more statistically
representative parameters, deliver the best basis for model construction for understanding mass
transport in highly heterogeneous media.
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1. Introduction

The focus of this review will be on so-called disordered or amorphous heterogeneous
catalysts (see Figure 1), rather than crystalline or templated materials, as the former are
rather neglected in recent literature but are still industrially important [1-3]. The forms of
heterogeneous catalysts particularly discussed here are macroscopic pellets and monoliths
that are mostly composed of ceramic materials, but other materials are considered when
relevant to the broader discussion. Heterogeneous catalyst pellets are typically formed
using one of several options, including tabletting, extrusion, and granulation [1,3-5]. The
feed for the forming step may often have a particle size intermediate between the finished
pellet and the catalyst powder raw material [1,3-5]. This is because the handling of fine
powders is problematic due to issues with static electricity and moisture affecting powder
flowability. Feed particle fabrication from powders can involve processes such as spray-
drying (SD) and roll-compaction (RC) [3-5]. Even if the original powder is agglomerated
into an intermediate feed particle, the supplementary addition of a lubricant material, such
as graphite, is also required to facilitate the efficient sliding of feed particles past each other
in the forming step to ensure efficient consolidation of the particle packing [1,3]. Hence, the
physical structure of catalyst pellets has a potential hierarchy that involves levels that arise
from the various fabrication stages, including raw powder material synthesis, pelleting
feed production, and final pellet formation (as shown in Figure 1).

The heterogeneous catalysts themselves come in a variety of types [1,3]. The active
species can form part of the original raw powder material, which is often prepared via
precipitation. Alternatively, a full pellet of support material, such as alumina, silica, or
carbon, can be formed first, and then the active species is deposited out upon the surface
of the said support. In the latter case, the active species typically ultimately consists of
nanoscopic crystallites of active metal species dispersed across the support surface. This
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form for the active species is chosen to provide as large an active surface area for the
reaction as possible, with the support aiding the keeping of the metal crystallites from
sintering. The active species is often deposited on the support by a process involving
impregnation with a solution of the active metal salt, drying to remove the excess liquid,
and then calcination. Before the active species may be used in reactions, it may need to be
further treated to achieve decomposition of the salt to an oxide and/or reduction of the
oxide to metal. All of the aforementioned processing steps, such as drying, calcination, and
reduction, may impact the pellet pore structure and thereby influence the final properties
of the catalyst [6-9]. It is shown below how the choices in pellet fabrication can impact
mass transport properties.

When the overall activity is diffusion-limited, then the performance of the catalyst
depends strongly upon the pore structure [1,10]. Under such conditions, the reactants
may only penetrate part way into the pellet before being consumed, and thus, only a
fraction of the pellet is usefully employed, which is known as the effectiveness factor [10].
The observed reaction rate, known as the extrinsic rate, differs from that which actually
occurs on the active sites of the catalyst, which is known as the intrinsic rate [11]. In
most catalysts, the main reaction is still often accompanied by other reactions in series or
parallel that cause raw materials and/or target product molecules to be converted into
unwanted side products. The relative rates of mass transport of the various side products
can impact the final observed selectivity. For example, slowly diffusing molecules are less
likely to leave the catalyst pellet before potentially reacting further. Sometimes, the side
products can be liquid or solid deposits that occlude the void space of the pellet, further
reducing the accessibility and mass transport rates for gaseous reactants [12]. Hence, pore
structural characterisation is important for both designing new catalysts and conducting
post-mortems on spent catalysts to understand their past performance.

The ‘anatomy’ of the title refers to the structure of the void space of heterogeneous
catalytic materials and that of the complementary solid phase, where this is relevant to the
nature of the void space over the many length scales seen in Figure 1. This paper reviews
the structural characterisation, the contingent description of the void space of disordered
porous solids, and the implementation of that description in predicting physico-chemical
processes that occur within the void space. Hence, Section 2 considers the key descriptors
for characterising the complex structure of disordered porous solids and how these may
be obtained. Section 3 includes a detailed discussion of the various ways of representing
the structure of the void space of porous media, including both more abstract and image-
derived methods. Particular consideration is given to the level of idealisation necessary
for different types of porous solids and the physical processes being considered. The focus
of the Section 3 is on the relationship of the pore structure with transport processes in
particular, rather than its relationship with the catalytic activity, which is an even more
complex and multiparametric problem.
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Figure 1. (a) Schematic diagram showing the multiscale heterogeneity present in amorphous or
disordered porous solids. An example of small-scale roughness in an AFM image of sol-gel silica. An
example of pore-scale heterogeneity in a focused ion beam scanning electron microscopy (FIB-SEM)
trench for an alumina sample. An example of pellet-scale heterogeneity in a 3D reconstruction of a
magnetic resonance image of the porosity distribution (white—high porosity) in a (~3 mm diameter)
sol-gel silica sphere. (b) Timeline of key inventions in the structural characterisation of porous media,
including tomography theory [13], the Washburn [14] equation for mercury porosimetry, Brunauer—
Emmett—Teller (BET) theory for gas sorption surface areas [15], the Barrett-Joyner-Halenda (BJH)
algorithm for calculating pore size distributions from gas sorption isotherms [16], the pore network
model [17], computerised X-ray tomography (CXT) [3,9], magnetic resonance imaging (MRI) [3,18],
FIB-SEM [3], and hyperpolarised gas phase MRI [3].

The pore structural characterisation techniques covered in this review include more
recently introduced imaging methods. In the past, even though tomography theory was
invented first [13], as shown in the timeline in Figure 1b, the structural characterisation of
porous catalysts was originally dominated by the methods of gas sorption and mercury
porosimetry. These techniques are described in detail in several monographs [3,19-23].
More recently, various imaging modalities were progressively introduced. As discussed
below, the conventional porosimetries can be used, either in parallel with imaging or as fully
integrated methods. Computerised X-ray tomography (CXT) (also called XCT) combines
X-ray imaging and tomographical algorithms. It permits the non-invasive study of the
internal structure of otherwise opaque materials [3]. CXT involves passing X-rays through
the sample via several different paths in multiple directions. This is achieved by rotating
the sample within the X-ray chamber so that it can be viewed from different angles. A series
of projections (or ‘shadow pictures’ like an old-fashioned medical X-ray) is recorded as
the X-ray beam passes through the sample along different trajectories. Once a set of many
2D projections has been obtained, the full 3D image reconstruction is typically achieved
using a filtered backprojection algorithm that utilises cone beam reconstruction [3,13]. The
reconstruction results in a stack of 2D cross-sectional images, or slices, for the entire sample
that represent the best guess by the algorithm for the 3D structure of the sample that would
have led to the set of 2D projections obtained. Magnetic resonance imaging (MRI) makes use
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of the fact that the frequency of precession of the magnetic dipole of the hydrogen nucleus
depends upon the strength of the magnetic field it is placed within [3,18]. If a magnetic field
gradient is applied to the sample, then the spatial location of a given nucleus can be derived
from its precession frequency. Complementary structural modeling approaches were also
invented some time ago, in the 1950s, but have subsequently advanced with increasing
computing power. Improved computing power has also facilitated data manipulation and
analysis for imaging. These developments are discussed in more detail below.

2. Void Space Descriptors
2.1. Porosity

The porosity, or voidage fraction (ratio of void space volume to overall sample bulk
volume), is the key characteristic parameter of a porous solid [3]. However, for disordered
solids, the local value can vary extensively across a given pellet. This, often macroscopic,
variation in the spatial distribution of porosity was shown to affect mass transport [24-26].
Hence, there is a need to map this variability. For systems where all the void space
features in the requisite sample volume are above the highest resolution possible with
an imaging modality, then this can be done directly [27,28]. Notwithstanding image
artefacts, the only issue tends to then be the uncertainty and errors arising from the
image segmentation, or gating, procedure that distinguishes the solid phase from the void
volume [29]. However, this only affects the boundary layer region of voxels, which, if the
resolution is fine compared with the pore sizes, then just represents a small fraction of
the whole image volume, and is thus insignificant. However, as the ratio of the pore size
to image resolution drops, this segmentation error can become a substantial part of the
whole [29].

In addition, for many hierarchical porous solids with void features over many length
scales, some of the voids may be below the imaging resolution limit. However, several
methods were developed to map heterogeneous spatial distributions of porosity where the
void space structure itself is below the imaging resolution limit and /or where the required
field-of-view limits the resolution possible.

For CXT, a high-electron-density contrast agent can be added to the void space to
enhance the difference in X-ray absorbance between the void and solid phases. A variety of
contrast agents were used, including tri-iodomethane [30], xenon gas [31] and mercury [32].
Some contrast agents, such as mercury, have very high density and dominate X-ray ab-
sorbance. However, for more precise measurements, some sort of internal reference or
calibration procedure is needed to convert the image voxel intensity into a porosity value.

Three-dimensional ptychographic X-ray computed tomography (PXCT) is able to
provide 3D maps of the electron density of the mesoporous solid matrix, and thence, can
also map the spatial variation of the total (and not just surface accessible) mesoporosity [33].
However, converting the observed electron density into an inferred mesoporosity depends
upon the chemical composition of the intrinsic solid matrix being known, along with
the assumption that this composition is homogeneous across the sample. Hence, the
derivation of mesoporosity values is subject to errors, including those due to the presence
of contaminants (as are often left over by many material syntheses), making the composition
vary in unpredictable ways. A potential systematic error in the electron density values
from measurements made near the sample surface occurs due to artefacts that arise from
surface defects. Nevertheless, PXCT was used to show that the calcination of alumina
pellets resulted in the densification of a mesoporous matrix and the consequent loss of
mesoporosity [33].

Magnetic resonance imaging (MRI) can also be used to provide maps of the macro-
scopic heterogeneities (>10 pm) in the spatial distribution of porosity [34-36] (see Figure 1).
Porosity maps can be obtained from NMR relaxation time pre-conditioned imaging se-
quences that deliver the local NMR spin density in each voxel deconvoluted from relaxation-
time-induced contrast effects. The spin density map is initially at an arbitrary scale but can
be calibrated against a suitable standard if exact porosity values are required. This method
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was used to map heterogeneities in porosity introduced by various pellet-forming proce-
dures, such as tabletting, extrusion, and granulation [24,34-38]. However, the presence of
significant amounts of paramagnetic impurities (including common species such as iron-II1
or copper-II) can destroy the NMR signal strength entirely or create systematic errors in
the measurement due to their influence on NMR relaxation time rates. However, these
impurities are often only in trace amounts uniformly across the pore surface, which does
not impact the measurement; furthermore, their influence can be shielded by being covered
with thin barrier layers, such as water films for measurements with hyperpolarised xenon
gas [39]. However, if the catalytically active site itself is paramagnetic and the support
otherwise lacks significant paramagnetics then the drop in NMR signal strength can be
actively used as a way to determine the accessibility of the active sites by diffusing gas
molecules [39]. If the water barrier is selectively removed from progressively smaller pores,
then when the NMR probe molecule finally contacts the paramagnetic species, the NMR
signal strength drops noticeably, and the key porosity providing access to the catalytic sites
can be determined [39]. Alternatively, measurements with spin-1 nuclei, such as deuterons
(in heavy water), are also less susceptible to interference from paramagnetic impurities [39].

Scanning electron microscopy (SEM) operating in backscattered electron (BSE) mode
can be used to obtain local porosity measurements for the relevant field of view [40]. This
makes use of a ‘mixing model’ to relate the sample atomic composition to the backscattering
yield and the filling of the porosity with a resin of known composition. The method was
validated against independent measurements of porosity and then used to study the
heterogeneities in porosity distribution in porous aluminas resulting from fabrication
process conditions, such as kneading energy [40].

2.2. Pore Size

While an imaging modality may potentially supply a complete direct visualisation of
the void space of the porous solid, the simple visual examination of a 3D rendering of the
structure on a computer may not be particularly informative. The form of the void space
thus needs to be parameterised with suitable descriptors. In order to make the unwieldy
whole void space more tractable for understanding the differences between materials, it is
often partitioned into smaller fragments known as pores [3]. Each pore, once identified,
might be assigned its characteristic size, and the overall distribution of the incidence of
these different pore sizes is a key descriptor of a given porous solid, which can be used to
compare it against others. While the definition of an individual pore is straightforward for
the completely isolated ‘bubble-like” pores that are entirely enclosed by solid phase, as in
a foam structure, when the void space is more interconnected, the objective definition of
an individual pore is more difficult. Dullien [41] proposed that a pore could be defined as
a portion of void space that is bounded by a solid surface and planes erected where the
hydraulic radius of the void space exhibits local minima.

For a 3D, regular lattice-based rendering of the void space obtained from imaging, a
suitable image analysis algorithm can be used to identify the local hydraulic radius minima.
One such algorithm is morphological thinning [42]. This consists of removing (or changing
the status to a new ‘solid’ phase) void space voxels suitably defined as belonging to the edge
of the void or interface with the solid voxels. This procedure can be repeated for successive
layers of voxels, thereby thinning down the void volume. The regions that thin early in
the process are typically pore necks and those that thin afterwards are the pore bodies.
The thinning process thus identifies the pore necks and allows for the partitioning of the
void space up into individual pores. However, the image analysis algorithm is an abstract
process, and all algorithms do not always give rise to the same resultant partitioning due to
variations in the rules of the algorithms, such as whether voxels that only meet at corners
rather than share a complete face are considered nearest neighbours.

It is often suggested that the pore size distribution obtained from such a partitioning
procedure from an image is likely to be more accurate than a (supposedly) more indirect
method, such as gas adsorption. However, the physical processes involved in the multilayer
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build-up and condensation during gas adsorption are somewhat analogous to the abstract
morphological thinning procedure. The adsorbate film tends to grow via the addition of
successive layers as the gas pressure is increased, analogous to each generation of interfacial
voxels added to the morphological thinning. Further, during adsorption, pore necks tend to
fill with condensate before pore bodies, just as necks thin earlier during the application of
the thinning algorithm compared with pore bodies. Hence, obtaining pore size distributions
from gas adsorption is not so far removed from doing so via morphological thinning of
an image of the same void space, as might be supposed. Indeed, recent simulations of
gas adsorption using geometrical thinning algorithms were performed and found to be
predictive of the form of adsorption isotherms for a range of more ordered and disordered
porous solids [43,44]. Further, gas sorption scanning curves can also be used to physically
partition the void space into useful subregions [45], the parameters (such as void volume)
of which will correlate with zones of particular phase transitions (and thus, characteristic
pore size) [46] or mass transport properties [45]. Gas sorption scanning curves are gathered
from experiments where the direction of change in the gas pressure is reversed before the
top of the adsorption isotherm or lower hysteresis closure point on the desorption branch
is reached.

It was mentioned above that the ratio of the pore size to the voxel resolution is the
most important factor that determines the limit on the capabilities of a given imaging
modality, especially for the ‘direct’ determination of pore sizes. In addition to the removal
of image artefacts that might be falsely confused with pores, image segmentation is the
key image analysis process that affects the accuracy of pore size measurements via direct
imaging, as the method of deciding the boundaries of pores impacts their apparent size.
This process remains prone to subjective elements in the various proposed algorithms and
associated procedures [29].

In addition, certain imaging modalities can be augmented to provide maps of the
larger-scale spatial distribution of pore sizes below the voxel resolution. For example,
NMR relaxation time preconditioning can be used to produce spatially resolved maps of
the distribution of local average pore size over macroscopic length scales (>10 um) using
MRI [34,36]. These particular types of heterogeneities were seen to influence mass transport
rates using complementary MRI studies of transient diffusional liquid-liquid exchange [24].

Even once individual pores are identified in some way, the characteristic size of pores
in an amorphous material is ambiguous. Generalised definitions of characteristic sizes
include the hydraulic mean diameter defined in terms of the surface-area-to-volume ratio
of the pore [41]. However, some apparently amorphous materials can possess pores of a
form that closely resembles Euclidean models, such as cylinders or spheres. For example,
the width of the hysteresis between melting and freezing curves in cryoporometry can be
used to determine the pore geometry [47]. This method showed that the pores of some
sol-gel silicas are approximately cylindrical [48].

For cylindrical pores, besides the diameter, another key parameter is the pore length,
and thence, for the porous material, the pore length distribution. This is because refine-
ments of the basic theory for the Knudsen diffusion mechanism showed that the Knudsen
diffusivity depends on the pore length [2]. For example, when the pore length is the same
as the diameter, the Knudsen diffusivity is a factor of three-sevenths different from that
predicted using the original Knudsen formula for long cylinders. Further, simulations of
adsorption showed that the capillary condensation pressure is also a function of the pore
length [49,50]. Indeed, since very long pores were found to behave like dead-end pores for
capillary condensation [50], and most macroscopic amorphous materials have long pores,
then this suggests that the pore size distribution from the adsorption branch should be
obtained with the hemispherical meniscus in the Kelvin equation [3,16]. However, despite
the importance of pore length as a parameter that affects key physical processes that arise
in catalysis, methods for the determination of pore length distributions are few.

Rigby and co-workers proposed a methodology to obtain pore length distributions
that used the particular experimental dataset available from the fully integrated gas sorp-
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tion and mercury porosimetry method [51] and analysed it with an elaboration of the
Seaton [52-57] percolation-based analysis by utilising additional concepts from graph the-
ory and probability theory [58,59]. This method supplies the exponent for a power law
relation between pore diameter and length, and its potential distribution across pore di-
ameters. However, it is noted that the model still makes use of some of the underlying
assumptions of the original percolation analysis, such as a completely random arrangement
of pore sizes across a bond network and, therefore, a completely random distribution of
entrapped mercury. It also makes similar assumptions about the pattern of mercury entrap-
ment at network nodes as was made for simulations of porosimetry by Portsmouth and
Gladden [60,61] that were, themselves, based upon empirical findings from porosimetry
experiments on glass micromodels [62].

An alternative method used to obtain pore length is that proposed by Pomonis and
co-workers [63,64]. This method uses the incremental surface areas S; and pore volumes V;
for each pore radius r; in the pore size distribution to obtain the exponent «; in a power law
relation between the pore length and radius from a plot of

log[(S?/Vf) /(16n)] = log% + (a; — 1)logr;. 1)

If a pore size distribution is used to obtain the value of ;, then it is subject to the
usual uncertainties in the determination of the pore size distribution, namely, the mode of
capillary condensation assumed and errors due to multilayer build-up in macropores if
the capillary condensation does not pore fill the material at the top of the isotherm. This
method was tested by comparing the pore anisotropy b;, which is defined as the ratio of the
length to the diameter for both fresh (non-functionalised) and functionalised templated
silicas. This showed that, as might be expected, the addition of small functional groups led
to an increase in b as the pore diameter was simply narrowed, while the addition of large
groups led to a decrease in b as they blocked off pores and thereby shortened the remainder.

The pore length distribution can also be determined from image analysis of full 3D
reconstructions of the void space, where the morphology was such that nodes (junctions)
in the pore network can be clearly identified, and thus, the endpoints of individual pores
are clearly demarcated. This is relatively straightforward where void spaces are reduced to
the underlying graph of nodes and branches [65].

2.3. Tortuosity Parameter

The tortuosity of a porous catalyst is often used to obtain an effective diffusivity for
coupled diffusion and reaction calculations. Effective diffusivity is typically defined as
the product of the porosity and reference diffusivity, divided by the tortuosity factor. The
nature of the reference diffusivity depends upon whether diffusion is in the molecular or
Knudsen regime. Tortuosity is a void space descriptor related to its topology, but it is often
conceptually vague and ill-defined [66,67]. This is because parameters obtained via a range
of incommensurable methods are all called tortuosity. While tortuosity is related to pore
connectivity, it is different because, even though it often purports to be a purely geometric
parameter, it typically incorporates a contribution from the boundary conditions of mass
transport to which it relates. This is because tortuosity is often defined in relation to mass
transport parameters, such as effective diffusivity and permeability. Fu et al. [67] referred
to tortuosities based upon transfer processes as ‘physical tortuosities’.

There are also purely geometric definitions of tortuosity that are based upon deviations
from the straight-line distance between two points in a void space. However, the particular
choice of the pathway within the porous solid is not clear [68]. The tortuosity is often
defined as the ratio of the shortest feasible path between two points in the void space
and their straight-line distance apart, or as the ratio of the average length of the various
potential pathways between the two points and their straight-line separation [66,67]. The
latter definition has an issue in that the choice of the weighting of the averaging can
be various, including number-weighting of paths or via the typical or minimum cross-
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sectional area en-route or via a transport flux-weighting. Since the resistance to transport,
of a particular pore, depends upon the nature of the diffusion regime, as molecular and
Knudsen diffusion have different dependencies on pore size, a flux-weighted average will
depend upon the diffusion regime. Morgado Lopes et al. [68] suggested that measurements
of tortuosity based upon conductivity, permeability or diffusivity are equivalent to the
aforementioned ratio of distances squared.

In any case, tortuosity, like porosity, is a parameter that can be defined for a particular
volume of space, but, while not strictly a vector quantity, also potentially incorporates
an implicit directional component that arises from the boundary conditions of the mass
transfer process to which it refers. The type of mass transfer process studied in a measure-
ment of tortuosity affects the value obtained [3,34-36]. For determinations of tortuosity
from diffusional measurements, the boundary conditions of the experiment can involve
a transient or steady state and have a concentration-gradient-driven diffusional flux or
involve steady-state self-diffusion without any externally imposed driving force. Mann
and co-workers [69-71] and Hollewand and Gladden [72,73] also considered diffusional
tortuosity obtained under reaction conditions in diffusion-limited, heterogeneous catalytic
processes. The boundary conditions of these experiments mean that the molecular mi-
grations would sample a spatially heterogeneous void space in different ways and to
different extents, and thus, the tortuosity thereby obtained would be weighted by different
aspects of the void space. A key issue with measurement via steady-state diffusional flux
methods (e.g., a Wicke—Kallenbach-type apparatus [74]) is that the tortuosity value is often
weighted towards the so-called ‘transport pores” along which most of the flux transits the
material [41,75]. In contrast, in the transient gas uptake and steady-state self-diffusion
experiments, the probe molecules will also explore dead-end pores too. Under diffusion-
limited reaction conditions, the diffusional flux only samples the outer, mantle region of the
porous material, where consumption of the incoming reactant molecule is still occurring.
Mann [69-71] thus proposed that physical tortuosities measured under reaction conditions
differ from those measured under diffusion-only conditions. Experimentally-measured
tortuosities may additionally include molecule-specific contributions from different in-
teractions with the solid surface, depending on the molecular probe used to make the
measurement [76].

The more recent availability of imaging methods that can produce reconstructions of
the void space has enabled the determination of geometric measures of tortuosity via image
analysis algorithms [67]. Fu et al. [67] reviewed various algorithms, such as Dijkstra’s
algorithm and the fast marching algorithm, which were used to determine geometric
measures of tortuosity from images. These authors highlighted some shortcomings of
such algorithms, such as insensitivity to constrictions in pore cross-section that can restrict
diffusive fluxes, which arise because many algorithms reduce the void space to a simple,
skeletal graph, thereby losing information about the pore cross-section. Even the geometric
tortuosity measures can have a directional element since the shortest path might be obtained
only in a particular direction. Hence, overall, geometric measures of tortuosity may
be incommensurable with mass transport measures. However, images may be used to
perform simulations of mass transport processes within the model void space to obtain
predictions of mass transport measures of tortuosity (see below). Overall, when tortuosity
is being measured or predicted, then the boundary conditions of the mass transfer process
(characteristic length scale and direction) and molecule also need to be specified.

3. Representations of the Void Space
3.1. Imaging

Tomographic and other 3D imaging methods only provide models of the void space.
This is because so-called ‘direct’ imaging methods are not actually direct visualisations
of the void space since, as described above, 3D tomographic images are only produced
after the application of some sort of reconstruction algorithm to a series of 2D projections
or similar [3,13]. For example, 3D X-ray or electron tomography uses a backprojection
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reconstruction algorithm to determine the most likely 3D object that would be responsible
for the set of 2D ‘shadow pictures’ acquired in the experiment by firing the probe radiation
beam through the sample from many different directions [77]. The resolution achieved
depends upon the number of such projections obtained and from which angles. Dual-beam
microscopy requires a succession of 2D slice images of the porous solid to be re-assembled
into a 3D block [78]. These 2D slices are not infinitesimally thin but necessarily have a finite
thickness, which means some information may be missing for thick slices.

Once an image is acquired, it may contain artefacts and noise that obscure the details.
Hence, subsequent image processing is a key step in deriving an accurate model of the void
space [29,79]. While many new image-processing algorithms were introduced, including
those based upon artificial intelligence, image processing still involves a significant subjec-
tive (human) element, and the techniques involved were reviewed in detail, especially for
CXT, by Guibert et al. [79]. The noise in an image can be removed to some extent via the
application of a filter, such as a random or Gaussian filter [29,79]. Tomographic images can
also contain so-called artefacts that arise from effects such as refractions/scattering and
beam hardening (for X-rays). Dual-beam microscopy images often contain offset errors,
where the 2D slice images do not quite align to form a regular block. These errors are more
systematic and require a more specific image-processing procedure to lessen or remove
them [29,79]. In order to convert a pore-scale greyscale image into a void space model, it is
necessary to segment the image into clear solid and void regions. The division of the image
into different phases (solid and void) requires a segmentation algorithm to decide upon the
classification of each image pixel. However, this step also still contains many subjective
elements [29,79]. The segmentation process can involve making assumptions about the
geometry of pores to aid in the identification of the boundary where image pixel intensities
are insufficient alone.

The issues with the segmentation of the void space are exemplified by the recent
attempt to compare the specific surface area obtained using a standard BET analysis of
gas adsorption data and an analysis of electron tomography images for porous titania
materials [80]. Initially, a rather poor agreement was obtained between the specific surface
areas from nitrogen adsorption and tomography (e.g., 22.5 and 79.1 m?g~!, respectively),
until the accessible pore volume in the tomographic images was identified using impreg-
nated silver crystallites as a tracer for the surface area to count towards the total. However,
Yoshida et al. [80] did not make it clear why an image analysis algorithm could not identify
externally accessible porosity, which would correspond to the regions probed by nitrogen,
in their images.

More recently, it was suggested that higher-resolution electron tomography (ET) can be
used to improve the segmentation of lower-resolution CXT images [81]. Prior knowledge of
the pore sizes, pore wall borders, and porosity from ET was used as the training dataset for
a machine learning algorithm to improve the segmentation of the CXT images. This helped
to improve the values of the pore volume from CXT, which otherwise tend to overestimate
the actual value due to halo artefacts, which affect the image contrast at interfaces [81].

Another key issue with imaging approaches is achieving a sufficient sample of the
void space so that it is properly representative of the whole [29]. It is possible to measure
whether some key void space parameter, such as the local average porosity, reaches a
constant value over length scales within the field of view of the image so that the image
can be said to be a representative volume. For example, the porosity can be averaged over
boxes of ever-increasing side length, and the average obtained for each successive box is
monitored until it becomes, more or less, a constant value.

Alternatively, the pore sizes obtained from 3D CXT, of a small elemental volume, can
be compared with those from, say, mercury porosimetry data for many pellets from the
same batch [74]. If there is a good agreement, then the imaging data may be representative
of the batch of pellets as a whole, and the pore-shielding effects that are common in
mercury porosimetry are not significant [74]. Yamada et al. [74] imaged a particular batch
of bimodal pore-sized, alumina catalyst support pellets with electron tomography (3D-
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TEM) for a sample volume of 304 x 304 x 53 nm at a resolution of 7 nm to characterise
the mesoporosity (modal pore size ~14 nm) and synchrotron X-ray nano-CT for a sample
volume of 20° um at a resolution of 35 nm to characterise the macroporosity (modal pore
size ~461 nm). These respective imaged volumes were used as the basis of a hierarchical
model of the porous solid at the corresponding length scales. First, diffusion was simulated
under a concentration gradient in the void space of the lower-length-scale model, while
the solid was considered impermeable. This was converted into an effective diffusivity
for use as the continuum transport parameter for the ‘solid” phase in the larger-length-
scale image model. Diffusion was then simulated in the larger-length-scale model with
transport permitted through both the macroporosity and the permeable solid phase. The
simulations were found to give rise to good predictions of the overall effective diffusivity
for the alumina pellets measured using a Wicke—Kallenbach cell [74]. However, it was also
noted that, for this particular alumina, the much simpler random pore model of Wakao
and Smith [82], with the parameters of the model measured using mercury porosimetry,
also gave rise to good predictions of diffusivity. These findings suggest this material was
relatively homogeneous, and thus, perhaps, not as complex as many other disordered
materials. Hence, the imaged volumes were statistically representative of their respective
length scales.

However, while for some composite materials, such as some types of rocks, a finite
(often quite small) set of classes of mineral grain types can be identified and sampled via
high-resolution imaging, for many industrial materials, such as catalyst pellets, no such
discretised and finite classification of composite constituents can be achieved [83]. This
would necessitate much more extensive sampling of nanoscale void space parameters than
is currently practicable.

There are also certain pore-to-pore co-operative physical effects, such as advanced
condensation (also known as the ‘cascade effect’) or advanced melting [3,46,84,85], that
occur in disordered materials that are not amenable to modelling with structural models
that are constructed using most protocols for multimodal, multiscale imaging via CXT and
EM. This is because the operation of the cooperative effect depends upon the particular
macroscopic spatial juxtaposition of micro- and/or nanoscopic properties of the void space,
such as the pore size and connectivity. Most multimodal protocols only involve limited
sampling of the nanoscopic properties of the void space at only a few specific locations
and then generalising to the remaining solid. However, macroscopically heterogeneous
materials, such as many amorphous catalyst supports, possess long-range correlations in
local average porosity, pore size, and pore connectivity that are spatially distributed in
non-random ways at the larger scale still [83]. The correlation length of the heterogeneity
may even exceed the overall size of the catalyst pellet such that the whole pellet is the
representative volume required [83]. The variations in these local properties are also
more continuous, in contrast to the more discrete variability found in the composite of
different types of mineral grains of many rocks, such as shales, where changes in void
space parameters arise discontinuously at grain boundaries.

Many studies of catalytic materials using images as the basis of the structural repre-
sentation, sometimes combined with digital reconstruction, for predicting mass transport
are, thus, only performed on various thin films (such as washcoat layers on monolith
channel walls or fuel cell layers), where the set of structural variability is similarly limited,
as for specific mineral grains within rocks due to the relatively small size (compared with
pellets) of the region of interest (~thicknesses of microns only) [86-88]. However, physical
effects involving long-range correlations in nanoscale properties can be studied using
imaging modalities that are capable of measuring such features of the void space, such as
magnetic resonance imaging utilising pre-conditioning with relaxometry or diffusometry
pulse sequences [24,34,36]. NMR relaxation time-weighted images were used to study the
long-range, cooperative adsorption effect known as advanced condensation (or advanced
adsorption) [84].
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3.2. Pore Models

For reasons that are subsequently laid out below, it is asserted here from the start
that all descriptions of the void space of disordered porous solids, even if obtained from
supposedly direct imaging methods, are, in fact, only models of a more complex reality.
This is because in all cases considered here, some details of the original material are left
out of the description, and thus, it is necessarily a simplification, as the term ‘model’
suggests. This simplification may be due to the inherent limitations of the structural
characterisation technique used and/or a purposeful idealisation that is intending a model
that is not ‘maximally realistic’ [89]. The idealisation process and resulting models can be
classified into three basic types based upon the justification for the simplification in the
light of the intended use of the model, namely, Galilean, minimalist, and multiple-models
idealisation [89]. All three types of idealisation are used to develop models for porous
solids and will be discussed in more detail below.

Galilean idealisation introduces omissions from, or distortions of, the structure of the
original material with the aim of achieving sufficient simplification that the description
thereby obtained is then mathematically or computationally tractable, both for interrogat-
ing the description of the structure itself and using it to make predictions of processes
occurring within [89]. As mathematical and computational techniques have become more
sophisticated over time, the level of simplification required in Galilean idealisation has
diminished. For example, random pore bond networks (see Figure 2a) that are used in mod-
elling catalysts have grown from small (10 x 10), two-dimensional, rectangular grids [17,90]
to much larger three-dimensional (50 x 50 x 50 cubic lattice [91]) and even hierarchical
lattices [92]. Network models also come in several geometrical variants, including pore
neck and pore body networks, such as the Pore-Cor model (see Figure 2b [93-96]) with
cylindrical necks and cubic pore bodies, or with spherical pore bodies [97-102]. The spatial
distribution of pore sizes within the network models can be completely random or it can be
correlated in some way [93,96,100,101].

The level of simplification of disordered void spaces achieved with pore bond network
models can be such that it is then possible to conduct a full simulation of complex, coupled
mass transport and reaction processes for the pellet scale, including multiple modes of
mass transport. These simulations can make a priori predictions of extrinsic reaction rates
that can then be compared with an experiment to validate the model, though very few such
studies have been performed [103-105]. Rieckmann and Keil [103] measured the pore size
distribution for the bimodal, meso-/macroporous silica—alumina support for a palladium
catalyst using gas sorption and mercury porosimetry. They also obtained the mesopore
network connectivity from a percolation analysis of the gas sorption data, as proposed by
Seaton [52]. Subsequently, these data were used to construct a three-dimensional, random,
cubic network of cylindrical pores. Simulations were then conducted on the model of
the coupled diffusion and reaction processes involved in the selective hydrogenation of
1,2-dichloropropane to propane and hydrochloric acid in a single-pellet reactor.
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Figure 2. Examples of (a) a random pore bond network [106] (Copyright 2017, with permission from
Elsevier), and (b) a pore neck and pore body network (Pore-Cor), reprinted from [96] (Copyright
2008, with permission from Elsevier).

The Galilean idealisation level of pore network models also permits entirely theoretical
studies of how different arrangements of pore sizes can potentially impact catalyst activity
and selectivity. Different void space geometries can be constructed on a computer, and then
their performance for particular reactions can be tested [107,108]. These structures may be
based upon existing catalyst support materials that have not yet been tested experimentally
for a given reaction or completely hypothetical materials that are yet to be fabricated. The
simulations can include the impact of deposition of liquids, as in Fischer-Tropsch gas-to-
liquid reactions [75,109] and coke deposits are common in many reactions involving acid
catalysts and hydrocarbons [12,110,111]. The models can then be used to optimise pore
structures for coking resistance [112,113]. Other Galilean-idealisation-level models for the
pore structure of pellets were used to study catalyst activity and selectivity. Various types
of lattice-based, fractal cluster models, such as diffusion-limited aggregates (DLAs) and
cluster—cluster aggregates (CCAs), for which the construction algorithms are thought to
mimic precipitation or gelation processes during the fabrication of supports, were used
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to model how differential accessibility of active sites can impact catalyst activity and
selectivity [114-117]. For catalyst materials with a relatively limited cross-section, such as
monolith washcoats and other thin ceramic films, statistical reconstructions or computer
reconstruction of material fabrication methods, such as powder consolidation or slurry
flow, can be used to construct reasonable representational models on which subsequent
simulations of catalytic reactions were performed, and successfully predicted observed
catalyst activities and selectivities [86,118,119]. However, even thin-film materials can also
have more multiscale heterogeneity in the pore structure, such as macroscopic/porous
cracks that originate from the drying step that are harder to predict a priori, but can
also be incorporated into structural representations for modelling coupled diffusion and
reaction using CXT images to map the cracks [86]. These models reach the limits of Galilean
idealisation as more and more degrees of heterogeneity over increasing length scales (as for
a full monolith block, rather than just a single wall section) are needed to be incorporated.

Maps obtained from imaging of the macroscopic spatial variation in local average
porosity and pore size of real materials can be used as the basis for the construction of
heterogeneous but simplified, site- or bond-type, lattice-based models, where the image
data supply the void space descriptors for the model units corresponding to individual
voxels [32,120]. These models are particularly appropriate for materials where there are
local (<10 um) correlations in parameters, such as the mesopore size, but these vary over
larger length scales. Such model types were used to predict the entrapment of non-wetting
fluids [32], as well as mass transport, such as steady-state and transient diffusion [120].

Further, the simplification process can be reversed in so-called ‘de-idealisation’,
wherein extra complexity is added back to a simplified model, such as the incorpora-
tion of (fractally) rough walls to previously smooth-walled, regular cylindrical pore bonds
in network models [121]. However, as discussed below, many industrial materials have a
degree of structural complexity that remains beyond the scope of present computing power
to completely obviate the need for simplification.

Models formed via minimalist idealisation are only of the degree of complexity nec-
essary to include the particular causal factors that give rise to a phenomenon of interest
that occurs within the porous solid [89]. Hence, only those features of the void space
structure that ‘make a difference to the occurrence or essential character of the phenomenon
in question’” are included [89]. For example, as discussed below, some aspects of a given
porous solid do not contribute to controlling the observed flow pattern within the void
space and can be reasonably neglected from the model.

An example of a minimalist model is the so-called ‘brute force’ method for the predic-
tion of transport properties of porous solids uses tomographic images as supposedly full,
direct representations of the void space on which to perform mass transport calculations to
predict transport parameters, such as diffusivity, tortuosity, and permeability. However,
due to the fundamental limitations on the imaging resolution and field of view, even in
the most favourable circumstances, the void space representation is still really merely a
model. For example, foam-type materials are often used to make highly macroporous
ceramic supports for extremely diffusion-limited and/or heat-transfer-limited catalytic sys-
tems [83] and are often created initially using polymer-based foams as templates [122,123].
Yeetsorn et al. [123] suggested that the cell architectures of polyurethane (PU) and polyvinyl
alcohol foams are attractive for catalyst support preparation due to their high porosities
of 98-99% and typical cell pore sizes in the range of 50-200 um. The cell pores, which
are formed by the polymer struts, are thus typically well within the resolution possible
with CXT. The voxels of CXT images can then be used for creating the grids for lattice
Boltzmann (LB) simulations of mass transport [28]. Such LB simulations on CXT images of
PU foams, with cylindrical channels drilled through them (as seen in Figure 3), were found
to be better predictive (see Figure 4) of the flow field within the foam, as measured using
MRI techniques, compared with conventional analytical solutions [28,124]. The PU foam
segment imaged with the CXT was the same segment used in MRI flow measurements,
and thus, the FOV was complete in both cases.
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Figure 3. (a,c) Two-dimensional radial cross-sectional, LB-simulated, normalized velocity maps
derived from simulations on CXT images of cylindrical foam monoliths; (b,d) corresponding normal-
ized azimuthally averaged radial velocity profiles. The data in (a,b) are in the absence, while (c,d) are
in the presence, of the fluid momentum transport across the interface between a central cylindrical
channel and foam walls (which was achieved by inserting a barrier (indicated by white ring) in the
former). The blue line in (b) represents the analytical solution of the velocity profile for Poiseuille
flow in a cylindrical channel with a solid wall (located between the vertical dashed red lines). The
single, vertical, dashed red line in (d) represents the interface of the cylindrical channel and porous
wall. The irregular white shapes in (a,c) are sections through polymer foam struts. Reproduced under
Creative Commons Attribution 4.0 International [28].
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Figure 4. Comparison of an experimental radial velocity profile, measured via MRI, in the presence
of fluid momentum transport across the permeable interface between the central channel and porous
foam walls at Q = 1.4 cm?/s (open symbols) with a formulation of analytical solution due to Kuznet-
zov [124] (red) and LB simulation (blue). Velocity fields were temporally averaged. The inset shows a
zoomed-in comparison of the boundary behaviour of the analytical solution to the problem and LBM
modelling. Note a better match to the experiment at the channel boundary with the porous walls for
the LB simulation. Reproduced under Creative Commons Attribution 4.0 International [28].
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However, even the CXT-image-derived grid in Figure 3 is actually only a limited model
of the complete void space for the PU foam system. This is because the polymer foam struts
(white irregular regions in Figure 3a,c) themselves were also porous, meaning that the
system studied was actually a three-level hierarchical porous solid, but the intra-strut pores
were below the resolution of the CXT, and thus, ignored in the LB simulation. Although,
the comparison with the experiment given in Figure 4 suggests this, apparently, did not
detrimentally affect the predictions of the flow field; this was only because fluid exchange
with the intra-strut pores was extremely slow on the characteristic timescales of even the
flow within the foam cell pores, let alone the wide cylindrical channel. Hence, while this PU
foam system is of the type that is the most favourable for the ‘brute force” approach using
imaging, it is still not in complete correspondence with the real system and involves some
idealisation. Further, in ‘brute-force” or direct-image-based, simulations of mass transport,
Botha and Sheppard [125] suggested that the minimum required resolution across a pore
neck to represent a flow pathway is at least four open voxels such that the appropriate
boundary conditions can be represented at the solid—fluid interface.

Minimalist models are especially necessary for systems with high degrees of multiscale
complexity since an exhaustive approach would be impossible with current computing
capabilities. For some catalyst systems, multimodal imaging suggests that the pellet
structure is highly heterogeneous over a broad range of length scales such that it would not
be possible to comprehensively characterise enough of the pellet to be representative, and a
hypothetical exhaustive dataset would be too large to manipulate (to predict diffusion and
reaction) at present, even with current supercomputers [83,126]. In such cases, imaging can
still help to inform how much more simplified models of the void space manage to work in
terms of being predictive of mass transport properties, and thereby, indicate the limitation
on the restricted model’s useful capabilities [3,126]. However, it is not always clear why
minimalist models may actually work, and thus, confidence in them may be undermined.
However, in cases where imaging may not be able to characterise the whole void space, it
can show how the alternative minimalist models achieve their successes.

For example, multimodal imaging of methanol synthesis catalyst pellets involving
CXT with different resolutions and FIB-SEM, as seen in Figure 5, showed that they possess
structural heterogeneities over the length scales of the whole pellet, the pellet feed particles,
the feed particle constituent fragments, and the pore scale itself [83,126]. From Figure 5,
it can be seen that there is some visual similarity in the internal morphology of the pellet,
the spray-dried (SD) feed particle, and the constituent fragment of feed in the FIB-milled
slice such that, overall, there is a fractal-like appearance. The pellet is composed of smaller
spherical SD feed particles of variable density, as shown by differences in the image’s pixel
intensity, which resulted from variations in X-ray absorbance (whiter shades mean higher
density). The higher-resolution synchrotron CXT images show that these feed particles are,
themselves, composed of still smaller, spheroidal fragments of variable density, some of
which are hollow, and thus, consist of central voids (black circles) surrounded by (brighter
white) shells. The FIB-SEM images also show that the feed particles contain still-smaller
spheroidal solid regions (as sectioned in the upper and front surfaces of the FIB-SEM
slice) with a different density to the surrounding matrix. The FIB-SEM slice also shows
heterogeneity in the spatial distribution of pores (shown in blue in Figure 5b) of sizes larger
than imaging resolution, with a notable absence of these in the said spheroidal region, where
a noticeable cavity that is much less filled with blue is seen in the rendering of just the pores.
Similar levels of the structural complexity of a fractal character were also found for tabletted
pellets made with roll-compacted (RC) feed particles [126]. While the apparent fractal
character of the SD and RC feed pellets hints at some potential mathematical compression
of the exhibited structural complexity, the degrees of disorder are still enormous.
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Figure 5. Multimodal imaging of a methanol synthesis catalyst pellet (as seen in Figure 1). (a) Two-
dimensional radial cross-sections and 3D reconstruction of a high-resolution CXT image of a spray-
dried (SD) feed particle that was used to make the SD feed pellet. Furthermore, shown on the left side
of the figure, for comparison purposes, is a low-resolution image of a whole SD feed pellet with an
arrow indicating a corresponding individual constituent feed particle. (b) Two- and three-dimensional
reconstructed grayscale FIB-SEM images and the segmentation result for a fresh spray-dried pellet.
Furthermore, shown in the figure is the trench/cavity site. The scale bar corresponds to 3 pm. The
denser spheroidal region is evident from the void amidst the scatter of (blue) macropores picked out
by image segmentation. Reprinted from Mousa et al. [126] under a Creative Commons CC-BY Licence.
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However, despite the extreme levels of structural complexity in the pellets, as is
evident in the images in Figure 5, the gross mass transport properties of the material can
still be represented by a relatively simple, random, pore bond network model [126] (see
Figure 2). The pore bond network was described by two characteristic parameters, namely,
the pore bond connectivity Z and the overall lattice size L. The cylindrical pore bonds
were characterised by individual pore diameters and a collective power law exponent
for the general relationship between those diameters and pore length. These parameters
were all obtained from a percolation analysis of the combined nitrogen gas adsorption and
overcondensation desorption isotherm data for the pellets. Controlled modifications were
made to the void space of the catalyst pellet via the entrapment of mercury in progressively
smaller pore sizes using porosimetry, and then the model parameters were measured for
the modified structure. As shown in Figure 6, it was found that the change in the measured
tortuosity T for mass uptake into the modified pellet void space relative to that for the
original empty pellet (7p) is related to the change in the apparent size of the percolation
model lattice size (L — Ly) following mercury entrapment according to

S
2=1-9(L- Lo)w(v>t/ @

where w is the pellet feed particle size; S/V is the external surface-area-to-volume ratio of
the finished pellet; and the ratio of the geometry factors for the feed particles and whole
pellet is denoted by v, which is equal to unity if the feed particles and pellet have the same
geometrical shape.
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Figure 6. Plot of the ratio of tortuosity 7 for nitrogen gas uptake at low pressure before (denoted by
subscript 0) and after different levels of mercury entrapment in spray-dried (SD) (red circles) and
roll-compacted (RC) (blue squares) feed catalyst pellets against the corresponding change in the
apparent lattice size L. The parameter w is the pellet feed size in each type of pellet, and S/V is the
external surface-area-to-volume ratio of the finished pellet. Mercury entrapment increased with the
increasing value of the variable on the abscissa. Reprinted from Mousa et al. [126] under a Creative
Commons CC-BY Licence.
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Mousa et al. [126] proposed that, even for very complex structures, the critical model
parameter for characterising the real pellet macroscopic structure is the lattice size because
this parameter is a measure of the prevalence of surface clusters of larger pores. It is these
pores that control an invasion percolation process, such as gas desorption or mercury
intrusion, as well as the mass transport of gas entering the pellet. The roundedness of the
percolation knee in the gas overcondensation curves represents ‘premature’ penetration of
the invading vapour phase before the critical pressure required to create a fully sample-
spanning, percolating, vapour-filled network is achieved. For a wholly random structure,
the probability of generating surface clusters is higher with the greater surface-area-to-
volume ratio of smaller lattices simply because a given pore is then more likely to be located
on the surface.

If a random lattice (as in Figure 2a) is used to represent a real heterogeneous catalyst,
an apparent low model lattice size indicates a higher incidence of surface clusters than
for a completely random structure. For example, the ‘shrinking core’ form of the spatial
pattern of the progressively advancing mercury penetration front in the CXT images of the
SD feed pellets (in Figure 7a) revealed, via a mercury entrapment, the presence of surface
clusters of larger pores in this material. This feature of the void space is also registered in
the steep rise in apparent model lattice size, as mercury entrapment occluded the surface
clusters of larger pores such that they can no longer facilitate early nitrogen desorption.
The abstract model lattice size is therefore a proxy for the incidence of surface clusters of
larger pores, with apparently smaller lattice sizes corresponding to higher incidence. The
presence of surface clusters of larger pores provides easier access and shorter pathways to
the interior of the pellet. Consequently, a pellet with an apparently larger lattice size would
be associated with higher tortuosity.
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Figure 7. Cont.
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Figure 7. Comparisons of the observed fractional decline in the mass transfer coefficient (k/ky) fol-

lowing mercury entrapment (blue squares) and water adsorption (green triangles) and that expected
for a random arrangement of entrapped pore liquid from the Prager model (as described in [83])
(red circles) for (a) SD feed and (b) RC feed pellets. The pressures and pore sizes correspond to the
ultimate values achieved in the mercury intrusion scanning curves. Reprinted from Mousa et al. [126]
under a Creative Commons CC-BY Licence.

The CXT images of the invading mercury front in roll-compacted (RC) feed pellets
(shown in Figure 7b) demonstrate that the particular surface clusters in this type of pellet
have a very different geometric form to those of the corresponding SD feed pellet (shown
in Figure 7a). However, the data for each type of pellet given in Figure 6 demonstrates
that the surface cluster structure for each can still be ‘mapped’ onto the surface clusters of
an equivalent random pore bond network lattice. The apparent lattice size of the abstract
model network is a proxy ‘measure’ of the relative prevalence and penetration depth of
the real surface clusters. Hence, while not providing an exhaustive characterisation, the
imaging can still indicate how the simple random pore bond network can be predictive of
mass transport parameters for even very complex void spaces if it ‘sifts out’ or ‘captures’ the
key aspect (in this case, surface clusters) of the void space controlling diffusion rates [126].

Multiple-model idealisation is ‘the practice of building multiple related but incom-
patible models, each of which makes distinct claims about the nature and causal structure
giving rise to a phenomenon’ [89]. This approach is used when a feasible, common, single
model cannot explain and/or predict all of the phenomena of interest that arise within
a porous solid. In catalytic reactors, there are many physical processes that occur over
various different ranges of length scales (as in Figure 1) and time scales, and one mod-
elling approach may not be suitable to include all of these [127]. Where multiple models
are needed, it may not be easy to integrate the outputs from each into a grand unified
scheme. For example, descriptions of porous media fall into two basic and incompatible
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types, namely, continuum approaches and discrete representations [128]. In the former,
the effects of the void space on processes therein are captured by means of a single, often
a-posteriori-adjustable, correction factor. In contrast, discrete approaches take into account
the influence of the pore-scale structure on transport parameters by, say, using explicit
representations of void space structure. In some cases in catalysis modelling, it may be
necessary to model a pore-scale process with mesoscale methods, or even atomistically,
in order to capture the necessary degree of complexity of the process. The adsorption of
molecules on metallic catalytic centres and specific molecular—surface interaction involved
in the chemical reaction itself can generally only be understood using quantum mechan-
ical calculations [127]. The modelling of restructuring of support surfaces and catalytic
nanoparticles may require atomistic molecular dynamics approaches. However, detailed
modelling of catalyst sites in amorphous materials is problematic due to the diversity of
local environments and the lack of structural information for all these environments, while
the inhomogeneous distribution of catalytic sites in amorphous materials can significantly
affect the overall rates [127]. For atomistic approaches to amorphous materials, there is
no general prescription for the placement of peripheral atoms [127]. Further, due to the
computing requirements, it is not possible to model mass transport across macroscopically
heterogeneous pellets using atomistic methods (e.g., molecular dynamics), and thus, a
continuum model may be used to describe the coupled mass transport phenomena. For
example, a continuum model might be used to obtain an approximate prediction of the field
of concentration of reactants and products across a pellet, which can be used as the input in
the first round of a different model for smaller length scales across the pellet. However, the
potentially nonlinear feedback between the smaller-scale process, such as adsorption and
reaction, and molecular concentration field from mass transport may make integrating the
models difficult.

4. Outlook

As mentioned above, increasing computer power has meant that ever-larger datasets
can be manipulated, meaning that more extensive images or structural models can be
developed. The imaging resolution with even lab-based, as well as synchrotron, CXT
has steadily been improving. These ongoing developments in hardware technology are
expected to continue. For example, studies were recently conducted on ~8 mm diameter
porous alumina compacts with nanotomography using a phase-contrast holotomography
setup on a synchrotron that was able to image with a pixel size of 25 nm for a field of
view of 64 x 64 x 54 um? [9]. However, it should be noted that a full-sized pellet contains
~10% such sample volumes, and thus, it is still prohibitive to fully image even just a single
pellet, never mind a representative sample of several pellets from a heterogeneous batch.
Notwithstanding this still-standing sampling issue, high-resolution imaging has enabled
the more direct sizing of larger mesopores and the examination of pore connectivity directly,
including the identification of relatively larger pore necks. This enabled the finding of
unexpected results, such as that the pore size distribution curves remained of similar
shape, average size and spread, up to quite long calcination times, and thus, high pellet
densities [9].

In order to study ever larger samples with tomography, the beam strength must be
increased to enable it to penetrate the sample to produce the projections. However, the
potential for increased beam-inflicted damage to samples still limits the beam strength
that is possible with X-ray and electron tomography, and thus, the upper size limit of
samples. However, there were recent developments in hardware, such as X-ray (and
neutron) dark-field imaging using grating interferometry to allow for the quantification of
sizes of features below the resolution [129]. Dark-field imaging is based upon the radiation
scattering behaviour of the material, and the contrast obtained depends on the unresolved
microstructure such that it can obtain pore sizes for void spaces below the resolution of
radiation absorption images.
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There are also likely to be continued ongoing developments in mathematical tech-
niques and software for data analysis. To overcome the trade-off between the field of view
and resolution discussed above and to remove artefacts, artificial intelligence (AI) methods
are increasingly being used for image processing [130,131]. Deep learning algorithms are
being used to improve super-resolution (SR) reconstruction problems in CXT [130]. SR is
used with the aim to reconstruct high-resolution images from multiple low-resolution im-
ages, commonly with defects, such that coarse images obtained for large fields of view can
be enhanced artificially, and this enhancement is now being done by Al systems [130,131]. It
is claimed that Al can produce physically realistic SR images that are predictive of porosity
and mass transport properties. The SR reconstructions created from the low-resolution
images were validated by comparing various void space metrics against the equivalent for
high-resolution images [130]. The types of Al systems utilised include neural networks.
Neural networks (NNs) require sufficiently large training datasets to make them predictive.
The NNs can then be used to generate representations that are typical of a porous medium
to scale-out the model to larger length scales or predict properties for porous materials of
a similar type to those used for the training. However, scaled-out models, which repre-
sent bigger material volumes, are still unfeasibly large for current computing to be able
to conduct direct modelling of mass transport using LB, for example, and thus network
models are still needed. However, for some materials, the predictions of mass transport
over increasing length scales are reasonably accurate [130]. Further, where generative
adversarial networks (GANSs) are used to create reconstructions of porous media from low-
dimensional latent variables, Huang et al. [131] suggested that the lack of understanding of
the synthesis mechanism of the network means that the quantitative relationship between
latent variables and the pore structural representation is not clear. This means that GANs
are sometimes limited in their ability to distinguish between different morphologies of
disordered porous materials.

The development of coupled characterisation and representational approaches for use
with multiscale, hierarchical porous systems is also ongoing in order to cope with ever
more complex materials. In the homogenisation approach, some averaging law is used
to incorporate small-scale physical properties into an upscaled, continuum representa-
tion [132]. This statistics-based approach is based upon obtaining correlations between the
characteristics of a porous material that are observable in low-resolution images and the
high-resolution-image-computed mass transport properties, and then using these corre-
lations to make predictions for new systems [125]. It enables the prediction of transport
properties from images where the resolution is too low to permit direct estimation and has
some similarities with the Al methods mentioned above. Multiscale percolation systems
were used to represent invasion processes, such as the ingress of non-wetting fluids, in
hierarchical porous media [133]. An alternative approach used pore bond network models
that had separate bonds to represent microporosity in series or parallel with macroporosity.
One version of this approach used a method employing SEM images to construct a multi-
scale pore network model that incorporated spatial and statistical properties of the void
space at different resolutions [134,135]. Another upscaling procedure used the random
allocation of porosity and transport properties to individual lower-length-scale regions in
grids that represent an upper length scale [136]. Many of the methods work best for porous
materials with particular characteristics, such as the ways smaller-length-scale properties
are distributed across larger-length-scale structures.

5. Conclusions

The structural characterisation of so-called amorphous or disordered porous solids still
presents an outstanding challenge due to the often complex hierarchy of heterogeneities
in void space structure in such materials. Key void space descriptors, such as porosity,
pore size, and tortuosity, can now be obtained directly from imaging, but only for limited
volumes of the void space. Other, more indirect, techniques allow for the mapping of these
parameters for void spaces below the resolution of the image, but for more statistically
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representative sample volumes. Hence, the complex hierarchy of heterogeneities in the
void space of disordered materials can be characterised sufficiently to construct meaning-
ful models of many porous catalysts. The representations of disordered, heterogeneous
catalysts are, broadly, of three basic types, which are dependent on the level and purpose
of the idealisation of the model.

It was seen that some catalyst pellets have a sufficiently homogeneous void space
such that relatively small fields of view are representative of the larger whole, and thus,
simulations of mass transport are predictive, along with more idealised random models.
However, it was also seen that many other types of catalyst pellets are so heterogeneous
that they have hierarchies of complexity over multiple length scales. While it was seen
that multimodal imaging can detect this heterogeneity, a full (exhaustive) representation
of the void space would be beyond the current computing power. However, it was also
seen that more indirect but multiscale porosimetry methods, such as overcondensation and
mercury porosimetry, can bridge the many levels in the hierarchy of complexity in one
experiment, and can also sift out, or abstract, the key aspects of the void space controlling
mass transport. In combination with complementary theoretical modelling approaches,
such as percolation analysis, these methods can also extract an underlying commonality of
basic form from an otherwise apparent diversity of complex patterns. For example, it was
found that both the complex patterns (gasket-like advancing front and the fractal, dendritic
branching) of mercury-filled surface clusters of large pores observed in SD and RC feed
methanol synthesis catalyst pellets could be mapped onto the simpler surface clusters of
random pore bond network models using gas overcondensation data. This type of idealised
model captured the key aspect of the void space, namely, the surface clusters of larger pores
that controlled mass transport in the modified pore structures, and thus, allowed the model
to be predictive of the transport properties. In this case, the complementary imaging data
helped to explain why the minimally idealised model was successful.

Due to the multifarious types of void space in disordered porous materials, it is
necessary to use some tool, such as the ‘sifting” or ‘filtering” approach described above [126],
to determine the basic form of the complex hierarchy of heterogeneities in order to select
the best strategy for further structural characterisation and suitable model representation.
While ways were discussed that aim to link together datasets from various length scales
obtained with different imaging modalities, the sampling issue still stands regarding
using imaging-only approaches with the most disordered materials. However, multiscale
porosimetries, such as mercury porosimetry, and the rarely used gas overcondnesation
method permit the knitting together of data from imaging for much bigger sample volumes.
The present state of the art thus still requires the continued combination of indirect and
more direct characterisation methods.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

King, A.G. Ceramic Technology and Processing; Noyes Publications/William Andrew Publishing: Norwich, NY, USA, 2002.
Boschi, A.O.; Gilbart, E. Wet forming processes as a potential solution to agglomeration problems. In Advanced Ceramic Processing
and Technology; Binner, ].G.P,, Ed.; Noyes Publications: Park Ridge, NJ, USA, 1990; pp. 73-78.


https://doi.org/10.1007/s10450-021-00314-y

Materials 2023, 16, 3205 24 of 28

10.
11.
12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

Tariq, F; Haswell, R.; Lee, P.D.; McComb, D.W. Characterization of hierarchical pore structures in ceramics using multiscale
tomography. Acta Mater. 2011, 59, 2109-2120. [CrossRef]

Tariq, F; Lee, P.D.; Haswell, R.; McComb, D.W. The influence of nanoscale microstructural variations on the pellet scale flow
properties of hierarchical porous catalytic structures using multiscale 3D imaging. Chem. Eng. Sci. 2011, 66, 5804-5812. [CrossRef]
van den Berg, R.; Zecevic, |.; Sehested, J.; Helveg, S.; de Jongh, S.; de Jong, K.P. Impact of the synthesis route of supported copper
catalysts on the performance in the methanol synthesis reaction. Catal. Today 2016, 272, 87-93. [CrossRef]

Venkatesh, A.M.; Bouvard, D.; Lhuissier, P; Villanova, J. 3D analysis of ceramic powder sintering by synchrotron X-ray nano-
tomography. J. Eur. Ceram. Soc. 2023, 43, 2553-2563. [CrossRef]

Froment, G.F; Bischoff, K.B. Chemical Reactor Analysis and Design, 3rd ed.; Wiley: Hoboken, NJ, USA, 2011.

Fogler, H.S. Elements of Chemical Reaction Engineering, 4th ed.; Prentice-Hall: Hoboken, NJ, USA, 2006.

Froment, G.F. Modeling of catalyst deactivation. Appl. Catal. A Gen. 2001, 212, 117-128. [CrossRef]

Radon, J. Uber die Bestimmung von Funktionen durch ihre Integralwerte Langs Gewisser Mannigfaltigkeiten [On the determina-
tion of functions from their integrals along certain manifolds]. Ber. Saechsische Akad. Wiss. 1917, 29, 262.

Washburn, E.W. The dynamics of capillary flow. Phys. Rev. 1921, 17, 273. [CrossRef]

Brunauer, S.; Emmett, PH.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc. 1938, 60, 309-319.
[CrossRef]

Barrett, E.P; Joyner, L.G.; Halenda, P.P. The Determination of Pore Volume and Area Distributions in Porous Substances. I
Computations from Nitrogen Isotherms. J. Am. Chem. Soc. 1951, 73, 373-380. [CrossRef]

Fatt, I. The network model of porous media: I Capillary pressure characterization. Trans. Am. Inst. Min. Met. Eng. 1956, 207,
144-159.

Callaghan, P.T. Principles of Nuclear Magnetic Resonance Microscopy; Oxford University Press: Oxford, UK, 1991.

Gregg, S.J.; Sing, K.S.W. Adsorption, Surface Area and Porosity; Academic Press Inc.: London, UK, 1982.

Lowell, S.; Shields, ].E. Powder Surface Area and Porosity; Springer: Dordrecht, The Netherlands, 2011.

Rouquerol, F; Rouquerol, ].; Sing, K. Adsorption by Powders and Porous Solids: Principles, Methodology and Applications; Academic
Press: London, UK, 1999.

Thommes, M.; Katsumi, K.; Neimark, A.V.; Olivier, ].P.; Rodriguez-Reinoso, E; Rouquerol, J.; Sing, K.S.W. Physisorption of gases,
with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051-1069. [CrossRef]

Giesche, H. Mercury Porosimetry: A General (Practical) Overview. Part. Part. Syst. Charact. 2006, 23, 9-19. [CrossRef]

Rigby, S.P.; Cheah, K.-Y.; Gladden, L.F. NMR imaging studies of transport heterogeneity and anisotropic diffusion in porous
alumina pellets. Appl. Catal. A 1996, 144, 377-388. [CrossRef]

Pini, R.; Joss, L.; Hejazi, S.A.H. Quantitative imaging of gas adsorption equilibrium and dynamics by X-ray computed tomography.
Adsorption 2021, 27, 801-818. [CrossRef]

Pini, R. Multidimensional quantitative imaging of gas adsorption in nanoporous solids. Langmuir 2014, 30, 10984-10989.
[CrossRef]

Fan, X.; Ou, X,; Xing, E; Turley, G.A.; Denissenko, P.; Williams, M. A; Batail, N.; Pham, C.; Lapkin, A.A. Microtomography-based
numerical simulations of heat transfer and fluid flow through 3-SiC open-cell foams for catalysis. Catal. Today 2016, 278, 350-360.
[CrossRef]

Pavlovskaya, G.P.; Meersmann, T.; Jin, C.; Rigby, S.P. Fluid flow in a porous medium with transverse permeability discontinuity.
Phys. Rev. Fluids 2018, 3, 044102. [CrossRef]

Arif, M.; Mahmoud, Y.; Zhang, S.; Iglauer, S. X-ray tomography imaging of shale microstructures: A review in the context of
multiscale correlative imaging. Int. J. Coal Geol. 2020, 233, 103641. [CrossRef]

Raistrick, J. X-ray imaging in its element. Mater. World 2001, 9, 11-13.

Ebadi, M.; Orlov, D.; Alekseev, V.; Burukhin, A.; Krutko, V.; Koroteev, D. Lift the veil of secrecy in sub-resolved pores by
Xe-enhanced computed tomography. Fuel 2022, 328, 125274. [CrossRef]

Rigby, S.P.; Watt-Smith, M.].; Chigada, P.; Chudek, J.A.; Fletcher, R.S.; Wood, J.; Bakalis, S.; Miri, T. Studies of the entrapment of
non-wetting fluid within nanoporous media using a synergistic combination of MRI and micro-computed X-ray tomography.
Chem. Eng. Sci. 2006, 61, 7579-7592. [CrossRef]

Weber, S.; Diaz, A.; Holler, M.; Schropp, A.; Lyubomirskiy, M.; Abel, K.L.; Kahnt, M.; Jeromin, A.; Kulkarni, S.; Keller, T.F,; et al.
Evolution of hierarchically porous nickel alumina catalysts studied by X-ray ptychography. Adv. Sci. 2022, 9, 2105432. [CrossRef]
Hollewand, M.P.; Gladden, L.F. Heterogeneities in Structure and Diffusion within Porous Catalyst Support Pellets Observed by
NMR Imaging. J. Catal. 1993, 144, 254-272. [CrossRef]

Hollewand, M.P,; Gladden, L.F. Transport heterogeneity in porous pellets-I. PGSE NMR studies. Chem. Eng. Sci. 1995, 50, 309-326.
[CrossRef]

Hollewand, M.P,; Gladden, L.F. Transport heterogeneity in porous pellets-II. NMR imaging studies under transient and steady-
state conditions. Chem. Eng. Sci. 1995, 50, 327-344. [CrossRef]

Timonen, J.; Alvila, L.; Hirva, P.; Pakkanen, T.T.; Gross, D.; Lehmann, V. NMR imaging of aluminium oxide catalyst spheres. Appl.
Catal. A 1995, 129, 117-123. [CrossRef]


https://doi.org/10.1016/j.actamat.2010.12.012
https://doi.org/10.1016/j.ces.2011.07.034
https://doi.org/10.1016/j.cattod.2015.08.052
https://doi.org/10.1016/j.jeurceramsoc.2022.12.065
https://doi.org/10.1016/S0926-860X(00)00850-4
https://doi.org/10.1103/PhysRev.17.273
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/ja01145a126
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1002/ppsc.200601009
https://doi.org/10.1016/0926-860X(96)00130-5
https://doi.org/10.1007/s10450-020-00268-7
https://doi.org/10.1021/la502582c
https://doi.org/10.1016/j.cattod.2015.12.012
https://doi.org/10.1103/PhysRevFluids.3.044102
https://doi.org/10.1016/j.coal.2020.103641
https://doi.org/10.1016/j.fuel.2022.125274
https://doi.org/10.1016/j.ces.2006.08.068
https://doi.org/10.1002/advs.202105432
https://doi.org/10.1006/jcat.1993.1328
https://doi.org/10.1016/0009-2509(94)00218-G
https://doi.org/10.1016/0009-2509(94)00219-H
https://doi.org/10.1016/0926-860X(95)00073-9

Materials 2023, 16, 3205 25 of 28

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

Mantle, M.D.; Bardsley, M.H.; Gladden, L.E; Bridgwater, ]. Laminations in ceramic forming-mechanisms revealed by MRI. Acta
Mater. 2004, 52, 899-909. [CrossRef]

Hill-Casey, F.; Hotchkiss, T.; Hardstone, K.A.; Hitchcock, I.; Novak, V.; Schlepiitz, C.M.; Meersmann, T.; Pavlovskaya, G.E.; Rigby,
S.P. Hyperpolarised xenon MRI and time-resolved X-ray computed tomography studies of structure-transport relationships in
hierarchical porous media. Chem. Eng. . 2021, 405, 126750. [CrossRef]

Sorbier, L.; Poncet, H.; Lecocq, V.; Maillet, G.; Moula, M.; Le Corre, V. Local Porosity Measurement from Scanning Electron
Microscopy Images in the Backscattered Electrons Mode. Microsc. Microanal. 2021, 27, 20-27. [CrossRef] [PubMed]

Dullien, F.A.L. Porous Media: Fluid Transport and Pore Structure, 2nd ed.; Academic Press: San Diego, CA, USA, 1992.

Baldwin, C.A.; Sederman, A.].; Mantle, M.D.; Alexander, P.; Gladden, L.E. Determination and characterization of the structure of a
pore space from 3D volume images. J. Colloid Interface Sci. 1996, 181, 79-92. [CrossRef]

Wang, H.S.; Jeulin, D.; Willot, F,; Sorbier, L.; Moreaud, M. Modelling of the microstructure of mesoporous alumina constrained by
morphological simulation of nitrogen porosimetry. Colloids Surf. A 2018, 553, 378-396. [CrossRef]

Hammoumi, A.; Moreaud, M.; Jeulin, D.; Jolimaitre, E.; Chevalier, T.; Sorbier, L.; Klotz, M.; Novikov, A. A novel physisorption
model based on mathematical morphology operators preserving exact pore morphology and connectivity. Micropor. Mesopor.
Mater. 2022, 337, 111847. [CrossRef]

Seely, R.; Liddy, T.].; Rochelle, C.A.; Fletcher, R.S.; Rigby, S.P. Evolution of the mineralogy, pore structure and transport properties
of Nordland Shale following exposure to supercritical carbon dioxide. J. Pet. Sci. Eng. 2022, 213, 110466. [CrossRef]

Hitchcock, I; Lunel, M.; Bakalis, S.; Fletcher, R.S.; Holt, E.M.; Rigby, S.P. Improving sensitivity and accuracy of pore structural
characterisation using scanning curves in integrated gas sorption and mercury porosimetry experiments. J. Colloid Interface Sci.
2014, 417, 88-99. [CrossRef]

Petrov, O.; Fur6, I. Curvature-dependent metastability of the solid phase and the freezing-melting hysteresis in pores. Phys. Rev.
E 2006, 73, 011608. [CrossRef]

Perkins, E.L.; Lowe, ].P.; Edler, K.J.; Tanko, N.; Rigby, S.P. Determination of the percolation properties and pore connectivity for
mesoporous solids using NMR cryodiffusometry. Chem. Eng. Sci. 2008, 63, 1929-1940. [CrossRef]

Rigby, S.P.; Chigada, PI. Interpretation of integrated gas sorption and mercury porosimetry studies of adsorption in disordered
networks using mean-field DFT. Adsorption 2009, 15, 31-41. [CrossRef]

Gelb, L.D. The ins and outs of capillary condensation in cylindrical pores. Mol. Phys. 2002, 100, 2049-2057. [CrossRef]

Rigby, S.P; Fletcher, R.S.; Riley, S.N. Characterisation of porous solids using integrated nitrogen sorption and mercury porosimetry.
Chem. Eng. Sci. 2004, 59, 41-51. [CrossRef]

Seaton, N.A. Determination of the connectivity of porous solids from nitrogen sorption measurements. Chem. Eng. Sci. 1991, 46,
1895-1909. [CrossRef]

Liu, H.L.; Zhang, L.; Seaton, N.A. Determination of the connectivity of porous solids from nitrogen sorption measurements. 2.
Generalization. Chem. Eng. Sci. 1992, 47, 4393-4404. [CrossRef]

Liu, H.L.; Zhang, L.; Seaton, N.A. Sorption hysteresis as a probe of pore structure. Langmuir 1993, 9, 2576-2582. [CrossRef]

Liu, H.L.; Seaton, N.A. Determination of the connectivity of porous solids from nitrogen sorption measurements. 3. Solids
containing large mesopores. Chem. Eng. Sci. 1994, 49, 1869-1878. [CrossRef]

Liu, H.L.; Zhang, L.; Seaton, N.A. Analysis of sorption hysteresis in mesoporous solids using a pore network model. J. Colloid
Interface Sci. 1993, 156, 285-293. [CrossRef]

Murray, K.L.; Seaton, N.A_; Day, M.A. An Adsorption-Based Method for the Characterization of Pore Networks Containing Both
Mesopores and Macropores. Langmuir 1999, 15, 6728-6737. [CrossRef]

Rigby, S.P.; Watt-Smith, M.].; Fletcher, R.S. Simultaneous determination of the pore-length distribution and pore connectivity for
porous catalyst supports using integrated nitrogen sorption and mercury porosimetry. J. Catal. 2004, 227, 68-76. [CrossRef]
Rigby, S.P.; Watt-Smith, M.].; Fletcher, R.S. Integrating Gas Sorption with Mercury Porosimetry. Adsorption 2005, 11 (Suppl. S1),
201-206. [CrossRef]

Portsmouth, R.L.; Gladden, L.F. Determination of pore connectivity by mercury porosimetry. Chem. Eng. Sci. 1991, 46, 3023-3036.
[CrossRef]

Portsmouth, R.L.; Gladden, L.E. Mercury porosimetry as a probe of pore connectivity. Chem. Eng. Res. Des. 1992, 70, 63-70.
Wardlaw, N.C.; McKellar, M. Mercury porosimetry and the interpretation of pore geometry in sedimentary rocks and artificial
models. Powder Technol. 1981, 29, 127-143. [CrossRef]

Pomonis, P.J.; Armatas, G.S. A Method for the Estimation of Pore Anisotropy in Porous Solids. Langmuir 2004, 20, 6719-6726.
[CrossRef] [PubMed]

Pomonis, PJ.; Margellou, A. The pore length, the pore number and the pore anisotropy distributions in porous materials. Micropor.
Mesopor. Mater. 2018, 271, 41-51. [CrossRef]

Tsakiroglou, C.D.; Payatakes, A.C. Characterization of the pore structure of reservoir rocks with the aid of serial sectioning
analysis, mercury porosimetry and network simulation. Adv. Wat. Resour. 2000, 23, 773-789. [CrossRef]

Ghanbarian, B.; Hunt, A.G.; Ewing, R.P; Sahimi, M. Tortuosity in Porous Media: A Critical Review. Soil Sci. Soc. Am. ]. 2013, 77,
1461-1477. [CrossRef]

Fu, J.; Thomas, H.R; Li, C. Tortuosity of porous media: Image analysis and physical simulation. Earth-Sci. Rev. 2021, 212, 103439.
[CrossRef]


https://doi.org/10.1016/j.actamat.2003.10.026
https://doi.org/10.1016/j.cej.2020.126750
https://doi.org/10.1017/S1431927620024782
https://www.ncbi.nlm.nih.gov/pubmed/33267931
https://doi.org/10.1006/jcis.1996.0358
https://doi.org/10.1016/j.colsurfa.2018.05.043
https://doi.org/10.1016/j.micromeso.2022.111847
https://doi.org/10.1016/j.petrol.2022.110466
https://doi.org/10.1016/j.jcis.2013.11.025
https://doi.org/10.1103/PhysRevE.73.011608
https://doi.org/10.1016/j.ces.2007.12.022
https://doi.org/10.1007/s10450-008-9147-4
https://doi.org/10.1080/00268970210122730
https://doi.org/10.1016/j.ces.2003.09.017
https://doi.org/10.1016/0009-2509(91)80151-N
https://doi.org/10.1016/0009-2509(92)85117-T
https://doi.org/10.1021/la00034a016
https://doi.org/10.1016/0009-2509(94)80071-5
https://doi.org/10.1006/jcis.1993.1113
https://doi.org/10.1021/la990159t
https://doi.org/10.1016/j.jcat.2004.06.025
https://doi.org/10.1007/s10450-005-5923-6
https://doi.org/10.1016/0009-2509(91)85006-J
https://doi.org/10.1016/0032-5910(81)85011-5
https://doi.org/10.1021/la049470n
https://www.ncbi.nlm.nih.gov/pubmed/15274577
https://doi.org/10.1016/j.micromeso.2018.05.041
https://doi.org/10.1016/S0309-1708(00)00002-6
https://doi.org/10.2136/sssaj2012.0435
https://doi.org/10.1016/j.earscirev.2020.103439

Materials 2023, 16, 3205 26 of 28

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

Morgado Lopes, A.; Wernert, V.; Sorbier, L.; Lecocq, V.; Antoni, M.; Denoyel, R. Transport in multiscale porous extrudates.
Micropor. Mesopor. Mater. 2021, 310, 110640. [CrossRef]

Mann, R.; Sharratt, PN. Diffusion and consecutive reactions in stochastic pore networks. Chem. Eng. Sci. 1988, 43, 1875-1880.
[CrossRef]

Sharratt, PN.; Mann, R. Some observations on the variation of tortuosity with Thiele modulus and pore size distribution. Chem.
Eng. Sci. 1987, 42, 1565-1576. [CrossRef]

Mann, R.; Sharratt, PN.; Thomson, G. Deactivation of a supported zeolitic catalyst—Diffusion, reaction and coke deposition in
stochastic pore networks. Chem. Eng. Sci. 1986, 41, 711-718. [CrossRef]

Hollewand, M.P,; Gladden, L.F. Modelling of diffusion and reaction in porous catalysts using a random three-dimensional
network model. Chem. Eng. Sci. 1992, 47, 1761-1770. [CrossRef]

Hollewand, M.P,; Gladden, L.F. Representation of porous catalysts using random pore networks. Chem. Eng. Sci. 1992, 47,
2757-2762. [CrossRef]

Yamada, H.; Tagawa, T.; Nagao, S.; Kato, S. Investigation of gas diffusion phenomena in porous catalyst support pellets based on
microstructure. Catal. Today 2021, 375, 30-35. [CrossRef]

Becker, H.; Giittel, R.; Turek, T. Optimization of catalysts for Fischer-Tropsch synthesis by introduction of transport pores. Chern.
Ing. Tech. 2014, 86, 544-549. [CrossRef]

D’Agostino, C.; Mitchell, J.; Gladden, L.F.; Mantle, M.D. Hydrogen Bonding Network Disruption in Mesoporous Catalyst
Supports Probed by PFG-NMR Diffusometry and NMR Relaxometry. J. Phys. Chem. C 2012, 116, 8975-8982. [CrossRef]
Cnudde, V.; Boone, M.; Dewanckele, J.; Dierick, M.; Van Hoorebeke, L.; Jacobs, P. 3D characterization of sandstone by means of
X-ray computed tomography. Geosphere 2011, 7, 54-61. [CrossRef]

Bultreys, T.; De Boever, W.; Cnudde, V. Imaging and image-based fluid transport modeling at the pore scale in geological materials:
A practical introduction to the current state-of-the-art. Earth Sci. Rev. 2016, 155, 93-128. [CrossRef]

Guibert, R.; Nazarova, M.; Voltolini, M.; Beretta, T.; Debenest, G.; Creux, P. Influence of Standard Image Processing of 3D X-ray
Microscopy on Morphology, Topology and Effective Properties. Energies 2022, 15, 7796. [CrossRef]

Yoshida, K.; Makihara, M.; Tanaka, N.; Aoyagi, S.; Nishibori, E.; Sakata, M.; Boyes, E.D.; Gai, P. Specific Surface Area and
Three-Dimensional Nanostructure Measurements of Porous Titania Photocatalysts by Electron Tomography and Their Relation to
Photocatalytic Activity. Microsc. Microanal. 2011, 17, 264-273. [CrossRef]

Zubiri, B.A.; Wirth, J.; Drobek, D.; Englisch, S.; Przybilla, T.; Weissenberger, T.; Schwieger, W.; Spiecker, E. Correlative Laboratory
Nano-CT and 360° Electron Tomography of Macropore Structures in Hierarchical Zeolites. Adv. Mater. Interfaces 2021, 8, 2001154.
[CrossRef]

Wakao, W.; Smith, ].M. Diffusion in catalyst pellets. Chem. Eng. Sci. 1962, 17, 825-834. [CrossRef]

Nepryahin, A ; Fletcher, R.; Holt, E.M.; Rigby, S.P. Structure-transport relationships in disordered solids using integrated rate of
gas sorption and mercury porosimetry. Chem. Eng. Sci. 2016, 152, 663-673. [CrossRef]

Hitchcock, I.; Chudek, J.A.; Holt, EM.; Lowe, J.P.,; Rigby, S.P. NMR Studies of Cooperative Effects in Adsorption. Langmuir 2010,
26, 18061-18070. [CrossRef]

Shiko, E.; Edler, K.J.; Lowe, ].P; Rigby, S.P. Probing the impact of advanced melting and advanced adsorption phenomena on the
accuracy of pore size distributions from cryoporometry and adsorption using NMR relaxometry and diffusometry. J. Colloid
Interface Sci. 2012, 385, 183-192. [CrossRef]

Novak, V,; Dudédk, M.; Kodi, P.; Marek, M. Understanding the gas transport in porous catalyst layers by using digital reconstruction
techniques. Curr. Opin. Chem. Eng. 2015, 9, 16-26. [CrossRef]

Naseri, A.T.; Peppley, B.A.; Pharoah, ].G.; Mandal, P; Litster, S.; Abatzoglou, N. X-ray tomography-based analysis of transport
and reaction in the catalyst coating of a reformer. Chem. Eng. Sci. 2015, 138, 499-500. [CrossRef]

Ostadi, H.; Rama, P; Liu, Y.; Chen, R.; Zhang, X.X.; Jiang, K. 3D reconstruction of a gas diffusion layer and a microporous layer.
J. Membr. Sci. 2010, 351, 69-74. [CrossRef]

Weisberg, M. Simulation and Similarity: Using Models to Understand the World; Oxford University Press: Oxford, UK, 2013.
Androutsopoulos, G.P.; Mann, R. Evaluation of mercury porosimeter experiments using a network pore structure model. Cherm.
Eng. Sci. 1979, 34, 1203-1212. [CrossRef]

Ledezma, G.; Verstraete, ].J.; Sorbier, L.; Leinekugel-Le-Cocq, D.; Jolimaitre, E.; Jallut, C. Computational characterization
techniques applied to pore network models by using a fast percolation algorithm. Chem. Eng. Sci. 2022, 260, 117812. [CrossRef]
Lopez, G.A.L.; Verstraete, ].].; Sorbier, L.; Glowska, A.; Leinekugel-Le-Cocq, D.; Jolimaitre, E.; Jallut, C. Generation of y-Alumina
Digital Twins Using a Nitrogen Porosimetry Simulation. Ind. Eng. Chem. Res. 2021, 60, 16728-16738. [CrossRef]

Matthews, G.P; Ridgway, C.J.; Spearing, M.C. Void space modeling of mercury intrusion hysteresis in sandstone, paper coating
and other porous media. J. Colloid Interface Sci. 1995, 171, 8-27. [CrossRef]

Matthews, G.P.; Moss, A.K.; Spearing, M.C.; Voland, F. Network calculation of mercury intrusion and absolute permeability in
sandstone and other porous media. Powder Technol. 1993, 76, 95-107. [CrossRef]

Matthews, G.P,; Moss, A K.; Ridgway, C.J. The effects of correlated networks on mercury intrusion simulations and permeabilities
in sandstone and other porous media. Powder Technol. 1995, 83, 61-77. [CrossRef]

Laudon, G.M.; Matthews, G.P.; Gane, P.A.C. Modelling diffusion from simulated porous structures. Chem. Eng. Sci. 2008, 63,
1987-1996. [CrossRef]


https://doi.org/10.1016/j.micromeso.2020.110640
https://doi.org/10.1016/0009-2509(88)87056-8
https://doi.org/10.1016/0009-2509(87)80161-6
https://doi.org/10.1016/0009-2509(86)87149-4
https://doi.org/10.1016/0009-2509(92)85023-5
https://doi.org/10.1016/0009-2509(92)87125-A
https://doi.org/10.1016/j.cattod.2020.04.056
https://doi.org/10.1002/cite.201300142
https://doi.org/10.1021/jp2123295
https://doi.org/10.1130/GES00563.1
https://doi.org/10.1016/j.earscirev.2016.02.001
https://doi.org/10.3390/en15207796
https://doi.org/10.1017/S1431927610094419
https://doi.org/10.1002/admi.202001154
https://doi.org/10.1016/0009-2509(62)87015-8
https://doi.org/10.1016/j.ces.2016.06.057
https://doi.org/10.1021/la103584k
https://doi.org/10.1016/j.jcis.2012.07.012
https://doi.org/10.1016/j.coche.2015.07.002
https://doi.org/10.1016/j.ces.2015.08.028
https://doi.org/10.1016/j.memsci.2010.01.031
https://doi.org/10.1016/0009-2509(79)85151-9
https://doi.org/10.1016/j.ces.2022.117812
https://doi.org/10.1021/acs.iecr.1c02849
https://doi.org/10.1006/jcis.1995.1146
https://doi.org/10.1016/0032-5910(93)80045-C
https://doi.org/10.1016/0032-5910(94)02942-H
https://doi.org/10.1016/j.ces.2007.12.031

Materials 2023, 16, 3205 27 of 28

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Matadamas, J.; Alférez, R.; Lopez, R.; Roman, G.; Kornhauser, I; Rojas, F. Advanced and delayed filling or emptying of pore
entities by vapor sorption or liquid intrusion in simulated porous networks. Colloids Surf. A 2016, 39, 39-51. [CrossRef]

Cruz, M.J.; Mayagoitia, V.; Rojas, F. Mechanistic studies of capillary processes in porous media. 2. Construction of porous
networks by Monte-Carlo methods. J. Chem. Soc. Farad. Trans. 1989, 85, 2079-2086. [CrossRef]

Zgrablich, G.; Mendiorez, S.; Daza, L.; Pajares, J.; Mayagoitia, V.; Rojas, E.; Conner, W.C. Effect of porous structure on the
determination of pore size distribution by mercury porosimetry and nitrogen sorption. Langmuir 1991, 7, 779-785. [CrossRef]
Vidales, A.M.; Miranda, E.; Nazzarro, M.; Mayagoitia, V.; Rojas, F.; Zgrablich, G. Invasion percolation in correlated porous media.
Europhys. Lett. 1991, 36, 259-264. [CrossRef]

Rojas, F.; Kornhauser, I.; Felipe, C.; Esparza, ].M.; Cordero, S.; Dominguez, A.; Riccardo, J.L. Capillary condensation in
heterogeneous mesoporous networks consisting of variable connectivity and pore-size correlation. Phys. Chem. Chem. Phys. 2002,
4,2346-2355. [CrossRef]

Cordero, S.; Kornhauser, I; Rojas, F.; Zgrablich, G. Review: Site-bond network modeling of disordered porous media. Part. Part.
Syst. Charac. 2004, 21, 101-116. [CrossRef]

Rieckmann, C.; Keil, EJ. Simulation and experiment of multicomponent diffusion and reaction in three-dimensional networks.
Chem. Eng. Sci. 1999, 54, 3485-3493. [CrossRef]

Rieckmann, C.; Duren, T.; Keil, EJ. Interaction of kinetics, diffusion and geometric structure of pore networks in catalyst
supports—A percolation theoretical approach to hydrodemetalation. Hung. J. Ind. Chem. 1997, 25, 137-145.

Rieckmann, C.; Keil, EJ. Multicomponent diffusion and reaction in three-dimensional networks: General kinetics. Ind. Eng. Chem.
Res. 1997, 36, 3275-3281. [CrossRef]

Rigby, S.P.; Hasan, M.; Hitchcock, I; Fletcher, R.S. Detection of the delayed condensation effect and determination of its impact on
the accuracy of gas adsorption pore size distributions. Colloids Surf A 2017, 517, 33-44. [CrossRef]

Prachayawarakorn, S.; Mann, R. Effects of pore assembly architecture on catalyst particle tortuosity and reaction effectiveness.
Catal Today 2007, 128, 88-99. [CrossRef]

Wang, G.; Coppens, M.-O. Calculation of the optimal macropore size in nanoporous catalysts and its application to DeNO(x)
catalysis. Ind. Eng. Chem. Res. 2008, 47, 3847-3855. [CrossRef]

Pohlmann, F; Kern, C.; Rossler, S.; Jess, A. Accumulation of liquid hydrocarbons in catalyst pores during cobalt-catalyzed
Fischer-Tropsch synthesis. Catal. Sci. Tech. 2016, 6, 6593—-6604. [CrossRef]

Kikkinides, E.S.; Lappas, A.A.; Nalbadian, A.; Vasalos, I.A. Correlation of reactor performance with catalyst structural changes
during coke formation in FCC processes. Chem. Eng. Sci. 2002, 57, 1011-1025. [CrossRef]

Zhdanov, V.P. Kinetics and percolation: Coke in heterogeneous catalysts. J. Phys. A Math. Theor. 2002, 55, 174005. [CrossRef]

Ye, G.; Wang, H.; Duan, X,; Sui, Z.; Zhou, X.; Coppens, M.-O. Pore network modeling of catalyst deactivation by coking, from
single site to particle, during propane dehydrogenation. AICKE ]. 2019, 65, 140-150. [CrossRef]

Ye, G.; Wang, H.; Zhou, X.; Keil, EJ.; Coppens, M.-O. Optimizing catalyst pore network structure in the presence of deactivation
by coking. AICKE ]. 2019, 65, e16687. [CrossRef]

Meakin, P. Simulation of the effects of fractal geometry on the selectivity of heterogeneous catalysts. Chem. Phys. Lett. 1986, 123,
428-432. [CrossRef]

Tambe, S.S.; Badola, P.; Kulkarni, B.D. Selectivity behaviour of a multi-step reaction on a catalyst modelled as a DLA fractal
surface. Chem. Phys. Lett. 1990, 173, 67—69. [CrossRef]

Lee, C.-K.; Lee, S.-L. Multifractal scaling analysis of the selectivity behavior of a multi-step reaction over DLA surfaces. Chem.
Phys. Lett. 1994, 226, 88-92. [CrossRef]

Rigby, S.P.; Gladden, L.F. Influence of Structural Heterogeneity on Selectivity in Fractal Catalyst Structures. J. Catal. 1998, 180,
44-50. [CrossRef]

Novak, V.; Ko¢i, P.; Marek, M.; étépémek, F.; Blanco-Garcia, S.; Jones, G. Multi-scale modelling and measurements of diffusion
through porous catalytic coatings: An application to exhaust gas oxidation. Catal. Today 2012, 188, 62—-69. [CrossRef]

Dudak, M.; Novak, V.; Ko¢i, P; Marek, M.; Blanco-Garcia, S.; Jones, G. Prediction of diffusivity and conversion of n-decane
and CO in coated Pt/y-Al203 catalyst depending on porous layer morphology. Appl. Catal. B Environ. 2014, 150-151, 446—458.
[CrossRef]

Rigby, S.P; Gladden, L.F. The Use of Magnetic Resonance Images in the Simulation of Diffusion in Porous Catalyst Support
Pellets. J. Catal. 1998, 173, 484-489. [CrossRef]

Malek, K.; Coppens, M.-O. Knudsen self- and Fickian diffusion in rough nanoporous media. J. Chem. Phys. 2003, 119, 2801-2811.
[CrossRef]

Fey, T.; Betke, U.; Rannabauer, S.; Scheffler, M. Reticulated Replica Ceramic Foams: Processing, Functionalization, and Characteri-
zation. Adv. Eng. Mater. 2017, 19, 1700369. [CrossRef]

Yeetsorn, R.; Tungkamani, S.; Tungkamani, S. Fabrication of a Ceramic Foam Catalyst Using Polymer Foam Scrap via the Replica
Technique for Dry Reforming. ACS Omega 2022, 7, 4202-4213. [CrossRef] [PubMed]

Kuznetzov, A.V. Analytical investigation of the fluid flow in the interface region between a porous medium and a clear fluid in
channels partially filled with a porous medium. Appl. Sci. Res. 1996, 56, 53. [CrossRef]

Botha, PW.S.K,; Sheppard, A.P. Mapping permeability in low-resolution micro-CT images: A multiscale statistical approach.
Water Resour. Res. 2016, 52, 4377—-4398. [CrossRef]


https://doi.org/10.1016/j.colsurfa.2015.09.072
https://doi.org/10.1039/f19898502079
https://doi.org/10.1021/la00052a029
https://doi.org/10.1209/epl/i1996-00219-7
https://doi.org/10.1039/b108785a
https://doi.org/10.1002/ppsc.200400926
https://doi.org/10.1016/S0009-2509(98)00480-1
https://doi.org/10.1021/ie9605847
https://doi.org/10.1016/j.colsurfa.2016.12.043
https://doi.org/10.1016/j.cattod.2007.06.036
https://doi.org/10.1021/ie071550+
https://doi.org/10.1039/C6CY00941G
https://doi.org/10.1016/S0009-2509(01)00424-9
https://doi.org/10.1088/1751-8121/ac5d81
https://doi.org/10.1002/aic.16410
https://doi.org/10.1002/aic.16687
https://doi.org/10.1016/0009-2614(86)80036-7
https://doi.org/10.1016/0009-2614(90)85304-U
https://doi.org/10.1016/0009-2614(94)00707-1
https://doi.org/10.1006/jcat.1998.2235
https://doi.org/10.1016/j.cattod.2012.03.049
https://doi.org/10.1016/j.apcatb.2013.12.018
https://doi.org/10.1006/jcat.1997.1940
https://doi.org/10.1063/1.1584652
https://doi.org/10.1002/adem.201700369
https://doi.org/10.1021/acsomega.1c05841
https://www.ncbi.nlm.nih.gov/pubmed/35155913
https://doi.org/10.1007/BF02282922
https://doi.org/10.1002/2015WR018454

Materials 2023, 16, 3205 28 of 28

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

136.

Mousa, S.; Novak, V.; Fletcher, R.S.; Garcia, M.; Mcleod, N.; Corfield, M.; Rigby, S.P. Integration of multi-scale porosimetry and
multi-modal imaging in the study of structure-transport relationships in porous catalyst pellets. Chem. Eng. J. 2023, 452, 139122.
[CrossRef]

Keil, EJ. Molecular modelling for reactor design. Annu. Rev. Chem. Biomolec. Eng. 2018, 9, 201-227. [CrossRef]

Ferreira, S.; Verstraete, J.; Jolimaitre, E.; Leinekugel-le-Cocq, D.; Jallut, C. Modelling textural and mass transfer properties for
gamma alumina catalysts using randomly generated pore networks. Can. J. Chem. Eng. 2023, 101, 1068-1082. [CrossRef]
Blykers, B.K.; Organista, C.; Boone, M.N.; Kagias, M.; Marone, F; Stampanoni, M.; Bultreys, T.; Cnudde, V.; Aelterman, J. Tunable
X-ray dark-field imaging for sub-resolution feature size quantification in porous media. Sci. Rep. 2021, 11, 18446. [CrossRef]
Jackson, S.J.; Niu, Y.; Manoorkar, S.; Mostaghimi, P.; Armstrong, R.T. Deep Learning of Multiresolution X-Ray Micro-Computed-
Tomography Images for Multiscale Modeling. Phys. Rev. Appl. 2022, 17, 054046. [CrossRef]

Huang, Y,; Xiang, Z.; Qian, M. Deep-learning-based porous media microstructure quantitative characterization and reconstruction
method. Phys. Rev. E 2022, 105, 015308. [CrossRef]

Lydzba, D. Homogenisation theories applied to porous media. J. Theor. Appl. Mech. 1998, 36, 658-679.

Fernandes, C.P.; Magnani, F.S.; Philippi, P.C.; Daian, J.F. Multiscale geometrical reconstruction of porous structures. Phys. Rev. E
1996, 54, 1734. [CrossRef] [PubMed]

Yao, J.; Song, W.; Wang, D.; Sun, H.; Li, Y. Multi-scale pore network modelling of fluid mass transfer in nano-micro porous media.
Int. |. Heat Mass Trans. 2019, 141, 156-167. [CrossRef]

Song, W.; Yao, J.; Zhang, K.; Sun, H.; Yang, Y. The impacts of pore structure and relative humidity on gas transport in shale: A
numerical study by the image-based multi-scale pore network model. Transp. Porous Media 2021, 144, 229-253. [CrossRef]

de Winter, D.A.M.; Meirer, B.; Weckhuysen, B.M. FIB-SEM Tomography Probes the Mesoscale Pore Space of an Individual
Catalytic Cracking Particle. ACS Catal. 2016, 6, 3158-3167. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cej.2022.139122
https://doi.org/10.1146/annurev-chembioeng-060817-084141
https://doi.org/10.1002/cjce.24396
https://doi.org/10.1038/s41598-021-97915-y
https://doi.org/10.1103/PhysRevApplied.17.054046
https://doi.org/10.1103/PhysRevE.105.015308
https://doi.org/10.1103/PhysRevE.54.1734
https://www.ncbi.nlm.nih.gov/pubmed/9965251
https://doi.org/10.1016/j.ijheatmasstransfer.2019.06.077
https://doi.org/10.1007/s11242-021-01663-6
https://doi.org/10.1021/acscatal.6b00302
https://www.ncbi.nlm.nih.gov/pubmed/27453799

	Introduction 
	Void Space Descriptors 
	Porosity 
	Pore Size 
	Tortuosity Parameter 

	Representations of the Void Space 
	Imaging 
	Pore Models 

	Outlook 
	Conclusions 
	References

