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Abstract: The structural and morphological characterization of individual catalyst particles for olefin polymerization, as
well as for the reverse process of polyolefin decomposition, can provide an improved understanding for how these
catalyst materials operate under relevant reaction conditions. In this review, we discuss an emerging analytical toolbox of
2D and 3D chemical imaging techniques that is suitable for investigating the chemistry and reactivity of related catalyst
systems. While synchrotron-based X-ray microscopy still provides unparalleled spatial resolutions in 2D and 3D, a
number of laboratory-based techniques, most notably focused ion beam-scanning electron microscopy, confocal
fluorescence microscopy, infrared photoinduced force microscopy and laboratory-based X-ray nano-computed
tomography, have helped to significantly expand the arsenal of analytical tools available to scientists in heterogeneous
catalysis and polymer science. In terms of future research, the review outlines the role and impact of in situ and
operando (spectro—)microscopy experiments, involving sophisticated reactors as well as online reactant and product
analysis, to obtain real-time information on the formation, decomposition, and mobility of polymer phases within single
catalyst particles. Furthermore, the potential of fluorescence microscopy, X-ray microscopy and optical microscopy is
highlighted for the high-throughput characterization of olefin polymerization and polyolefin decomposition catalysts. By
combining these chemical imaging techniques with, for example, chemical staining methodologies, selective probe
molecules as well as particle sorting approaches, representative structure—activity relationships can be derived at the
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level of single catalyst particles.
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1. Introduction

Over the past century, the polyolefin industry has grown
steadily. In fact, polyolefin resins accounted for 45% of
the total polymer production in 2017.F! Polyolefins are
widely used in our day-to-day lives due to their advanta-
geous physical, chemical, and mechanical properties. The
insufficient recycling of these materials as well as their
uncontrolled release into the environment,!! however,
represent pressing problems and require immediate atten-
tion.

From a historical point of view, industrial olefin poly-
merization has its roots in the 1930s.1! It was in this period
that ethylene was first polymerized to form low-density
polyethylene (LDPE) via a high-temperature and high-
pressure radical process. In the 1950s, two families of
heterogeneous catalysts were discovered for olefin polymer-
ization under milder conditions, i.e., the Phillips catalyst
(e.g., CrO,/Si0,) and the Ziegler-Natta catalyst (e.g., TiCly/
MgCL)."¥ Until this very day, the two catalyst systems
contribute largely to the production of various grades of
high-density polyethylene (HDPE), linear low-density poly-
ethylene (LLDPE), as well as polypropylene (PP).”! Sup-
ported metallocene/MAO-based catalysts (with MAO=
methylaluminoxane) were discovered in the 1980s and are
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well suited to producing specialty polymers with more
complex microstructures and tacticities, such as isotactic PP
(i-PP).I57)

In contrast to the rather mature field of catalytic olefin
polymerization, the field of catalytic polyolefin recycling has
only gained momentum in recent years. Processes, such as
catalytic pyrolysis (i.e., thermal cracking), hydrocracking
and hydrogenolysis, offer viable pathways to convert plastic
waste into chemical building blocks, thus ensuring the
circularity of these polymer materials.®”! The aim is to
convert plastic waste into, for example, naphtha-like
fractions for refining operations, fuels such as gasoline or
diesel, and valuable monomers for the polyolefin industry
(Figure 1A). By employing heterogeneous catalysts, such as
zeolites, for the pyrolysis of polyolefins, such as PP, a
mixture of alkanes and methyl-aromatics can be obtained at
temperatures that are lower than those employed in non-
catalytic pyrolysis.'"”! In fact, affordable solid catalysts, such
as fluid catalytic cracking (FCC) and related equilibrium
FCC cracking (ECAT) catalysts, have been reported to
convert PP into aliphatic and aromatic compounds, alkenes
and propylene in the absence of hydrogen.'! Supported
metal nanoparticles (most commonly Pt, Ru, and Ni), metal
oxides and zeolite catalysts, on the other hand, have shown
promising performance in the hydrocracking and hydro-
genolysis of HDPE, LDPE, and mixed plastic waste.['>%!

Mechanistically speaking, polyolefins, such as PE or PP,
are formed via insertion of ethylene or propylene into a
M-H or M-alkyl bond, followed by multiple insertions of
monomers into the resulting M-alkyl bond.™?"" According
to the principle of microkinetic reversibility, the olefin
polymerization reaction can be reversed to yield olefinic
monomers. This process of depolymerization, which essen-
tially involves a B-alkyl elimination step, is thermodynami-
cally unfavorable (i.e., endergonic, see potential energy
diagram in Figure 1B).”>*! In fact, the activation energies
for the thermal decomposition of PE and PP have been
reported to lie in the range of ~ 140-300 kJ/mol.* The
hydrogenolysis of the olefin, however, results in the process
of polymer chain scission becoming thermodynamically
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accessible (Figure 1B).”**%*%! This was validated in 1988 by
Dufaud and Basset, who reported on a supported Ziegler—
Natta-type zirconium hydride catalyst that not only formed
PE, but also cleaved the same molecule in the presence of
hydrogen at 150°C.>"

Having explored this mechanistic correlation between
olefin polymerization and depolymerization, it is also of
interest to consider the physicochemical properties of the
heterogeneous catalyst systems under reaction conditions.
While significant mass transfer limitations arise during olefin
polymerization due to a rapid build-up of polymer in the
pores of the catalyst support,’”*! mass transfer is similarly
limited when molten polymer enters the macropores of a
catalyst particle during a polyolefin decomposition reaction.
It is thus clearly evident that the spatial distribution of the
polymer phase, and, in the case of polyolefin cracking, its
mobility and decomposition, critically influence the reactiv-
ity of a catalyst particle. In order to make definitive
conclusions about these dynamic processes, imaging techni-
ques with high spatial and temporal resolutions are neces-
sary. These can deliver information on the morphology of
individual particles (Figure 1C) at the nanometer scale, thus
helping to identify and define structure—activity relation-
ships.

Single particle data can generally help to rationalize
trends derived from bulk catalytic testing. Similarly impor-
tant, however, is the identification of particles with atypical
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or unexpected reactivities, structures and compositions.
Considering the large degrees of interparticle heterogeneity
that are observed in pristine industrial catalysts,”*>! inves-
tigations into a representative number of individual particles
at high spatial resolutions, preferably in 3D, are vital to fully
understand their structural and chemical complexity. This
becomes even more relevant when considering the lifetime
of a catalyst inside a chemical reactor, where concentration
and temperature gradients, and, in certain cases, dynamic
reactor operations (e.g., fluidized bed reactors, stirred tank
reactors, loop reactors, etc.) result in varying reaction
conditions and residence times for individual catalyst
particles. This affects their reactivity, composition and
morphology.

In the past, various characterization techniques have
been successfully used to visualize and understand the
structural evolution of industrially relevant olefin polymer-
ization catalysts. In this review, we provide an overview of
these state-of-the-art analytical techniques and will highlight
their potential for studying structural and compositional
changes in olefin polymerization and the reverse process of
catalytic plastic decomposition/cracking (Table 1). Both
laboratory- and synchrotron-based techniques can deliver
information on the structure, composition and reactivity of
relevant heterogeneous catalysts at the single particle level.
Such insights are vital for a better understanding of the
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Figure 1. A: Catalyst-mediated circularity in the polyolefins value chain. Polyolefins can be decomposed or cracked in the presence of a catalyst to
yield fuels and aromatics, or depolymerized catalytically to form the chemical building blocks (i.e., monomers) that they have been synthesized
from. B: Potential energy diagram for the processes of olefin insertion (i.e., polymerization), B-alkyl elimination (i.e., depolymerization) and
hydrogenolysis. Reproduced and adapted from ref. [23]. Copyright © 2022 Wiley-VCH, published by John Wiley and Sons. C: Main insights that can
be extracted with 2D and 3D chemical imaging techniques from heterogeneous catalysts employed in olefin polymerization and polymer

decomposition/cracking reactions.

catalysts, mass transport and reaction pathways, and can
ultimately advance the design of novel catalyst materials.

2. Assessing the morphology and activity of
supported olefin polymerization catalyst particles

Conventional polyolefins, such as PE and PP, are solid
materials that are formed via polymerization of their
respective monomers, i.e., ethylene, propylene and, depend-
ing on the PE grade, different co-monomers such as 1-
butene, 1-hexene or 1l-octene. As mentioned above, the
production of HDPE, LLDPE and PP is dominated by
various transition metal-based catalysts on inorganic sup-
ports, such as silica or magnesium chloride. Once these
polymers are formed inside the pores of a given catalyst
support, stress is generated. When this stress crosses a
certain threshold, as is, amongst others, determined by the
mechanical stability of the support material, the support
begins to break apart. This physical disintegration of the
catalyst support is referred to as fragmentation. Fragmenta-

Angew. Chem. Int. Ed. 2024, 63, €202306033 (4 of 21)

tion plays a central role in the morphological development
of olefin polymerization catalyst particles. Under ideal
conditions, each spherical catalyst particle in the size range
of 10-100 pm disintegrates uniformly during polymerization
to form a 100-3000 um sized polymer particle with the same
shape as the initial catalyst support. The catalyst support
remains highly dispersed in the formed polymer matrix. This
is known as the replica effect.” An incomplete fragmenta-
tion of the support can lead to residual support fragments in
the formed polymer, often affecting its quality, and lower
the total polymer yield. Uncontrolled or very rapid fragmen-
tation, on the other hand, can result in the break-off of
smaller support fragments, which continue to fragment and
polymerize as separate entities. These so-called ‘fines’ are
known to affect the physico-chemical properties of the
polymer and can also cause reactor fouling.

Two mechanisms of catalyst particle fragmentation,
namely, the layer-by-layer and the sectioning mechanism,
have been widely reported in literature.*>" It is the synergy
of both mechanisms that ultimately guarantees uniform
particle growth and a high dispersion of the catalyst in the
formed polymer matrix.””* In the layer-by-layer mecha-
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nism, polymerization and fragmentation start at the surface
of the catalyst particle or its constituent support granulates,
resulting in their gradual disintegration from the surface
towards their respective cores (Figure 2A). In the sectioning
mechanism, the formation of large, extensive cracks results
in the cleavage of the support granulates, or, in some cases,
of the entire catalyst particle into multiple larger fragments
(Figures 2B and 2 C). The fragmentation of the support is
generally more uncontrolled and can lead to a fast exposure
of active sites deep within the catalyst particle. The
contribution of either mechanism is dictated by the proper-
ties of the catalyst support (i.e., surface area, porosity, pore
size distribution, particle size and mechanical rigidity), the
actives sites (distribution, structure, activity and accessibil-
ity), the type of a-olefin monomer, the crystallinity of the
formed polymer, the process conditions (i.e., temperature,
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pressure, reaction phase, stirring rate, catalyst bed fluid-
ization, co-catalyst type, and concentration), as well as heat
transfer and mass transfer, which are strongly related to the
operating conditions.””**! The large number of experimen-
tal variables creates significant complexity when attempting
to identify factors that are largely responsible for a given
catalyst particle morphology. In addition to this, the
considerable speed of the fragmentation process under
industrial conditions currently impedes any true in situ
characterization of catalyst particles.

In the following sections, leading analytical techniques
for the 2D and 3D assessment of olefin polymerization
catalyst particle morphologies and activities will be outlined.
The here discussed morphological investigations were pre-
dominantly performed ex situ on pristine and pre-polymer-
ized catalyst samples.

@

Sectioning fragmentation

O

Co-catalyst
distributions

Figure 2. Examples of morphological and chemical information that can be extracted with different electron microscopy techniques. A: Focused ion
beam-scanning electron microscopy (FIB-SEM) cross-sectional images of silica-supported metallocene-based catalyst particles pre-polymerized in
gas-phase at 1 bar ethylene pressure and room temperature for different periods of time. Light gray domains correspond to the silica support,
while the dark gray domains represent polyethylene (PE). A strong manifestation of the layer-by-layer fragmentation mechanism is evident, both at
the particle surface and at the exposed surfaces of the supports’ constituent granulates. Reproduced and adapted from ref. [47] with permission
from the Royal Society of Chemistry under the CC BY 3.0 license. The Figure is an excerpt of the original. B: FIB-SEM cross-sectional image of a
silica-supported Ziegler-Natta (ZN) catalyst particle pre-polymerized for 1 min at 7.5 bar ethylene pressure and room temperature. The particle
has fragmented following the sectioning fragmentation mechanism (indicated by white arrows). Reproduced and adapted from ref. [48] under the
CC BY 4.0 license. The figure is an excerpt of the original. Copyright © 2022 Werny et al., published by Wiley-VCH. C: Scanning electron microscopy
(SEM) image (top left) and energy-dispersive X-ray spectroscopy (EDX) maps (C: top right, Si: bottom left, and Al: bottom right) of a silica-
supported metallocene catalyst particle after polymerization with propylene (1 h, 50°C, 4 bar propylene pressure). The outer sphere of the particle
has fragmented following the sectioning fragmentation mechanism. Reprinted (adapted) with permission from ref. [50]. Copyright © 2005,
American Chemical Society. D: Scanning transmission electron microscopy-energy-dispersive X-ray spectroscopy (STEM-EDX) maps (Si: blue, Al:
red) recorded of the microtomed cross-sections of two pristine silica-supported metallocene catalysts with Al/Zr molar ratios of 51 (top) and 132
(bottom). A distinct aluminum (Al) shell is observed in the sample with a lower Al loading, while the Al distribution is more homogeneous at
higher loadings. Reproduced from ref. [29] under the CC BY-NC-ND 4.0 license. Copyright © 2018 Velthoen et al., published by Wiley-VCH Verlag.
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2.1. Electron microscopy

Scanning electron microscopy (SEM) is one of the most
commonly used methods to assess the morphology of
supported polymerization catalyst particles® ! and can
yield unparalleled 2D resolutions below 30 nm. It is gen-
erally used to determine both the external and internal
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morphology of individual particles. For the latter, the cross-
sections of individual particles are accessed via microtoming
or focused ion beam (FIB) cutting and are subsequently
imaged. By adopting a horizontal FIB cutting approach,*
complementary scanning probe techniques, such as infrared
photoinduced force microscopy (IR PiFM, Figure 3) and
atomic force microscopy-infrared spectroscopy (AFM-IR),

591 WV

2 149 pv
375 250

354 v

1724V

-14.8°
3.75

Figure 3. Scanning electron microscopy (SEM) and infrared photoinduced force microscopy (IR PiFM) data recorded on the horizontal cross-
section of a silica-supported hafnocene (Hf=hafnocene/MAO/SiO, with MAO = methylaluminoxane) after ethylene pre-polymerization (30 min,

room temperature, 1.6 bar ethylene pressure). With the help of IR PiFM,

the distribution of different materials (e.g., silica, PE) in the composite

particle can be verified spectroscopically [i.e., by recording IR maps at defined wavenumbers for v(Si—O) and §(C—H)] as well as mechanically (i.e.,
via phase imaging). Reproduced and adapted from ref. [38]. Copyright © 2021 Werny et al., published by American Chemical Society under the CC

BY-NC-ND 4.0 license.
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as well as vibrational microscopy techniques, such as IR or
Raman microscopy, can be used to verify the distribution of
different phases (e.g., silica, polymer, pores), either spectro-
scopically or topographically.”*! Together, these methods
can help to assess the chemical composition, mechanical
properties and crystallinities of nascent polymers at different
reaction stages.[*34

In recent studies, SEM has been used to image and
investigate the early stages of pre-polymerization and
fragmentation in silica-supported metallocenes, both at low
and high ethylene pressures.****! Here, the particle cross-
sections were imaged in backscattered electron (BSE)
mode, thus yielding clear contrast between the polymer and
the more electron dense silica fragments (Figure 2A). From
a mechanistic point of view, the layer-by-layer mechanism
was found to play a prominent role in the fragmentation of
these catalyst systems. Contributions from the sectioning
mechanism were only observed under more pronounced
mass transfer limitations, often in domains of low macro-
porosity. A remarkably pronounced involvement of the
sectioning mechanism was reported for a silica-supported
Ziegler—Natta catalyst, which was investigated with FIB-
SEM (Figure2B) and nano-computed tomography
(nanoCT). Extensive crack formation—associated with the
fast kinetics of the Ziegler—Natta catalyst, a rapid formation
of polyethylene and significant pressure build-up—Iled to the
break-up of entire catalyst particle—particles in the early
stages of slurry-phase ethylene polymerization.[*!

SEM instruments are usually equipped to perform
energy-dispersive X-ray spectroscopy (EDX). This can be a
useful complementary tool for determining the distribution
of different catalyst components and reaction products
(Figure 2C).F*! Velthoen et al. used SEM-EDX, along with
scanning transmission electron microscopy-energy-dispersive
X-ray spectroscopy (STEM-EDX, Figure 2D), to visualize
and quantify compositional heterogeneities in silica-sup-
ported metallocene samples with different co-catalyst (meth-
ylaluminoxane, MAOQO) loadings.” The investigation of
multiple particles helped to identify an optimal MAO
loading at which the interparticle heterogeneity was suffi-
ciently low. Tran et al. used a combination of FIB-SEM and
energy-dispersive X-ray spectroscopy (EDX) to study the
impact of the impregnation time and catalyst solution
concentration on the radial distribution of a zirconocene
complex in individual catalyst particle cross-sections, and
the influence thereof on the catalyst particle morphology.®”
High metallocene concentrations in the peripheral regions
of the particle were postulated to cause more fines in the
final polymer product.

2.2. X-ray microscopy

X-ray microscopy is highly suitable for studying the
structure and chemical composition of heterogeneous cata-
lysts, often in 3D.** By relying on absorption or phase
imaging contrast, catalyst components and products with
different electron densities can be distinguished. Techniques
such as scanning transmission X-ray microscopy (STXM,

Angew. Chem. Int. Ed. 2024, 63, €202306033 (8 of 21)
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2D, soft X-rays); transmission X-ray microscopy (TXM, 3D,
hard X-rays) and X-ray fluorescence tomography (XRF,
3D) can even be used to determine the spatial distribution
and chemical state of specific elements. In contrast to SEM,
which requires the physical removal of a particle sub-volume
for cross-sectional imaging, X-ray microscopy is generally
considered to be relatively non-destructive.

In the field of olefin polymerization catalysts, the first
efforts to image individual catalyst particles with hard X-
rays can be traced back to Conner and Jones in the early
nineties.”> ¥ Since then, the resolution of synchrotron-based
X-ray techniques has steadily improved, advancing from
microns to nanometers. For example, 2D STXM has been
used to image and correlate the speciation of polyethylene,
chromium (Cr) and titanium (Ti) in microtomed cross-
sections of Cr- and Cr/Ti-based Phillips catalysts at 50-
100 nm spatial resolutions (ex situ; recorded at STXM end
stations at the Canadian Light Source (CLS), Advanced
Light Source (ALS) and Swiss Light Source (SLS), Fig-
ure 4).5°! The technique has also recently been employed
to study the orientation of polymer chains in low- and high-
density regions of stretched polyethylene."]

In the field of 3D imaging, high spatial resolutions have
been achieved with ptychographic X-ray computed tomog-
raphy (PXCT), a phase contrast-based method that com-
bines scanning X-ray microscopy with coherent diffraction
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Figure 4. Elemental maps of a Phillips-type Cr/Ti/SiO, catalyst particle
cross-section after ethylene pre-polymerization at 100°C and 1 bar
ethylene pressure (Cr: dark red, Ti: blue C, C from polyethylene: green,
C from the epoxy resin: orange) as recorded with soft X-ray spectro-
microscopy (scanning transmission X-ray microscopy, STXM). C K-
edge X-ray absorption spectroscopy (XAS) revealed different types of
polyethylene in the interior and at the edge of the microtomed catalyst
particle. The measurements were performed at the beamline 101D-1 at
the Canadian Light Source (CLS). Reproduced from ref. [59]. Copyright
© 2015 Cicmil et al., published by Wiley-VCH Verlag.
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imaging.®? Ptychography was combined with X-ray

fluorescence (XRF) microscopy at the P06 beamline at
PETRA III (Deutsches Elektronen-Synchrotron, DESY) to
visualize the distribution of titanium-containing support
fragments within an individual 40 um Ziegler—Natta catalyst
particle that was pre-polymerized with propylene (Fig-
ure 5).”7 A synergy between the sectioning and the layer-
by-layer mechanism was reported. XRF microscopy yielded
quantitative data on the distribution and concentration of Ti
sites—an approach that is particularly advantageous when
the phase contrast between the support and polymer is
insufficient. In the future, XRF microscopy could potentially
be applied to several other industrial polymerization catalyst
systems, such as the Cr-based Phillips catalyst and Zr-based

a) b)
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&
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Figure 5. Reconstructed 3D volume of a propylene-polymerized Zie-
gler — Natta catalyst particle [electron density reconstruction: gray
scale, Ti X-ray fluorescence (XRF) signal: red, Cl XRF signal: green]. The
particle was characterized with hard X-ray ptychography and XRF at the
P06 beamline, PETRA IlI, Deutsches Elektronen-Synchrotron (DESY).
Reproduced from ref. [37] under the CC-BY-NC-ND license. Copyright
© 2020 American Chemical Society.
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metallocenes, provided that the desired X-ray absorption
edge falls within the energy range of a given imaging set-up
and self-absorption effects remain limited.

The PXCT set-up at beamline P06 was also used to
characterize an ensemble of 434 ethylene pre-polymerized
Ziegler catalyst particles over a time period of 22h
(theoretical median diameter after polymerization: Ds, .
merized =23-9 um, 120x120x20 um® field of view). A 3D
spatial resolution of 74 nm was determined via Fourier shell
correlation (FSC) analysis. The large number of character-
ized particles facilitated a statistical evaluation of the degree
of support fragmentation via image segmentation and
processing algorithms (Figure 6). Similar to the above-
mentioned studies on silica-supported olefin polymerization
catalysts, the analysis revealed contributions from both the
layer-by-layer and sectioning mechanism, with the latter
more heavily involved in particles displaying advanced
fragmentation degrees.

While ptychography clearly sets the benchmark in terms
of spatial resolution, phase contrast-based full-field holoto-
mography enables significantly higher sample throughput
due to its shorter measurement times. Recent holotomog-
raphy measurements at beamline ID16B at the European
Synchrotron Radiation Facility (ESRF) of pre-polymerized
metallocene-based catalyst particles, with diameters equal to
or larger than 40 pm, only took 10-15min per particle
(Figure 7A). The samples were measured at four sample-to-
detector distances. With the technique yielding clear con-
trast between low atomic number (Z) polyethylene and
silica (Figures7A and 7B), it represents a promising
alternative to ptychography, especially when larger sample
sets or particles are under investigation. The GINIX
holotomography set-up at the P10 beamline at PETRA III
(DESY) was also used to investigated a silica-supported
metallocene  (Dsp  prigine =25.0 pm) at multiple reaction
stages.’! A quantitative assessment of the particles’ support
and pore space architectures revealed large structural
heterogeneity at five different reaction stages (Figure 7B).
As structural parameters govern the degree of mass trans-

Figure 6. Reconstructed 3D volumes of 434 pre-polymerized Ziegler catalyst particles that were segmented with a k-means clustering algorithm to
quantify their morphological heterogeneity. The particles were measured with hard X-ray ptychography at the P06 beamline, PETRA I1I, DESY.
Reproduced from ref. [63] under the CC BY-NC-ND 4.0 license. Copyright © 2021 Bossers et al., published by American Chemical Society.
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Figure 7. A: Reconstructed virtual cross-section of a zirconocene-based catalyst particle that was pre-polymerized in slurry-phase for 5 min at 10 bar
ethylene and room temperature (unpublished data; light grey = polyethylene-rich phase, dark gray =silica-rich phase, white =macropore space).
The particle was measured with hard X-ray holotomography at the ID16B beamline at the European Synchrotron Radiation Facility (ESRF) in less
than 15 min. B: Reconstructed and segmented grayscale volumes of two hafnocene-based catalyst particles that were pre-polymerized in gas-phase
for 60 min at 1.6 bar ethylene pressure and room temperature. The particles were measured with hard X-ray holotomography at the P10 beamline,
PETRA I1I, DESY. Radial phase distribution analysis clearly demonstrated significant inter- and intraparticle heterogeneity amongst particles from
the same batch. Reproduced and reprinted from ref. [31], Copyright © 2021, with permission from Elsevier Inc.

port through the particles, they have a significant influence
on the particles’ morphological evolution upon polymer-
ization.

Last but not least, laboratory-based computed tomog-
raphy (CT), an absorption contrast-based technique, repre-
sents an accessible alternative to synchrotron-based methods
for characterizing pristine and polymerized catalyst
particles.”#6-%! Nano-computed tomography (nanoCT)
has been reported to deliver sub-180 nm resolutions for
different silica-supported olefin polymerization -catalysts
(Figure 8), as determined via Fourier shell correlation
analysis (FSC)." In general, laboratory-based CT instru-
ments offer experimental and operational flexibility to
researchers who do not have regular access to synchrotron
facilities.

2.3. Optical microscopy

Optical microscopy has been widely applied in the field of
synthetic polymers!®”) and olefin polymerization, delivering
information on the composition, formation and morphology
of polymers, as well as on kinetics of polymerization
reactions. For instance, Blum et al. have used fluorophore-
tagged olefin monomers and microscopy to visualize ring-
opening metathesis polymerization (ROMP) reactions in
situ.®7 The group was able to identify a preferential
formation of fluorescent polymer on a homogeneous Grubbs
catalyst in solution rather than on a heterogeneous Grubbs
catalyst (Figure 9A).®! Chen et al. studied the ROMP of
norbornene, also catalyzed by a Grubbs catalyst, using
optical microscopy."™ By monitoring the height of a
tethered magnetic particle, they were able to measure the
extension of the growing polymer chain under reaction
conditions (Figure 9B). Interestingly, the extension of the
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Figure 8. Reconstructed particles and virtual cross-sections of two
zirconocene-based catalyst particles that were pre-polymerized in
slurry-phase for 1 min at 10 bar ethylene pressure and room temper-
ature (light grey=silica-rich phase, dark gray = polyethylene-rich phase,
dark gray/black=macropore space). The data was acquired with
laboratory-based nano computed tomography (nanoCT) to study the
propagation of extensive cracks in the support (indicated by white
arrows) was studied. Reproduced and adapted from ref. [48] under the
CC BY 4.0 license. The figure is an excerpt of the original. Copyright ©
2022 Werny et al., published by Wiley-VCH.

polymer chain was not continuous and linear due to
conformational entanglements arising from newly incorpo-
rated monomers.

In the field of industrially applied olefin polymerization
catalyst systems, various groups have used optical video
microscopy, together with appropriate reaction cells, to
track the growth of individual catalyst particles during gas-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 9. Chemical information that can be extracted from supported olefin polymerization catalysts with optical microscopy. A: Ruthenium-
catalyzed polymerization of a fluorophore-tagged olefinic monomer. The resulting fluorescent polymer was localized with fluorescence microscopy.
Reproduced and adapted from ref. [68]. The figure is an excerpt of the original. Copyright © 2011, American Chemical Society. B: Real-time
extension-versus-time trajectory for a growing polymer chain during a Grubbs catalyst-mediated ring opening metathesis polymerization.
Reproduced and adapted from ref. [72]. The figure is an excerpt of the original. Copyright © 2021 Elsevier Inc. All rights reserved. C: Optical
images recorded of silica-supported metallocene catalyst particles during gas-phase ethylene polymerization at 10 bar ethylene pressure and 60°C
(reaction stages: 0 min, 60 min, 120 min, and 180 min) that were used to assess their respective growth rates. Reproduced from ref. [77]. Copyright
© 2003 Wiley-VCH; published by John Wiley and Sons. D: Infrared images recorded of a Ziegler—Natta catalyst particle during olefin
polymerization, yielding insights into the temperature of the particle. Reproduced from ref. [80]. Copyright © 2003 American Institute of Chemical
Engineers (AIChE), published by John Wiley and Sons. E: Confocal fluorescence microscopy (CFM) image of an ethylene polymerized metallocene/
MAO/X-based catalyst (MAO =methylaluminoxane and X = perylene-stained silica support), revealing its internal morphology. Reproduced and
adapted from ref. [83]. The figure is an excerpt of the original. Copyright © 2005 Wiley-VCH Verlag, published by John Wiley and Sons. F: CFM
image of an ethylene polymerized metallocene/MAO/Y-based catalyst, with Y = porous, rhodamine B-stained polyurethane support. Reproduced
and adapted from ref. [85]. The figure is an excerpt of the original. Copyright © 2013 Wiley Periodicals, Inc.; published by John Wiley and Sons. G:
Reconstructed 3D CFM data of multiple autofluorescent zirconocene/MAO/SiO, particles after ethylene pre-polymerization (with TPV =total
particle volume; Vs_Volume of silica-dominant domains; fragmentation parameter F= (1-Vs)/TPV). The figure is an excerpt of the original.
Reproduced and reprinted from ref. [87] under the CC BY 4.0 license. Copyright © 2022 Werny et al., published by American Chemical Society. In
E-G, the support has been impregnated with a fluorophore, while the formed polymer is not fluorescent.
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phase polymerization reactions (Figure 9C)."*” Pater et al.
even studied the temperature evolutions of individual
catalyst particles under reaction conditions using infrared
imaging (Figure 9D).* A more widely applicable approach
was introduced by the group of Miilhaupt, who used video
microscopy and focused beam reflectance measurement
(FBRM) probes to monitor the growth of catalyst particles
during slurry-phase polymerizations in a stirred reactor.®"
In contrast to many of these efforts, which delivered
information on particle growth and kinetics, the Miillen
group employed laboratory-based confocal fluorescence
microscopy (CFM), in combination with specific support
staining procedures, to determine the internal morphology
and composition of supported olefin polymerization cata-
lysts (Figures 9E and 9F).®>* In these studies, the distribu-
tion of the support in the polymer matrix was assessed non-
invasively based on its fluorescence, thus yielding insights
into the process of fragmentation. Miillen etal. also
introduced the use of perylene-based dyes to differentiate
between several silica-supported metallocenes, employed in
the same polymerization run, using UV light.*! Certain
silica-supported metallocenes are even known to exhibit
autofluorescence and are thus suitable for a direct character-
ization via CFM. Our group recently combined CFM with
advanced image processing to quantitatively assess support
fragmentation in a large number of autofluorescent metal-
locene-based catalyst particles.®” This delivered representa-
tive insights into inter- and intraparticle heterogeneity
during the early stages of ethylene polymerization at 10 bar
ethylene pressure (Figures 9G).

2.4. Other techniques

Scanning probe techniques such as atomic force microscopy
(AFM) ™ atomic force microscope-infrared spectroscopy
(AFM-IR),”* and infrared photoinduced force microscopy
(IR PiFM)B9+% represent powerful tools to assess the
topology and morphology of polymer materials at high
spatial resolutions down to a few nanometers. In a study by
Ruddick et al., phase-imaging AFM was used to study the
fragmentation of a Phillips catalyst at different stages of
ethylene polymerization.’”! Larger support fragments were
detected at the surface of the polymerized catalyst. The
authors postulated that these larger fragments, owing to
their smaller surface areas, were less active in comparison to
smaller fragments and thus pushed to the surface of the
catalyst during polymerization. In a more recent study, IR
PiFM was used to image cross-sections of an ethylene pre-
polymerized hafnocene catalyst particle at sub-20 nm
resolution.® IR maps were recorded at characteristic wave-
numbers for the Si—O stretching vibration of silica (SiO,)
and the symmetric C—H bending vibration of the methylene
(CH,) group (Figure 2B). A clear spectroscopic differentia-
tion between the silica support and formed polyethylene was
thus obtained, thereby helping to identify fragmentation
pathways and visualize crack formation. The two phases
were also clearly distinguishable in the phase imaging mode,
which is suitable for assessing mechanical material proper-
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ties. Further studies could employ quantitative nanomechan-
ical mapping (QNM) and nano indentation testing to
quantify mechanical material properties, such as elasticity,
via the Young’s modulus.”® Besides the above-mentioned
techniques, Raman microscopy can also be used to monitor
the formation and distribution of polymer.*! hile the
technique’s resolution is lower, it has the benefit of being
able to capture larger sample areas in comparatively short
measurement times.

3. Determining the distribution of polymer and
related decomposition products in polyolefin
cracking catalysts

During catalytic pyrolysis, hydrocracking and hydrogenoly-
sis, polyolefins, such as PP and PE, are converted to a
mixture of aliphatic, aromatic and olefinic hydrocarbons. As
the reaction is conducted at elevated temperatures, the
polymers melt to form viscous fluids that may infiltrate the
pore space of catalyst particles. Thermal pre-cracking of the
polymer chains to shorter chains is hypothesized to occur,
which increases the accessibility of shorter chains and
intermediate cracking products to the particle interior for
further reactions.''!' A similar effect may be achieved with
other (thermo—)chemical (e.g., non-catalytic pyrolysis, sol-
volysis, dissolution/precipitation, etc.’’) and mechanochem-
ical methods (e.g., ball milling™'°") that reduce the average
polymer chain length. In general, as the polymer decom-
position reaction proceeds, a more extensive dissociation of
the polymer chains takes place. Furthermore, subsequent
aromatization of the formed intermediates results in the
formation of different coke species. Both the degree of
polymer intrusion into the pores of a given catalyst body
and the distribution of coke species can be visualized with
different high-resolution imaging techniques.

3.1. Electron microscopy

Focused ion beam-scanning electron microscopy (FIB-SEM)
represents an accessible characterization tool to obtain data
on polymer localization and mobility. The technique is
suitable for assessing the degree of polymer intrusion and
pore utilization in macroporous catalyst particles that have
been contacted with polyolefins at elevated temperatures.
This can yield insights into the roles of a polymer’s viscosity
and a catalyst’s pore space accessibility on the performance
of a given catalyst. Further studies could utilize a combina-
torial SEM-EDX-CFM (EDX=energy dispersive X-ray
spectroscopy, CFM =confocal fluorescence microscopy) ap-
proach to determine the chemical composition of different
phases with distinct reactivities (e.g., coking or specific
interactions with probe molecules) in a catalyst particle
cross-section, thereby helping to identify structure-perform-
ance relationships.
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3.2. X-ray microscopy

X-ray microscopy can provide information on the degree of
polymer intrusion into the pores of a given catalyst particle
in 3D. Recent hard X-ray holotomography measurements
on FCC and equilibrium FCC catalyst (ECAT) particles,
used for a limited amount of time in the catalytic pyrolysis
of low molecular weight PP, revealed differences in the
degree of polymer intrusion (Figure 10A). These are mostly
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likely associated with the particle architecture and the
degree of porosity in the outer layers of the catalyst
particles. In fact, the studied ECAT particles, in contrast to
most of the FCC particles, were found to possess an internal
pore structure that was more accessible for PP. Further-
more, coke deposits were clearly detectable in the particles
(Figure 10A). This stands in agreement with previous
experiments by Vesely etal., who first demonstrated the
suitability of holotomography for detecting and quantifying

A Polymer and coke distribution

Polypropylene

FCC-cat

Pt';iypropylene

20 pm

Reaction product speciation and distribution C

ECAT

normalized intensity (a.u.)

13 min

1050 3000 2850

&

normalized mean intensity (a.u)
°

5 75 i 125 50 7 14 21 2 o 4 &8

0

25
distance from surface (um) distance from surface (um)

12 16 20 24 2 32
distance from surface (um)

Figure 10. Information obtained on polyolefin cracking catalysts via high resolution X-ray and optical microscopy. A: Reconstructed virtual cross-
sections of fluid catalytic cracking (FCC) and equilibrium cracking catalyst (ECAT) particles that have partially reacted with polypropylene (PP) at
250°C (details about the samples and reaction conditions can be found in ref. [11]). Differences in the degree of polymer intrusion between the
particles as well as high local concentrations of coke (high electron density, dark grey) are clearly visible. The particles were measured with
holotomography at beamline ID16B at the European Synchrotron Radiation Facility (ESRF, unpublished data). B: Confocal fluorescence microscopy
(CFM) images and Fourier-transform infrared spectroscopy (FTIR) spectra of PP/catalyst mixtures after quenching the reaction at 250°C. Radial
intensity profiles, based on the measured CFM images, indicate differences in the distribution of fluorescent reaction products between FCC/FCC-
NZ and ECAT (FCC-NZ=FCC catalyst, No Zeolite; and ECAT = equilibrium cracking catalyst). All samples were microtomed prior to characterization
with CFM. Reproduced from ref. [11] under the CC BY 4.0 license. Copyright © 2021 Vollmer et al., published by Wiley-VCH. C: CFM images
recorded of FCC, FCC-NZ and ECAT catalysts after a full reaction run with PP at~450°C. All samples were microtomed prior to characterization
with CFM. High concentrations of fluorescent aromatics and coke species are visible as distinct yellow domains. Reproduced from ref. [11] under
the CC BY 4.0 license. The figure is an excerpt of the original. Copyright © 2021 Vollmer et al., published by Wiley-VCH.
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coke in FCC catalyst particles.'” In the future, both the
distribution and volume of coke can be quantified by
scanning reacted polyolefin cracking catalyst particles before
and after calcination (i.e., via differential contrast tomog-
raphy, as reported by Vesely et al.'®®). The tomographies
can then be used to simulate the diffusion of reaction
intermediates and products through the macropore space of
the catalyst particle, both in the presence and absence of
polymer, as well as coke. Experiments by Weber et al. on
Ni/Al,O; catalysts demonstrated that coke deposits can also
be localized with hard X-ray ptychography (PXCT) at high
spatial resolutions (sub-100 nm).!"®! With the resolution of
imaging set-ups steadily improving, it may soon be possible
to image the process of pore filling in the mesopore regime
(i.e., 2-50 nm). The spatial distribution of certain catalyst
components, in relation to, for example, formed coke
species, could also be probed with transmission X-ray
microscopy (TXM), X-ray fluorescence tomography (XRF)
and X-ray diffraction (XRD) tomography.!!"!+-108

3.3. Optical microscopy

While electron and X-ray microscopy provide unparalleled
spatial resolutions in 2D and 3D, confocal fluorescence
microscopy (CFM) can provide complementary information
on the formation and distribution of fluorescent reaction
products, such as aromatics and coke, in multiple catalyst
particles. Vollmer et al. used CFM to study the formation
and localization of early-stage cracking products in fluid
catalytic cracking particles (i.e., FCC/FCC-NZ, with NZ=No
Zeolite), and equilibrium FCC catalyst (ECAT) particles,
after a 13 min reaction with polypropylene (PP) at 250°C
(Figure 10B, bottom).""! In general, higher fluorescence
intensities were observed in the outer rings of FCC and
FCC-NZ catalyst particles, indicating that cracking and
possibly aromatization were predominantly occurring at the
particle surface and sub-surface regions. In the case of
ECAT, on the other hand, the radial fluorescence intensity
profile increased towards the center of the particles. This
was linked to the presence of metal deposits (i.e., Fe, Ni,
and V), which are expected to increase the pre-cracking
activity of the catalyst matrix, thereby enhancing the trans-
port of cracking products and reaction intermediates into
the particle interiors, where they subsequently form aro-
matics. Attenuated total reflectance-infrared spectroscopy
(ATR-IR) and transmission Fourier-transform infrared
(FTIR) spectroscopy helped to further assess the degree of
cracking in the bulk PP surrounding the catalyst particles
and in the catalyst/PP composite, respectively (Figure 10B,
top). While cracking products were only detected in higher
concentrations inside or in close vicinity of the FCC and
FCC-NZ catalyst phase, cracking products were also
observed in the bulk PP surrounding the ECAT catalyst
particles. The authors attributed this to reaction products
that had diffused out through the plastic layer surrounding
the ECAT catalyst material.

CFM measurements were also performed on all catalysts
after a full reaction run with PP at~450°C. Well-defined
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bright spots, observed in FCC catalyst particles and
allocated to high local aromatics and coke concentrations in
zeolite domains, were not visible in the ECAT catalyst
(Figure 10C). The authors postulated that the zeolite
domains are less accessible in ECAT due to metal deposits.
The domains may have also been deactivated via streaming
in the regenerator of the FCC unit. Despite this, all catalysts
formed significant amounts of aromatics, suggesting that
zeolite is not necessary for the aromatization of PP. The
bright features in FCC only appeared after a full reaction
run, which further confirmed the hypothesis that pre-
cracking in the catalyst matrix precedes aromatization in the
zeolite domains.

Future research efforts may be directed towards the
rational design of highly porous catalysts that are potentially
more suitable for the conversion of viscous polymers. By
using CFM, particle accessibilities and activities can easily
be determined for catalysts with different porosities and
pore space architectures, based on the fluorescent coke
species that are formed. Furthermore, pristine catalyst
particles can be stained with fluorophores and (reactive)
probe molecules to visualize their 3D structure, activity, as
well as the distribution of different components and catalyti-
cally active phases."™"! Fluorophore-tagged polymers
could even be used to study polymer melting and intrusion
into the pores of a given catalyst with CFM.

4. In situ and operando characterization of
individual catalyst particles for olefin
polymerization and polyolefin decomposition

In situ and operando (Figure 11A) X-ray microscopy at the
nanometer length scale represents a powerful approach for
obtaining more detailed insights into the behavior of
heterogeneous catalysts under operating conditions.*>*112113)
Generally speaking, this requires the implementation of
sophisticated micro- and nanoreactor systems with low dead
volumes, suitable windows or capillaries for high X-ray
transmission (e.g., Si;N, or quartz), as well as stable gas
flows under high-temperature and high-pressure operating
conditions.

In 2008, our group started using reactor set-ups with
integrated MEMS (microelectromechanical systems) chips
for performing 2D scanning transmission X-ray microscopy
(STXM) on different types of Fischer—Tropsch catalysts
(Figure 11B) under in situ and operando conditions (up to
4 bar and 500°C)."*""% In general, the use of soft X-rays
often requires the use of relatively thin samples (<1 um) in
comparison to hard X-ray-based tomography experiments.
More recently, Grunwaldt et al. reported on another reactor
design featuring a MEMS chip for complementary X-ray
nano-imaging and spectroscopy under reaction conditions
(Figure 11C). Using this reactor, 3D X-ray ptychographic
measurements can be performed at 1 bar pressure and at
temperatures of up to 1100°C, covering an angular range of
:i:35 o.[117]
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Figure 11. A: Schematic of the operando spectroscopy approach for characterizing catalysts in their working state. The structure and chemical
composition of the catalyst is monitored directly under reaction conditions, while simultaneously assessing the formed reaction products (e.g., via
gas chromatography or mass spectrometry). B: Scanning transmission X-ray microscopy (STXM) set-up first used by Weckhuysen, de Groot et al.
to study Fischer—Tropsch synthesis catalysts in situ. The measurements were performed at beamline 11.0.2 of the Advanced Light Source (ALS) at
the Lawrence Berkeley National Laboratory, USA. Reproduced and adapted from ref. [115]. Copyright © 2008, Macmillan Publishers Limited. All
rights reserved. C: Schematic of the reactor set-up used by Grunwaldt et al. for in situ 2D and 3D ptychography at the PO6 nanoprobe beamline of

PETRA 111, Deutsches Elektronen-Synchrotron (DESY). Reproduced from ref. [117] under the CC BY 4.0 license. Copyright © 2019 Fam et al.,
published by International Union of Crystallography. D: Simplified illustration of the capillary-based microreactor employed by Weckhuysen et al.
for in situ transmission X-ray microscopy (TXM) experiments at Beamline 6—2c of the Stanford Synchrotron Radiation Lightsource (SSRL).

Capillary-based microreactors!'®’! represent a promis-
ing alternative to reactors with integrated MEMS devices as
they enable significantly higher angular ranges. The techni-
cal challenge here, however, remains in using heating
equipment that is compatible with the sensitive beamline
optics, both in terms of the released heat and spatial
constraints. In 2012, our group started using capillary-based
microreactor systems (capillary diameter =100 um) with
appropriate heating devices for in situ transmission X-ray
microscopy (TXM) on catalyst particles at 1-30 bar and up
to 600°C."™" In a more recent design, the quartz or
Kapton capillary is attached to a holder (Figure 11D,
simplified schematic) with heat-resistant epoxy while the
heating is provided by a nichrome wire in a cylindrical
chamber. A water-cooled aluminum cage with X-ray
windows prevents overheating of the optical components.

Over the last years, capillary-based reactor systems have
become increasingly established and have been used to
study different heterogeneous catalysts with various X-ray-
based imaging techniques at length scales ranging from
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millimeters to nanometers.'**'?®! Future efforts must, how-
ever, be directed towards designing compact reactor systems
(e.g., chip-based reactors as reported by Drake et al."®)
that have integrated heating and cooling elements, while
also enabling high gas pressures and, hence, realistic
reaction conditions. Reactors with low spatial requirements
are advantageous as they will ensure a given reactor’s
compatibility with multiple imaging set-ups and beamlines.
Furthermore, the number of missing imaging angles should
be minimized in future reactor designs (see design by Holler
et al.®) to limit reconstruction artefacts and guarantee the
highest possible imaging resolution.

In the context of olefin polymerization catalysts, sophis-
ticated reactors will provide the means for tracking the
morphological evolution of individual catalyst particles in
situ. The main challenge remains in maintaining the stability
of the air- and moisture-sensitive catalyst particles that are
loaded into the reactor inside an inert environment (e.g.,
glovebox). Due to the relatively fast polymerization rates, a
pulsing approach with ethylene and an inert gas may have to

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85US017 SUOWILLOD dAIER.1D 3|dedl|dde au Aq pausenob e S3oile YO ‘38N Jo 3| 10} Akeigi duljuO A8|IM Lo (SUORIPUOD-pUe-SULLBYLI0D" A8 | 1M Atelq 1 fBuuo//Sdny) SUORIPUOD pUe S | 3U S *[7202/70/TT] uo Ariqiaunuo 8|1 ‘spue|RURN aUeIY0D AQ EE090EZ0Z 31Ue/Z00T OT/I0p/W0d 48| 1M Ale.q puljuo//Sdny wo.j papeojumoq ‘9 ‘v202 ‘€LLETEST



GDCh
=

be adopted. The previously mentioned holotomography set-
up at ID16B (ESREF, Figure 7A) enables high temporal and
spatial resolutions and would therefore be suitable for such
quasi in situ measurements.*"%! With the flux and coher-
ence of synchrotron radiation as well as the speed of
microscopy set-ups and detectors steadily improving,'**1* it
may even become possible to monitor polymerization
reactions live (i.e., true in sitw/operando experiments with-
out pulsing) at spatial resolutions of a few tens of nano-
meters. To maximize the temporal resolution, however, it
could be beneficial to perform measurements at slightly
lower spatial resolutions. The acquired data would provide
valuable input for refining existing models that are used to
simulate support fragmentation.[*"?*!¥"]

Catalysts for polymer decomposition, on the other hand,
can be loaded with a limited amount of polymer and
subsequently imaged with X-ray nanotomography. Ideally,
tomographies are collected before, during, and after the
reaction, while monitoring both the reactants and the
reaction products. This could provide insights into (i) the
intrusion of polymer into the particle, (ii) polymer decom-
position, and (iii) coke formation.!'"”

By using suitable reaction cells (e.g., cells by Linkam
Scientific, Harrick Scientific Products Inc.), confocal
fluorescence microscopy (CFM) can also potentially be used
to study heterogeneous polymerization and (hydro)cracking
catalysts under working conditions. Provided the concen-
tration of fluorophore is sufficiently high, structural and
chemical changes to catalysts may be observed in real time.
The decomposition of polymers on polymer decomposition
catalysts may be imaged in situ or operando due to the high
concentration of fluorescent coke species that are formed.
Thus, by correlating changes in the fluorescence of the
formed intermediates and products and the monitored
composition of gas-phase products, new structure-activity
correlations may be obtained.

5. High-throughput experimentation and machine
learning to assess interparticle heterogeneity in
olefin polymerization and polyolefin decomposition
catalysts

Industrially applied catalysts, such as supported olefin
polymerization catalysts®™! and cracking catalyst (e.g.,
FCC/ECAT),” are per definition heterogeneous in nature.
The degree of heterogeneity and any associated chemical
implications thereof are, however, poorly understood.
Optical and X-ray (fluorescence) microscopy techniques can
bridge the gap between single catalyst particle studies and
bulk catalyst characterization approaches and help to
elucidate relevant structure-performance relationships in a
statistically relevant number of catalyst particles.

In the field of heterogeneous olefin polymerization
catalysts, confocal fluorescence microscopy (CFM), in
synergy with automated image segmentation (e.g., via
machine learning) and data analysis, has the potential to
become a high-throughput tool for determining the mor-
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phology of multiple catalyst particles after synthesis as well
as after (pre)-polymerization (quality control). While the
acquisition of 2D data provides a mean of comparing and
screening different reaction stages and catalyst batches at
high sample throughput (in the range of 10*>-10° particles per
h), 3D imaging can be used to accurately assess the
composition of multiple catalyst particle sub-volumes in a
limited space of time (~ 2h scan time for a
178 umx178 umx30 um field of view!® Material-specific
staining procedures,®*%! autofluorescent catalysts, fluoro-
phore-tagged monomers!® and fluorescent probe molecules
(e.g., fluorescent external/internal donors for Ziegler—Natta
catalysts) will help to extend the methodology to a variety of
supported olefin polymerization catalysts. In the field of X-
ray microscopy, hard X-ray holotomography and ptycho-
graphic X-ray computed tomography are particularly well
suited to measuring large sample sets of polymerization
catalyst particles in 3D.P'! Automated image reconstruc-
tion, segmentation!*'*!! and analysis can greatly improve
the efficiency of the data analysis. This, in turn, will further
increase the throughput of the techniques and will help to
deliver statistically relevant chemical insights. Next-gener-
ation synchrotrons and instrumental advances will most
likely make X-ray microscopy the method of choice for
collecting high-resolved morphological data on a representa-
tive number of particles 3D. Finally, planar model olefin
polymerization catalyst systems,[*7*! potentially in form of
spherical caps or micro-islands*! (Figure 12A), could find
application in high-throughput catalyst characterization and
testing studies. By targeting a large number of islands with
various micro-spectroscopic tools, correlations between the
composition and structure of the employed catalyst material
and the morphology, composition and crystallinity of the
formed polymers can be investigated. Furthermore, islands
of different chemical compositions could be screened in
parallel under identical reaction conditions. This could also
be realized with small wafers, featuring different catalyst
and co-catalyst formulations, that are placed in the same
reaction cell or chamber. By installing the required analyt-
ical instruments inside for example, a glovebox, samples
could even be characterized at multiple reaction stages.

In the field of cracking -catalysts, high-throughput
approaches have already been implemented. Kerssens et al.
were able to optically differentiate between FCC particles
containing either zeolite Y or ZSM-5 in a mixed catalyst
batch of 25000 catalyst particles after a chemical staining
reaction with 4-fluorostyrene.['""! Furthermore, by using 4-
methoxystyrene as a fluorescent probe molecule, they were
able to assess the acidity (considered as representative for
the catalytic activity) and micropore volume of the catalyst
particles (Figure 12B). A similar approach could be applied
to FCC catalysts after different stages of polyolefin decom-
position to study their accessibilities and acidity as a
function of time. Nieuwelink et al. have studied interparticle
heterogeneities in density-separated fractions of a ECAT
catalyst by overlaying Fe and Ni X-ray fluorescence (XRF)
maps with CFM images recorded after reaction with differ-
ent probe molecules.’” The degree of deactivation was
linked to the Ni content of a given particle. Both studies
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Figure 12. Synthetic and analytical approaches that can be exploited to obtain representative insights into the chemical behavior of heterogeneous
catalyst materials, either at the level of one particle or multiple particles. A: Development of model catalyst systems that enable high-throughput
characterization with 2D (spectro—)microscopy techniques. Reproduced from ref. [46] under the CC BY 4.0 license. Copyright © 2022 Bossers

et al., published by Springer Nature. B: Implementation of high-throughput microscopy techniques and automated data analysis to characterize
large sample sets. Reproduced from ref. [110] with permission from the Royal Society of Chemistry under the CC BY 3.0 license. C: Sorting
approaches to divide single catalyst particles according to their composition, structure and reactivity. Reproduced and adapted from ref. [111].
Copyright © 2021, Nieuwelink et al., under exclusive license to Springer Nature Limited. D: Systematic studies to identify and assess individual
catalyst particles with irregular morphologies (i.e., agglomerates formed during spray drying of the catalyst support; strongly elongated or
irregularly shaped particles) or compositions under reaction conditions (unpublished SEM data).

could be implemented in a similar fashion for catalysts
employed in polyolefin decomposition to study properties
such as accessibility and acidity at the level of individual
particles.

While certain structure—activity relationships have been
established, the precise influence of particles with irregular
structures and deviating chemical compositions is not well
understood. Dielectrophoretic (Figure 12C) and magneto-
phoretic particle sorting approaches,!'"'*! in interplay with
suitable optical microscopy (e.g. fluorescence microscopy)
and machine learning algorithms, could be used to separate
catalysts according to different criteria. For instance, olefin
polymerization catalyst and fluid catalytic cracking particles
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could be sorted according to their initial morphology,
chemical composition (e.g., metallocene and co-catalyst
loading in the case of olefin polymerization catalysts, metal
contaminants in the case of ECAT) or activity (e.g., acidity
based on reactions with probe molecules in the case of FCC/
ECAT!), This would ultimately yield more uniform
catalyst batches with narrower spreads in activity. Investigat-
ing the reactivity and morphology of outliers (Figure 12D)
could potentially advance our understanding of their exact
role in catalytic reactions. As a consequence, new insights
into the structural, compositional, and chemical require-
ments for catalytic reactions will be gained.
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6. Summary and Outlook

Synchrotron- and laboratory-based chemical imaging techni-
ques have emerged as useful analytical tools for assessing
the evolution of supported olefin polymerization catalysts in
2D and 3D. Electron, fluorescence and X-ray microscopy in
particular provide representative chemical and morpholog-
ical information at the nanoscale. The growing analytical
toolbox, as discussed in this review, can be employed in a
similar fashion to obtain new physicochemical insights into
the process of polyolefin decomposition or cracking. By
visualizing the decomposition and mobility of commodity
polymers, such polypropylene and polyethylene, in individu-
al catalyst particles, an improved mechanistic understanding
for the underlying processes of catalytic pyrolysis, hydro-
cracking and hydrogenolysis can be obtained. Despite in situ
and operando microscopy and tomography studies still being
in their infancy within this field of research, they hold great
promise for assessing structure-composition-performance
relationships in single catalyst particles. Furthermore, spatial
insights into catalyst activity may be obtained by employing
luminescent nanocrystals that function as local temperature
sensors,”**1 while the local pressure build-up during
polymerization could be tracked with the help of novel
pressure sensors.®” Temperature maps!'"™ and potentially
pressure maps can thus be acquired under reaction con-
ditions by using conventional microscope systems with
suitable excitation sources. In the field of X-ray microscopy,
multibeam X-ray ptychography, once fully developed, will
significantly increase the available field of view and reduce
scanning times, opening up new avenues for the character-
ization of polymerization and depolymerization catalysts at
high sample throughput and unparalleled spatial
resolutions 541

In general, technological advancements will gradually
improve the sensitivity and speed of many of the here
discussed characterization methods. This will allow for
polymerization and cracking catalysts to be studied in
greater detail, possibly under reaction conditions. Recently,
Rejman et al. used in situ optical microscopy, in combination
with ex situ electron microscopy, to assess transport
limitations in fluid catalytic cracking catalysts and distin-
guish catalytic pyrolysis from the thermal pyrolysis of
polypropylene.'™ The acquired insights will guide the
design of improved catalyst systems, which will play an
important role in making our society more sustainable and
circular.
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