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Optimization of large-scale fixed particle bed catalytic reactors requires extensive insight into the multi-
scale bed structure, even down to the micrometre scale. Theoretical studies of chemical reactors provide
a time- and cost-effective means to supporting the optimisation process. However, they rely on simplified
assumptions for the particles, e.g. homogeneous perfect spheres. In practise, the preparation of catalytic
particles cannot attain this level of uniformity. Typical preparation techniques, such as sieving, are con-
ducted with the aim of obtaining particle size distributions within a pre-defined range, governed by the

Ié?t’;,;tridcs;)articles sizes of the sieves. However, such methods offer limited control in the actual particle sizes and shapes.
Fixed bed This paper evaluates the impact of sieving on the resulting particles and overall structural morphology
micro-CT of catalytic beds. The bed structure is quantified using micro-focus computed tomography (p-CT),
Sieving enabling the non-destructive examination and analysis of over 150 thousand particles, in terms of parti-
Porosity cle size, shape, uniformity, and interparticle porosity. Furthermore, the chemical performance of the

Particle analysis resulting beds is compared. The detailed characterisation achieved paves the way for the evolution of
more rigorous computational models coupling intricate, localised hydrodynamics with realistic chemical
processes. Validation of such models at the lab-scale will accelerate the development of more accurate
large-scale models.

© 2022 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

1. Introduction

The design, understanding and optimisation of chemical reac-
tors is vital for improving product yields, bringing significant eco-
nomic and environmental benefits. While there are many chemical
reactor types available, such as batch [1,2], continuous-flow stirred
tank [1,3] fluidised or fixed bed [4], and biochemical [1,3], the fixed
bed type is primarily used for large-scale heterogeneous gas-phase
reactions [5], such as the formation of sulfuric acid, ammonia, and
methanol [4]. Their wide utilisation requires a deep understanding
and characterisation of their structure, especially given the broad
length scales experienced by the physical and chemical processes
[5], ranging from the full bed (metre) down to the catalytic active
site (nanometre). Fixed beds are typically formed by an array of
static and randomly distributed particles [4], that are dropped or
poured inside the reactor tube, resulting in a random and poten-
tially unique particle arrangement.
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The final structure of the bed is influenced by several key
parameters, such as the size and shape of the particles, the N factor,
i.e. the dimensionless ratio of reactor tube diameter and particle
diameter, and the interparticle bulk, axial, and radial porosities,
i.e. the distribution of the interparticle pores within the bed
[5,6]. The bed’s morphology directly affects all aspects of its hydro-
dynamic profile, including flow velocity and pressure drop [7-12],
heat transfer and temperature profile [9,13], inter- and intraparti-
cle transfer and diffusion [10,14-16], and ultimately chemical per-
formance [14-18]. The reactor’s behaviour is an interwoven
interaction between all these aspects and, to accurately account
for them, it is vital to bridge work on simulated beds and physical
packed bed systems, allowing one to fully understand and control
the reactor performance.

Several approaches to explore the bed morphology have been
developed, most of which are based on beds of spherical particles.
Earlier approaches to describe such systems applied semi-
empirical correlations, aimed at describing the bed’s porosity (ei-
ther bulk or variation along the radial direction) [19-21] or perme-
ability [22] by utilising perfect spheres. As computational power
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grew, methods were developed to generate realistic 3D packed
beds, most notably the discrete element method (DEM) [6,23,24].
DEM is a numerical model that arranges particles of arbitrary
shapes, usually spherical, in a packing structure, by considering
the mechanical properties of, and forces applied to, the particles
[5,23]. This became one of the predominant methods to study fixed
bed chemical reactors, as, unlike semi-empirical correlations, DEM
can predict complex local particle arrangements and inhomo-
geneities in local porosity variations, across various N-factor beds
[23]. A limitation of DEM models is the demand for significant
computational resources [5,25,26], thus rendering them unsuitable
for the evaluation of large-scale reactors. For those scenarios, the
porous media modelling approach has been applied, whereby the
bed is treated as a single porous continuum with effective volu-
metric correlations [27]. Unfortunately, the accuracy of this
approach is greatly dependant on the suitability and accuracy of
the effective properties used to describe the porous continuum
[16,23,27,28]. Thus, advancing the development of effective poros-
ity correlations is critical.

Depicting fixed beds solely as structures formed by spherical
particles is not often representative of a realistic bed morphology.
As such, alternative techniques to observe the structure of real
beds have also been used, such as the Scanning Electron Micro-
scopy (SEM) [29] and the Magnetic Resonance Imaging (MRI)
[30-32]. These methods have yielded key insights that cannot be
observed or produced with monodispersed and homogeneous
spherical beds. Boccardo et al. used SEM to generate a realistic
geometry of real sand samples, and to compare it with a DEM
bed which neglects grain polydispersity and irregularity [29]. This
study showed that additional parameters should be included in the
theoretical correlation, in order to accurately reproduce the exper-
imental data [29]. Mantle et al. used 3D MRI and MRI velocimetry
to probe the structure of and the flow field through a packed bed of
alumina catalytic particles. This was compared with flow simula-
tions performed with the Lattice-Boltzmann method, with the
bed structure being incorporated directly from the MRI images.
The results showed that flow through the pores is highly heteroge-
neous, with 40% of fluid flowing through only 10% of the pores [32],
something current methods cannot readily account for.

While these techniques are greatly beneficial in offering a
unique insight into realistic packed beds, their applications are
limited. SEM is limited to only a 2D view of the sample, while
MRI detects the heterogeneities of the fluid physical parameters,
such as density, filling the interparticle pore space [30,32]. Thus,
information regarding the actual catalytic particles is not available.
Alternatively, X-ray micro-Computed Tomography (CT) has also
been used as a non-destructive method to produce a 3D represen-
tation of both regular (spherical) and irregular particles within
packed beds. Yang et al. [33] used CT to visualise and analyse beds
of Copper sulfide particles of various sizes, packed in cylindrical
glass columns. They identified that as the size of the ore particles
increases, the volumetric porosity, mean pore diameter and the
degree of pore connectivity all increased. Using CT, Fernando
et al. [34] compared the interparticle pore structure and pore net-
work of a packed bed of 16-20 mm irregularly shaped rock parti-
cles against a bed of 8 mm spherical glass beads. In addition to
observing a 6-fold increase in the number of pores, they found that
pores in the spherical bed were much smaller (3.24 mm) compared
to those of the irregular bed (5.63 mm), due to the tighter and
more efficient packing of the spherical particles. Piovesan et al.
[35] produced 3D printed polymethylmethacrylate cylinders and
used CT to reconstruct the 3D volume, to visualise the interparticle
pore network, and to evaluate its permeability. The authors sug-
gested that approximating the interparticle network solely
through the default method, i.e. equivalent spheres for the pores
and cylinders for the throats, is an oversimplification. Instead, they
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suggested the introduction of the pores’ sphericity as a factor,
method which increased the accuracy of the permeability’s predic-
tion. Suzuki et al. [36] scanned packed beds comprised of 5 differ-
ently sized glass beads with N-factors ranging from 4.6 to 21.5, to
investigate the radial porosity distribution and the impact of the
wall. The local radial porosity fluctuated significantly near the wall
and dampened towards the bed centre, while the period of the
fluctuation was dependent on the beads’ diameter. For all beds
except those with the smallest beads, the amplitude of the oscilla-
tions increased near the bed centre, which was attributed to the
impact of the opposing side wall on the packing structure. Using
these scans, the authors presented a radial porosity empirical cor-
relation, based on an amplitude and a damping factor, which cor-
related well with the experimental data.

Non-homogeneous and irregular beds increase the complexity
of the characterisation, as, unlike perfect spheres, individual parti-
cles must be examined. In many fields, such as geology and civil
engineering, the actual particle sizes and shapes in naturally
formed aggregates are crucial [37,38]. For example, the quality of
concrete mix depends on the grading, size, and shape of its aggre-
gates [37]. Similarly, the mechanical behaviour of granular soils is
greatly influenced by the particle shapes; thus, accurate character-
isation of particle morphology is key to predicting the engineering
performance of sand [38]. As a result, several metrics have been
proposed, with much debate on which parameters are important
and how to best utilise them. Barrett suggests a particle’s shape
be quantified by three independent properties, its form (overall
shape), roundness, and surface texture [39]. In a more recent study,
Blott et al. consider just two major parameters, namely the parti-
cle’s shape and surface texture. Here, the particle shape includes
four further aspects, particle form, roundness, irregularity, and
sphericity, while the surface texture refers to surface features
which are small-scale relative to the size of the object [40]. For
the quantification of the form, the particle’s length (L), breadth
(I) and width (S) dimensions are key [40]; however, their utilisa-
tion is not always common in the literature [38,41,42]. The form
classification proposed by Blott et al. uses the combined I/L and
S/l ratios of each particle, since, if these ratios are considered indi-
vidually, they can lead to incorrect assumptions for the particle
form [40].

This paper investigates the structure and behaviour of realistic
catalysts beds to probe the internal morphology of the catalyst
bed whilst providing a means for present and future computational
validation. A common multi-step process to control the particle
size, especially for packed bed applications, involved initially com-
pressing the catalyst powder into a pellet, crushing and grinding the
pellet into particles, and then sieving these particles between pre-
determined sizes [43-45]. To the best of our knowledge, the impact
of the sieving process on the bed structure has not yet been inves-
tigated in the literature. Here, the impact of a single and a quintuple
sieving process on the particle size distribution is assessed using CT
method by analysing six catalytic beds. These are formed by SAPO-
34 particles collected with different sieve ranges equal to 100-
300 pum, 300-500 pum, and 500-700 pm. Several key metrics are
used to quantify the beds, namely the particle size, particle shape,
and the beds’ interparticle porosity (bulk, radial and axial profiles).
Comparisons of these metrics against those for published spherical
beds will be made when such are available. This information is then
combined to show the influence of sieving processes and particle
size on the beds’ catalytic performance.

2. Materials and methods used

The six considered catalytic beds are formed from the well-
known methanol-to-olefin catalyst, SAPO-34 [46,47], which was
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synthesized and characterised according to our previous work [48].
The sieving and packing processes are described herein.

2.1. Particle sieving

The powdered SAPO-34 catalyst was initially pelletised into
cylindrical discs, 7 mm in diameter, using a hand press. The pellets
were then crushed, grounded, and passed through a tower of dif-
ferently sized sieves, stacked in a decreasing opening size order,
710 on top, then 500, 300, and finally 106 pum on the bottom
(Cole-Palmer, 3" diameter U.S.A. standard test sieves, No. 25, 35,
50, and 140, respectively). Gentle agitation of the tower encour-
aged movement of particles through the sieves. The catalyst
between two consecutive sieve stacks was then collected, giving
three distinct particle sizes, labelled according to the intended par-
ticle size range, i.e. 100-300, 300-500, and 500-700 pum. This rep-
resents the single-sieve pass case, henceforth referred to as “1S”.
Another case was also considered, referred to as “5S”. Here, the col-
lected particles from each size range, e.g. 300-500 pm, were
repeatedly passed through a smaller tower of sieves, e.g. the
500 pm stacked on top of the 300 pum sieve. For these repeated
passes, any particles remaining on the upper (i.e. 500 pm) or that
passed through the lower sieve (i.e. 300 um) were discarded, as
they were deemed too large or too small, respectively, while the
particles in the intended size range were collected and weighed.
In between passes, the sieves were dry brushed clean, to remove
any dust or remaining particles. This process was repeated until
the remaining particles had undergone 5 passes of the sieve stack,
each time discarding the undesired particles and dry brushing the
sieves. Figure A1 in the ESI shows the percentage of the total par-
ticle mass remaining after each sieve pass. The particle mass
reaches a plateau after 4 sieve passes, thus, by the 5th pass, larger
or smaller particles should have been filtered out.

2.2. Packed bed loading

The reactor tube is identical to that used in previous work [48],
a tubular glass reactor with a 4 mm inner diameter and a 6 mm
outer diameter (Figure A2). The catalytic particles, 0.30 g in mass,
were poured into the top of the reactor, forming a randomly dis-
tributed packed bed. During loading, the glass tube was gently agi-
tated to form a more tightly packed bed. Above and below the fixed
bed, 1 mm diameter spherical glass beads were placed to fill the
reactor. Other than those described, no additional efforts were
made to form a more tightly packed bed.

2.3. Computed tomography (CT) scan

The produced beds were analysed with the micro-focus com-
puted tomography p-CT method at the p-VIS X-ray Imaging Centre
(University of Southampton). X-ray tomography is a non-
destructive method of reconstructing the volumetric internal
structure of an object from a series of 2D projections, where pixel
intensity relates to x-ray attenuation, governed by density [49]. In
total, 1601 radiographs were taken as the bed was rotated by 360°
around a single axis. The projection data were then reconstructed
to produce a volume with a spatial resolution of 6 pum/voxel. Addi-
tional information about the equipment used are provided in the
ESI. An example of the produced CT images can be seen in Fig. A3a.

2.4. Analysis methodology of the catalytic particles

The Fiji Image] [50] and Avizo® (ThermoFisher Scientific) soft-
ware were used to analyse the CT images. Image] was used to con-
catenate the produced CT volumes, remove noise, distinguish the
particles from the background space (interparticle space of the
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bed), and finally produce a binary image, where particles appear
white and interparticle space appears black. Image] was then used
to evaluate the radial and the axial porosity of the different beds, in
a process similar to that described by Mueller [19], Theuerkauf [23]
and Suzuki et al. [36]. The binary CT images were initially fragmen-
tized into 0.05 mm thick concentric rings, creating a radial area
along the height of the bed (e.g. radial area in-between the radial
distance of 2.0 mm and 1.95 mm from the bed centre). From this,
the “Analyze Particles” function from Image] was used [51] to mea-
sure the particle area within each radial circle, and compare it to
the total area. By integrating the measured radial area over the
entire bed, we then estimate the total radial area covered by the
particles. In a similar fashion, the bulk porosity (1 - the total solid
area), as well as porosity deviations along the axial direction, can
be calculated by evaluating the total solid area in each of the pro-
duced images and integrating it over the entire bed.

Avizo® v.9.3 was then used for 3D data visualisation and analy-
sis, where the binary 2D slices are combined, and the different par-
ticles segmented from their neighbours, to form 3D particles. Once
generated, the 3D volumes can be measured and their surface vol-
ume can be generated and/or meshed [52]. Several available
dimension metrics are provided from Avizo. Here, the particle’s
length (L), width (S), and breadth (I) (i.e. the longest, shortest,
and intermediate diameters of each particle, respectively), equiva-
lent diameter (Eq. Diam.) and sphericity are derived. Further infor-
mation on these metrics can be found in the ESI (Section 3), while
an example of a processed image can be seen in Fig. A3b.

The equivalent diameter metric will be used to quantify the
arithmetic and volumetric particle averages for each sieve range.
The particle shape will be determined from two of the metrics con-
sidered by Blott et al. [40], namely the particle form and sphericity
(see at ESI, section 3.3, for definition). Other metrics have also been
used in the literature, such as the roundness and the irregularity,
[40], or the convexity ratio [37,38] However, evaluating these met-
rics with the available methodology would not be possible without
further assumptions and simplifications. Finally, the measured
interparticle bed porosity, i.e. bulk and radial or axial profiles, is
compared with the semi-empirical correlations of de Klerk [20]
and of Patil [53], produced from homogeneous spherical beds (sec-
tion 1, ESI).

2.5. Chemical performance

Following our previous work [48,54,55], the chemical perfor-
mance of the different catalytic beds was evaluated with ethanol
dehydration as the baseline reaction, as per section 2.2 of the ESI.
Here, a temperature range of 185-220 °C is considered, with inter-
vals of 5 °C, and a Weight Hourly Space Velocity (WHSV) of 2 h™1.
The results presented are an average of duplicate runs.

3. Results and discussion

Out of the 6 total beds studied, detailed description and data is
primarily presented here for the 1S and 5S 300-500 pm beds. The
respective data for the 100-300 pum and 500-700 pm beds, result-
ing from both the 1S and 5S processes, are presented in the ESI.
However, all 6 beds are discussed and compared.

3.1. Controlling the particle size

Fig. 1 shows the reconstructed 3D volumes of the 1S and 5S
300-500 pm cases, which represent a 10% section of the entire
bed volume located at an approximate depth in-between 1.6 and
1.9 cm. 2D side- and top-view images for all beds are presented
in the ESI (Figures A4-A6). Throughout, the colour scheme used
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a) 1S — 300-500 pm
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b) 55 — 300-500 pm

Fig. 1. Reconstructed 3D volume from the analysed CT pictures of a) the 1S and b) the 5S 300-500 pm cases. The reconstructed volume accounts for 10% of the total bed
volume, located in the middle section (at a depth in-between 1.6 and 1.9 cm). The particles are coloured according to their equivalent diameter, with cyan < 100 um, blue
100-300 pm, red 300-500 pm, and green 500-700 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

for the different particles indicates their equivalent diameter, fol-
lowing the connotation: cyan: < 100 pm, blue: 100-300 pm, red:
300-500 pm, green 500-700 pm, and yellow: >700 pm. It can be
observed that the beds consist of a range of irregular particle
shapes and sizes, deposited in random orientations. However,
Fig. 1 cannot reveal much quantitatively for direct comparisons
between the two beds, and further in-depth analysis of the individ-
ual particles is required.

Fig. 2a presents the impact of the sieving process (1S and 5S) on
the particle population distribution by plotting each particle’s
length (L - longest measured particle diameter) and width (W -
smallest measured particle diameter) dimensions. By definition,
no particles exist above the L = W line. Fig. 2a is subdivided into
several zones (discussed in detail in the ESI, Figure A7), and the
population of each zone is shown in Fig. 2b. Fig. 2c and Fig. 2d pre-
sent the particle size distribution and their respective volume cov-
erage, respectively, based on their equivalent diameters. The
respective data for the 100-300 pm and 500-700 pm beds, as well
as the volumetric average values for the four considered metrics
used to quantify the particle dimensions, are presented in the ESI
(Figures A8-A9 and Table A1).

The multiple sieving of the 5S process had a significant impact
on the particle size distributions (Fig. 2a). The 1S particles have a
wider range of lengths and widths whereas the 5S particles appear
to have a narrower size distribution, suggesting that the multiple
sieving had the intended effect. This is also shown in the popula-
tions of the different zones (Fig. 2a and Fig. 2b). Zone A represents
the ideal size zone for particles to occupy, based on the sieve
ranges used, where both length and width are between 300 and
500 pum. The population of this zone increased from 0.7% (1S) to
2.2% (5S), suggesting the 5S process does help filter out undesired
particles. The very low population of this zone is due to the mainly
irregular shapes of our particles, where the length and width
dimensions are not necessarily proportional. This was already con-
firmed by Fig. 1, as many of the particles appear to have a “rod-
like” shape, thus occupying the remaining zones instead.

Zone B represents the region where only one of the two dimen-
sions falls into the 300-500 pum range. Here, we see a significant
population increase from 12% (1S) to 52% (5S). Therefore, most of

the particles in the 5S system fall into either Zone A or B, showcas-
ing the noticeably narrower particle distribution due to more thor-
ough sieving. Zone C represents particles whose both length and
width are below the lowest sieve range (300 pm). In all cases, for
the vast majority of these particles, their dimension metrics are
less than 100 pm; these particles will be henceforth referred to
as dust particles. In an ideal system, such dust particles should
not appear within the reactor bed, as they should have been fil-
tered out through the lowest sieve (300 pm in this case). Despite
this, they have a significant population in 1S (61%), which is greatly
reduced with 5S (19%), showing a dramatic reduction but not a
complete removal on enhanced sieving. We suggest that these
smaller particles come from either particles cracking or fracturing
on being transferred within the reactor, or are residing as a “dust-
like” coating on top of larger particles. However, the repeated agi-
tation of the 5S process would shake off most of dust prior to the
catalyst being loaded into the reactor.

Zone D represents particles whose length is larger than the
upper sieve range (>500 pm) while the width is smaller than the
lower sieve range (<300 pum). The appearance of particles here
seems to depend on the particles’ orientation during sieving,
specifically, being able to pass through the upper sieve (500 pm),
then rotating and changing their orientation before landing flat
on the lower sieve (300 pm) and getting trapped there. Surpris-
ingly here, the population increases from 13% (1S) to 18% (5S),
however, in terms of absolute population rather than percentage,
the 1S has 2.6 k particles in this zone, which is reduced to 1.5 k
in the 5S. This emphasises the need to consider both absolute
and percentage populations. The final zone, Zone E, is occupied
by particles whose both length and width dimensions are larger
than the upper sieve size (>500 pm), which is theoretically not pos-
sible. However, in both cases, this represents<1.5% of the total pop-
ulation, suggesting it is not making a significant contribution to
either of the beds. Overall, the data in Fig. 2a and Fig. 2b confirms
that the extra sieving of the 5S process does drastically lower the
size distribution of the particles in the bed, compared to the 1S
process. Table A1 reinforces this, as here, the 5S bed has a narrower
average range between the particle length and width, of 711 £ 20
and 374 * 10 pm, respectively, whereas the 1S bed has a wider
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Fig. 2. a) Impact of the 1S and 5S sieving processes on the particles length and width distribution on the 300-500 pm bed and b) population of particles per zone. The particle
size distribution and volume coverage are shown in c) and d), respectively, with the eq. diameter as the metric. Population size is ~20.4 k and ~8.4 k for the 1S and 5S beds,

respectively.

range with the average length and width being 747 + 18 and
352 + 8 pm, respectively. Both results are indicative of the
increased uniformity and narrower size distribution achieved in
the 5S bed.

Fig. 2c and Fig. 2d shows the distribution of particle sizes, mea-
sured through the equivalent diameter (section 3.1, ESI), by consid-
ering the percentage population and volume coverage,
respectively, from the 1S and 5S processes. While the equivalent
diameter is measured by over-simplifying each particle as a sphere,
it is a useful metric when an average particle size should be consid-
ered. Here, it is also evident that the 5S achieves a narrower parti-
cle size distribution volume-wise when compared to 1S (Fig. 2d),
while the majority of the volume occupied by the intended 300-
500 pm size is increased from 75% (1S) to 79% (5S). We also notice
that despite dust particles having a significant population in both
beds as per Fig. 2¢, with 56% in 1S and 17% in 5S, their volume cov-
erage, Fig. 2d, is almost negligible (<0.3%).

Looking at the 1S and 5S 100-300 pm beds (Figure A8), similar
trends can be seen. Comparing the length and width distribution of
particles, the 5S bed again occupies a narrower size range. The
increased uniformity in the particle sizes is also shown by the
smaller range in-between the average length and width of the par-
ticles, as per Table A1, which is 413 + 2 and 189 + 1 pum, respec-
tively, for the 1S bed and 396 + 2 and 210 + 1 pum, respectively,

for the 5S bed. Considering the zone populations for the 1S and
5S cases, the sum of zones A and B are 54% and 95%, respectively,
while for zone C is 45% and just 4%, respectively. For both 1S and
5S beds, populations of zone D and E were below 1.5%. Similarly,
the equivalent diameter distribution is narrower for 5S, again
demonstrating the uniformity of the 5S bed compared to the 1S
bed.

In the 1S and 5S 500-700 pm beds (Figure A9), in terms of per-
centage population, 5S has more particles in zones A and B, equal
to 52%, compared to 1S, with 12%, whereas the particles in zone
C are also greatly reduced from 79% (1S) to 16% (5S). The particles
of zone D are seemingly more in 5S, with 30%, compared to 1S with
9%, but in terms of absolute numbers, the two are very similar (840
in 1S, 750 in 5S). While the 5S bed achieves a narrower distribu-
tion, there are less distinctions between the 1S and 5S methods
here compared to what was seen in the other two sieve sizes. This
is evident by inspecting the average particle length and width of
the particles, Table A1, which is equal to 1016 * 53 and
523 + 27 pm, respectively, in the 1S, and 1028 * 83 and
549 * 44 pm, respectively, in the 5S bed; the size range in 5S is
smaller, suggesting more uniform particles. However, these differ-
ences are within experimental error. Furthermore, while the equiv-
alent diameter distribution is narrower in the 5S bed (Figure A9),
particles of almost all sizes exist within both. The existence of a



S. Kyrimis, K.E. Rankin, M.E. Potter et al.

3
a) 500-700 um
(Offset by +2)
2.5
2

b) 300-500 pm

(Offset by +1)
= :
G 15 \
B 'M““\v
o)
a
1
c) 100-300 pm
(No offset)
0.5 \ =000 ===ttt e
NPV g
——1S 5S
0
0 0.5 1 15 2

Radial distance from the wall [mm)]

Fig. 3. Radial porosity profiles of the 1S and 5S a) 500-700, b) 300-500, and c¢) 100-
300 pm cases. The 500-700 and 300-500 pm cases have been offset by + 2 and + 1,
respectively.

wide particle size distribution here suggests that these are not the
result of inefficient filtering, but rather of larger particles fracturing
into smaller pieces. This further supports the argument of dust
being caused by particle cracking. If this result was instead caused
from poor sieving, similar wide distributions would also be
observed in the other beds.

With the above analysis in mind, it can be concluded that the
additional sieve passes of the 5S method allow for more accurate
control of the particle size loaded within the reactor and help to
reach better particle homogeneity. This is a highly desirable effect,
as accurate control of the particle size enables more precise studies
and theoretical estimations, where the aspect of randomness is
reduced to a few parameters (such as deviation from complete par-
ticle homogeneity and shape factor). Most DEM studies of chemical
reactors consider homogeneous particles, in the shape of spheres.
While additional sieve passes can help with the aspect of homo-
geneity, they have no control in the particle shape, thus the parti-
cles could deviate significantly from perfect spheres. This aspect of
the produced particles is discussed in the following section.
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3.2. Quantifying the particle shape

Blott’s form classification is based on the particles’ I/L and S/I
dimension ratios, with each of them varying between 0 and 1. A
value of 1 in both ratios indicates a perfect shape, e.g. a sphere
or a cube, while smaller ratios indicate elongated elliptical or
cuboid/trapezoid forms. If both the particle’s I/L and S/I ratios are
above 0.6, then this will classify it as either a sub-equant or an
equant block. Table 1 presents the particle population with both
S/l and I/L Blott ratios above 0.6 (Figure A10 in ESI). The dust par-
ticles (<100 pm) were excluded from this analysis. Due to their
small size, the I/L and S/I ratios were very close together, leading
to an un-realistic shift of the particle population towards more
equant forms. However, while they affected the population cover-
age of each classification, the overall trends of which Blott classifi-
cations are more heavily populated remained. Therefore, in
addition to their volumetric coverage being so small, their contri-
bution was considered negligible.

The 5S beds all have a similar proportion of particles with I/L
and S/I ratios above 0.6, between 70 and 74%, regardless of the
sieving range. On the contrary, the 1S beds have less particles in
this range, with the 100-300 and 300-500 pm beds having 50
and 51%, respectively, and the 500-700 pum bed having 63%. In
all cases, the “Flat Block” and “Elongate Block” regions also contain
a reasonable number of particles, further supporting the finding of
the previous analysis, as much of these particles have dispropor-
tionate shapes and can occupy either zones B or D. Despite the
majority of the particles having a sub-equant or equant form, they
are not spherical but rather blocks, as shown in Fig. 1.

To probe this further, the average volumetric sphericity of the
particles was evaluated and presented in Table 1. Sphericity has
a maximum possible value of 1, representing a perfect sphere.
We note that small particles, only few voxels in size, were found
to have a theoretically impossible sphericity value>1
(Figure A11-A17). This is because of the different approach Avizo
uses to approximate the area and the volume of a 3D particle
[52], both of which are necessary to measure the particle’s spheric-
ity (section 3.3.2, ESI, for more details). Therefore, such particles
were excluded from this calculation. In all cases, the average volu-
metric sphericity was found to be between 0.68 and 0.73, while, as
seen on Figures A11, A13, and A15, as the equivalent diameter of
the particles increases, they seem to reach a sphericity plateau
between 0.6 and 0.8. The results of both analyses clearly demon-
strate that the particles are indeed irregular and considering them
simply as perfect spheres is an oversimplification of their shape.

The presented analyses also showcase the efficiency of the 5S
process in filtering out irregular particles. However, for both met-
rics, the particles seem to reach an upper plateau, suggesting that
the sieving itself is not the driving factor of the particle shape.
Apart from sieving, generating the particles involves two addi-
tional steps, compression and grinding. As the standard 7 mm pel-
let produced from compression is continuously grounded down to
the pm scale, it is unlikely that this step significantly contributes to

Table 1
Particle population with Blott ratios > 0.6 and volumetric sphericity and for all 6
considered beds.

Particle size Bed Populations with Blott Volumetric
(pm) case ratios > 0.6 sphericity
100-300 1S 50.2% 0.68 + 0.01
5S 73.3% 0.73 £ 0.01
300-500 1S 51.2% 0.70 + 0.01
5S 70.1% 0.73 + 0.02
500-700 1S 62.9% 0.71 + 0.03
5S 71.9% 0.73 + 0.05
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the final particle shape. Conclusively, the primary driving factor of
the particle shape is the grinding process, which offers limited con-
trol in its modification.

3.3. Porosity profile along the catalytic bed

With the produced CT scan images, it is also possible to evaluate
the volumetric porosity of the beds, in both the radial and the axial
direction. The radial porosity profiles for the 1S and 5S 100-300,
300-500, and 500-700 pm beds are presented in Fig. 3. Table A2
presents the bulk porosity of all 1S and 5S beds, along with the the-
oretical bulk porosity estimated from the semi-empirical correla-
tions of Achenbach [56] and Dixon [57]. The particle diameter,
necessary to calculate the correlations (section 1, ESI), was consid-
ered equal to the respective equivalent diameter of the particles in
the 5S beds.

The radial porosity profiles seen in Fig. 3 follow the general
trends described in the literature [5,19,20]. Namely that: a) the
minimum porosity value is observed at roughly half a particle
diameter from the wall, b) away from the wall, radial porosity pre-
sents dampening oscillations, c) the oscillations amplitude is pro-
portionally related to the particle size, with smaller particles
reaching a smoother radial profile earlier, and d) the reactor tube
wall has a greater influence on larger particles. Comparing the
radial porosities of the different beds, we can see that the oscilla-
tions become more prominent for the larger particle beds. The
100-300 pm beds show no significant oscillations; after reaching
the global minima, the radial porosity smoothly increases and con-
verges, with the 5S bed reaching an overall lower porosity magni-
tude. In contrast, the 500-700 pm has several clearly defined
oscillations beyond the global minima. The 300-500 pum beds exist
in-between the other two beds, with a well-defined initial oscilla-
tion down to the global porosity minimum, which converges soon
after. All these effects are indicative of the impact of the wall on the
bed structure, and its relation to the particle size. Regardless of
whether the particles are perfect spheres, as seen in the literature
[19,20], or have inhomogeneous sizes and shapes, as seen here, the
wall induces similar constraints in the resulting bed morphology.

Both the 5S 100-300 pm and 300-500 pum beds reached a lower
radial porosity profile and a lower bulk porosity (Table A2) than
the 1S beds, suggesting more efficient packing is achieved in the
5S bed. This further supports the notion that the 5S process filters
out irregular particles, leading to those remaining having higher
Blott ratios and sphericity values. Regular particles are more effi-
ciently packed than irregular particles, as seen by Fernando et al.
[34] as well, where a bed of perfect spherical beads was more effi-
ciently packed and achieved a lower porosity than a bed formed
from irregular porous rock particles. This can further be empha-
sized by comparing the bulk porosity of the 1S and 5S beds with
the theoretical bulk porosity of a bed of spheres, estimated from
the correlations of Achenbach [56] and Dixon [57] (Table A2).
The bulk porosity of the 5S 100-300 pm and 300-500 pm are both
closer to the theoretical correlations, compared to the respective
1S beds, again showing the higher particle uniformity and regular-
ity achieved by the 5S process, bringing this bed closer to an ideal
theoretical model. This seems to not be the case for the 500-
700 pm bed, however, as the 1S bed achieves a lower bulk porosity
than the 5S bed. As seen in Figure A9d, both 1S and 5S beds consist
of a wider range of particle sizes, attributed to particle fracturing,
thus not achieving the same size homogeneity as the other two
beds. As a result, the packing structure of the 500-700 pm bed will
inherently be more random. Furthermore, it is worth mentioning
that a small volume of the 1S 500-700 pum bed was removed dur-
ing analysis; this is due to the existence of a 1-mm glass bead
within the bed structure. Despite porosity being evaluated as a
volume fraction, the existence of this oversized glass bead will
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significantly modify the local porosity variation, pushing local
particles into a tighter packing.

Despite our radial porosity profiles showing similar trends to
the literature, they also have stark differences when directly com-
pared to the theoretical radial profiles of de Klerk [20] and of Patil
et al. [53], both of which were defined for spherical particles (Fig. 4
and Figure A17). To calculate these correlations, the average equiv-
alent diameter and bulk porosity of the 5S beds were used, as they
achieved a higher particle size homogeneity. While Patil’s correla-
tion predicts the radial distance and magnitude of the first global
minimum better than de Klerk’s correlation, both predict oscilla-
tions with significantly larger amplitudes and periods compared
to those of the actual beds. The radial profiles of the actual beds
appear smoother than the correlations, as the local porosity varia-
tions are averaged out; some oscillations however do appear closer
to the bed centre. To better understand the vast differences in the
oscillating profiles between experiments and correlations, the local
profile inhomogeneities for the 1S and 5S 300-500 pm beds were
investigated. These focused on both the axial variation of the bulk
porosity (Figure A19) and the axial variation of the radial porosity
profiles (Figures A20 and A21), with the latter being investigated at
four axial slices of 0.2 axial length thickness. Along the axial direc-
tion, the beds present oscillations that vary significantly, with
magnitudes of up to 0.07, in a seemingly random fashion. Also, in
their radial profiles, oscillations are present along the entire radial
length and do not converge in the near-central region. All these
radial and axial features are cancelled out during the averaging
process, resulting in a volumetric radial profile that seems con-
stant. An argument against semi-empirical porosity correlations
is that they are unable to capture local inhomogeneities compared
to DEM models [23]. We would argue that this is because the axial
aspect of particle beds is usually omitted, instead focusing only on
the definition of a radial correlation that is volumetrically constant.
While our beds seem featureless along the axial direction, this
might not be the case for spherical beds. Investigating such beds
closer to consider both the bulk porosity and the radial profile vari-
ation along the axial direction could reveal regularly repeating pat-
terns, leading to the generation of novel and more complex
correlations.

This discussion emphasizes that the available semi-empirical
correlations, based on perfect beds of spheres, are an oversimplifi-
cation, and brings forth the question of what parameters would be
crucial for future correlations to include. It is not possible to
answer this with our data, as this requires a systematic investiga-
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Fig. 4. Comparison of measured radial porosity profiles of the 1S and 5S 300-
500 um beds with the correlations of de Klerk [20] and of Patil [53].
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The influence of the different sieving methods on the chemical
performance was investigated by considering ethanol dehydration
as the baseline reaction. Potter et al. [48] showed that ethanol
readily forms a diethyl ether intermediate, which is then slowly
converted into ethylene. As the produced ethylene does not react
further, its outlet concentration, shown in Fig. 6, serves as a good
representation of the activity and the reaction rate of the catalytic
beds.

Comparatively to the 1S beds, all 5S beds reach a greater ethy-
lene concentration, showcasing that the impact of the sieving pro-
cess does not only affect the bed morphology but also its catalytic
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ditions considered in this study. While the difference in their cat-
alytic performance is evident, at this point, there are not enough
0.5 data to speculate a reason for the observed behaviour. The 5S pro-
cess significantly affected the particle homogeneity within the bed,
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Fig. 5. Profile of the semi-empirical correlation of de Klerk [20], when a) a single, b)
a range of three, and c) a distribution of equivalent diameters, estimated from the
0 0.5 1 1.5 2 55 300-500 pm bed, are considered. In the top right-hand side of each figure, the
. . i equivalent diameter range used for each correlation is presented. In addition, the
Radial distance from wall [m m] radial profiles of the 5S 300-500 pm cases are presented in d.



S. Kyrimis, K.E. Rankin, M.E. Potter et al.

7.E-06

1S - 100-300
1S - 300-500

__ 6E06 —— 15 - 500-700 ‘e
€ --®--55-100-300 '44
= -300-
S ro6 5S - 300-500 ’,p
£ --M--5S - 500-700 v’
c 4
S
+ 4.E-06
©
IS
3
2 3.E-06
o
o
(0]
S 2.E-06
>
ey
o

1.E-06

0.E+00

180 190 200 210 220

Temperature [oC]

Fig. 6. Ethylene concentration at the outlet of the reactor, for both 1S and 5S beds
and for all particle sizes.

however, there are several other factors that could affect the bed’s
performance, e.g. the existence of dust particles, the particle
shapes, and the particle orientations with respect to the incoming
flow.

Trying to understand the chemical performance of the beds by
simply investigating the species at the outlet of the reactor creates
an incomplete picture. Unfortunately, experimental in-situ knowl-
edge of other operating parameters, such as local temperature and
pressure, are very hard to measure non-invasively. As a result,
alternative methods are required. CFD models are a potential
option, as they have already demonstrated they are capable of
accurate and complex investigations and predictions when applied
to chemical reactors [48,58]. The authors are currently conducting
dedicated CFD investigations at the single particle scale to describe
the behaviour observed here. Instead of a perfect sphere, the parti-
cle could be modelled as a block, ideally with some irregularities in
its shape, e.g. pointy edges, and placed at various orientations with
respect to the incoming flow. With this method, the physicochem-
ical phenomena, e.g. diffusion and reaction, will be coupled with
the particle size, shape, and orientation, thus yielding key observa-
tions. Furthermore, the reproduced full-bed 3D geometry from
Avizo can be meshed and utilised with a CFD model to investigate
the various flow fields, as well as their complex interactions,
around and within the actual catalytic particles. With this
approach, the impact of the inhomogeneous particle sizes, shapes,
and orientations on the local and global temperature and pressure,
inter- and intraparticle diffusion, and chemical reaction will be
accounted for, thus allowing for a unique insight that cannot be
reproduced with models based on homogeneous spherical parti-
cles. Combining such a study with the analysis presented here will
offer a well-rounded picture of all aspects and processes governing
the operation of small-scale chemical reactors and enable the
development of more accurate large-scale models.

4. Conclusions

Characterising and understanding fixed bed chemical reactors
at small scales is crucial for large-scale optimization studies. The
bed structure and porosity have been characterised in the
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literature through the study of beds formed by homogeneous
spherical particles. However, here, information about individual
catalytic particles and the internal bed structure they form is
received through computed tomography scans. By pelletising,
grinding, and sieving SAPO-34 catalytic powder, particles of pre-
determined sizes are produced. The produced particles, before
being loaded into the reactor, were sieved either once or five times
into three different sieve fractions, forming six distinct bed struc-
tures. Multiple sieving passes greatly reduced the amount of dust
particles within the bed, while also allowing a more homogeneous
distribution of particle sizes. However, the sieving process itself
had limited impact on the shape of the particles, which is deter-
mined by the grinding process. In addition, while most of the par-
ticles had a sub-equant or equant form, their sphericity indicated
that approximating them as spheres is an oversimplification.

The interparticle bed porosity for all beds was also measured
and their radial profiles were compared with those produced with
semi-empirical correlations for beds of spheres. Due to the over-
simplification of the particle size and shape into homogeneous
spheres, the theoretical radial profiles presented significant devia-
tions from the actual profiles measured here. This led to a prelim-
inary investigation on how these correlations may be modified to
account for inhomogeneities within a bed. This distinction empha-
sizes even more that a complete bed characterisation is a multi-
faceted project, which includes and involves several different
scientific fields. As systems, fixed bed chemical reactors incorpo-
rate three distinct aspects, namely the bed structure, the chemical
performance, and the various flow fields. It is impossible to con-
sider these aspects in isolation and not consider their intercon-
nected interactions. Thus, to fully understand and characterise
them, all these aspects should be investigated in depth.
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