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Elucidating the Sectioning Fragmentation Mechanism in
Silica-Supported Olefin Polymerization Catalysts with
Laboratory-Based X-Ray and Electron Microscopy
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Strict morphological control over growing polymer particles is
an indispensable requirement in many catalytic olefin polymer-
ization processes. In catalysts with mechanically stronger
supports, e. g., polymerization-grade silicas, the emergence of
extensive cracks via the sectioning fragmentation mechanism
requires severe stress build-up in the polymerizing catalyst
particle. Here, we report on three factors that influence the
degree of sectioning in silica-supported olefin polymerization
catalysts. Laboratory-based X-ray nano-computed tomography
(nanoCT) and focused ion beam-scanning electron microscopy
(FIB-SEM) were employed to study catalyst particle morphology
and crack propagation in two showcase catalyst systems, i.e., a

zirconocene-based catalyst (i.e., Zr/MAO/SiO2, with Zr=2,2’-
biphenylene-bis-2-indenyl zirconium dichloride and MAO=

methylaluminoxane) and a Ziegler-Natta catalyst (i.e., TiCl4/
MgCl2/SiO2), during slurry-phase ethylene polymerization. The
absence of extensive macropores in some of the catalysts’
larger constituent silica granulates, a sufficient accessibility of
the catalyst particle interior at reaction onset, and a high initial
polymerization rate were found to favor the occurrence of the
sectioning pathway at different length scales. While sectioning
is beneficial for reducing diffusion limitations, its appearance in
mechanically stronger catalyst supports can indicate a subopti-
mal support structure or unfavourable reaction conditions.

Introduction

Industrial olefin polymerization catalysts are well-established
catalyst materials that have been in use for decades to produce
some of mankind’s most in demand high-performance materials,
such as polyethylene and polypropylene.[1] Despite the associated
research field being quite mature, further insights into the
functionality of these ‘single-use’ systems at the onset of polymer-
ization remain highly desirable. It is during this critical stage that
both the activity and final product morphology are determined by
the concurrently occurring processes of polymer formation and
support fragmentation.[2] The stress-induced ‘breaking apart’ of the
catalyst support not only exposes new active sites, but is also
instrumental in overcoming mass and heat transfer limitations.[3,4]

Thus, to rationally design the next generation of supported olefin
polymerization catalysts, it is paramount to further characterize
and elucidate support fragmentation from a mechanistic point of
view.

Various accounts from literature,[2,4–8] including recent studies
by our group,[9–13] report on the synergy of the layer-by-layer and
sectioning mechanisms in facilitating the morphological evolution
of supported olefin polymerization catalysts. Depending on the
type of support and the reaction conditions that are employed,
the contributions of either mechanism may become dominant
(Figure 1). For instance, various groups have reported an instanta-
neous break-up of the relatively fragile MgCl2 support in conven-
tional Ziegler-Natta catalysts during propylene polymerization
(Figure 1, particle morphologies a and b).[8,14–18] Recent high-
resolution 3D tomography studies on the fragmentation of
comparable MgCl2-supported Ziegler-Natta and Ziegler-type cata-
lysts, employed in slurry-phase propylene and ethylene polymer-
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ization, further confirmed that the sectioning mechanism is heavily
involved in MgCl2-supported systems.[9,10] In contrast to this, the
fragmentation of metallocene-based catalysts, usually supported
on mechanically firmer, less fragmentable SiO2 supports, is often
dominated by the layer-by-layer mechanism at the particle surface
as well as at the level of the support’s constituent granulates or
domains, especially during ethylene polymerization (Figure 1,
particle morphology c).[6,11,12,19,20] Irrespective of the type of support,
industrial operating conditions (i.e., high pressures and temper-
atures) or highly active catalytic sites can lead to more extensive
contributions from the sectioning mechanism as a result of
pronounced polymer build-up, mass transfer limitations and stress
accumulation (e.g., particle morphologies a and d in Fig-
ure 1).[8,11,12]

To obtain novel insights into the origins of the sectioning
fragmentation mechanism, we investigated two industrial-gradesil-
ica-supported olefin polymerization catalysts, namely a zircono-
cene-based catalyst (i.e., Zr/MAO/SiO2, with Zr=2,2’-biphenylene-
bis-2-indenyl zirconium dichloride and MAO=meth-
ylaluminoxane) and a Ziegler-Natta catalyst (i.e., TiCl4/MgCl2/SiO2),
that were both used in slurry-phase ethylene polymerization. The
catalysts’ respective morphologies were assessed using a combina-
tion of laboratory-based nano-computed tomography (nanoCT)
and focused ion beam-scanning electron microscopy (FIB-SEM)

(Figure S1). While FIB-SEM is widely employed for the morpho-
logical analysis of heterogeneous catalysts,[21–26] high resolution
laboratory-based nanoCT represents a less frequently used yet
accessible methodology for obtaining structural information and
chemical information in 3D. In recent years, nanoCT has
successfully been employed to characterize a supported liquid
metal catalyst for alkane dehydrogenation,[27] a zeolite material,[28]

as well as electrochemical devices such as fuel cells.[29,30]

From an instrumental point of view, a handful of different
technologies exist for laboratory-based nanoCT. This includes lens-
based full-field microscopes[28,31] as well as devices that operate in
projection-based magnification, either featuring adapted SEM
devices as the source[32] or a nanofocus X-ray source.[33] These
devices can achieve 3D resolutions in the range of 50–150 nm.
Due to the availability of various imaging technologies with
different photon energies and fields of view, the choice of
instrument ultimately depends on the sample and the required
imaging parameters.

The CT set-up employed in this study features a nanofocus X-
ray source, covering an energy range of 5–110 keV.[33–35] A variety
of samples can be imaged under ambient conditions at 2D and
3D spatial resolutions of up to 150 nm and 170 nm,
respectively.[33–35] Specifically in the context of supported olefin
polymerization catalysts, the technique delivers comprehensive
information on the extent and magnitude of large-scale fragmen-
tation phenomena (i.e., crack formation and propagation) and the
3D structure and phase distribution of individual particles[2,4,36,37] –
more so than other laboratory-based techniques such as SEM,
which only yields 2D information.[11,17,19,38–42]

Thus, by using nanoCT in combination with FIB-SEM, we were
able to identify three important factors that, in addition to the
friability of a given support, are responsible for suboptimal
monomer diffusion and stress generation, thus leading to a more
frequent occurrence of the sectioning fragmentation mechanism
in silica-supported olefin polymerization catalysts. The three
contributing factors that we will discussed in this work are: (i) A
low degree of macroporosity at the level of the constituent
support domains or particle level, (ii) a high particle accessibility
during the initial reaction stages, and (iii) fast catalyst kinetics.

Results and Discussion

The two silica-supported olefin polymerization catalysts under
study (Zr/MAO/SiO2, TiCl4/MgCl2/SiO2) were synthesized according
to two different procedures (Section S1 of the Supporting
information, SI). Despite both catalysts being composed of
compositionally identical polymerization-grade silicas with the
same pore volume and surface area (refer to Figures S2 and S3 for
external and internal particle morphologies), the average particle
sizes of the silica supports (Zr/MAO/SiO2: D50=25 μm, TiCl4/MgCl2/
SiO2: D50=50 μm) and, moreover, the chemical compositions of
the supported metal-organic phases, differ significantly. It is thus
difficult to draw parallels between these two catalyst systems
when determining structure-activity correlations. However, novel
insights related to the sectioning fragmentation mechanism were
gained from investigating the morphologies of both catalysts.

Figure 1. Schematic of the sectioning mechanism’s contributions during
catalytic olefin polymerization (black, support; gray, polymer; white, formed
cracks; pores are not shown for simplification). The relative involvement of
the sectioning mechanism is influenced by the friability of a catalyst’s
support, the catalyst’s kinetics and the applied reaction conditions.
Significant mass transfer limitations and stress generation lead to
pronounced manifestations of the sectioning mechanism (particle morphol-
ogies a and d), while less pronounced mass transfer limitations and stress
generation will lead to a more controlled fragmentation of the support,
often involving the layer-by-layer mechanism (not shown for simplification)
to a comparatively large extent (particle morphologies b and c). The
morphologies displayed above represent simplified showcases (post reaction
onset) and do not address the full complexity of experimentally observed
support fragmentation.
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These are presented side-by-side to deliver a comprehensive
overview of the different factors that can contribute to the
sectioning pathway.

The catalysts were primarily studied after slurry-phase ethylene
polymerization at room temperature and different pressures. Pre-
polymerizations were performed for short time periods in an
autoclave reactor at 7.5–15 bar ethylene, or in a fume hood-based
polymerization set-up at ambient pressure, with the latter used to
obtain low polymer yield samples (�6.4 gPE/gcat, PE=polyethylene;
Table 1, SI Section S2).

Absence of large macropores promotes sectioning in the
catalyst support granulates

The silica-supported zirconocene-based catalyst was pre-polymer-
ized for 1 min in slurry-phase at 10 bar and 15 bar ethylene
pressure in the presence of low amounts of tri-isobutylaluminum
(TiBA) as scavenger (obtained yield for both reactions: 2.1 gPE/gcat,
SI Section S2). NanoCT was employed to characterize the 3D
morphology of four particles from the sample pre-polymerized at
10 bar (Zr10-1� Zr10-4) at sub-180 nm spatial resolution (Figure S4).
The tomographies and reconstructed cross-sections (i.e., virtual
slices) of particles Zr10-1� Zr10-4 (Figures 2a and S5, Supplementary
Videos S1 and S2) show that the catalyst particles’ respective
surfaces as well as large portions of their interiors have
fragmented due to the formation of polymer, presumably
following the layer-by-layer mechanism.[11,12]

The reconstructions of particles Zr10-1 and Zr10-2, however, also
clearly indicate a parallel involvement of the sectioning mecha-
nism at silica granulate level, as is schematically illustrated in
Figure 1 (particle morphology c). Several larger silica domains,
visibly lacking large macropores, have been penetrated and
divided by extensive cracks (indicated by white arrows in
Figure 2a, Supplementary Video S1). Sectioning in these polymer-
embedded support granulates is attributed to the build-up of
relatively large amounts of strain within the polymerizing particle.
The support domains lack extensive macropore networks (Supple-
mentary Video S1), which resulted in a lower accessibility of their
active sites and increased the probability of significant local mass
transfer limitations. The sectioning of the silica granulates
effectively helped in overcoming these mass transfer limitations
while instantaneously exposing a large amount of ‘buried’ active
sites, which subsequently participate in the polymerization
reaction. Contributions from the sectioning mechanism at the

scale of several microns are vital for overcoming mass transfer
limitations, especially under vigorous reaction conditions, i.e., at
high monomer concentrations and temperatures, or in the
presence of highly active catalytic sites.

To verify our assumptions, FIB-SEM was performed on the two
pre-polymerized catalyst batches (i.e., 10 and 15 bar; Figure 2b).
All catalyst particles, to different extents, featured contributions
from the sectioning mechanism. While its involvement may be
subtle in the case of particle Zr10-5, it is much more apparent in the
remaining particles (Zr10-6, Zr15-1 and Zr15-2). Significant cracks were
presumably formed in the affected domains due to high polymer-
ization activity in adjacent regions (Zr10-5, Zr10-6), inherent structural
weaknesses of the support (e.g., in close vicinity to the macropore
space; Zr15-1) as well as high polymerization rates at the particle
surface (Zr15-1, Zr15-2). With most of the affected support domains
lacking significant macroporosity, mass transport is limited, hence
leading to more pronounced stress generation and crack
formation. The effect of severe mass transfer limitations is
particularly obvious in particle Zr15-2, which is cleaved by a
substantial crack. This may have been related to a rapid build-up
of polymer at the particle surface at high ethylene pressure
(15 bar). With certain domains of the particle continuing to react,
albeit at presumably lower rates, significant stress may have
generated. This leads to a severe rupturing of the silica domain.
Significant localized stress build-up and concurrent sectioning are
also apparent in particles pre-polymerized at 1.6 bar (2.1 gPE/gcat,
Table S1; Figure S6), suggesting that the sectioning mechanism
does also contribute to a certain extent under milder conditions
(i.e., at lower ethylene pressure and thus concentration). In
general, this form of sectioning can take place at any stage of the
reaction, provided mass transfer limitations and stress build-up are
sufficient. Naturally, mass transfer limitations will be larger at
higher polymer yields.

High initial catalyst particle accessibility facilitates
surface-based sectioning

To study the morphology of the Zr/MAO/SiO2 catalyst at reaction
onset, it was pre-polymerized in slurry-phase for 45 s at 1 bar
ethylene pressure (SI Section S2). Interestingly, a pronounced
fragmentation of some of the particles’ surfaces was observed
(Figure 3). Due to the dimensions and spatial arrangement of the
cracks, the process can be defined as surface-based sectioning.
Strands of polyethylene are visible in these cracks (Figure 3, close-
ups of particles Zr1-1 and Zr1-2, outlined in orange) and were
presumably formed due to polymerization in the sub-surface
layers of the particle. Subsequent crack formation caused the PE
to be stretched.[43] Polymer fibrils are also visible at the surface of
particle Zr1-1, (see areas in close vicinity to crack in close-up image),
which rules out the scenario of extensive surface deactivation.[11]

Comparable particle morphologies, in terms of crack forma-
tion, have been reported by the group of McKenna, who used
short stop reactors to pre-polymerize silica- and MgCl2-supported
olefin polymerization catalysts for extremely short reaction periods
at elevated pressures.[8,44–46] Similar observations were also made
by Weist et al. for a silica-supported Phillips-type catalyst pre-

Table 1. Overview of the conditions employed during the slurry-phase
pre-polymerizations reactions as well as the corresponding catalyst yields.

Catalyst p(C2H4)
[bar]

t
[min]

T
[°C]

n(TiBA):n
[M]

Yield
[gPE/gcat]

10 1 25 0.36 2.1
Zr/MAO/SiO2 15 1 25 0.36 2.1

1 0.75 25 0 1.1[a]

TiCl4/MgCl2/SiO2 7.5 1 25 6.50 6.4

[a] PE yield determined from the D50 of the pre-polymerized catalyst
sample, see SI Section S2.
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polymerized in gas-phase at 1 bar ethylene pressure.[47] The
formation of these cracks is presumed to be caused by the
diffusion of ethylene throughout the macroporous catalyst
particle, consequently leading to polymerization activity at all
accessible active sites within the particle. The resulting strain from
the expanding polymer-silica composite matrix initiates the large-

scale fragmentation of the catalyst particles by opening up the
compact catalyst support, exposing previously buried active sites
and further enhancing the accessibility of the particle’s interior for
the incoming monomer. This is, in fact, evident from the cross-
sectional analysis of a catalyst particle displaying surface fractures
(Zr1-3). The formation of polymer in the particle interior has led to

Figure 2. Morphological characterization of the Zr/MAO/SiO2 catalyst (MAO=methylaluminoxane) after slurry-phase pre-polymerization for 1 min at 10 bar
and 15 bar ethylene pressure, respectively (room temperature, obtained yields: 2.1 gPE/gcat): (a) Reconstructed tomographies and corresponding virtual cross-
sections of the two particles Zr10-1 and Zr10-2 from the 10 bar pre-polymerized batch. The light gray phase can be classified as support-dominant phase, while
the dark gray phases correspond to the remaining particle volume (i. e., polymer-dominant phase+pore space). z is the depth of a given cross-section (xy)
with z=0 μm corresponding to the top of the particle. The formation of large cracks (i. e., sectioning) is indicated by white arrows. (b) Scanning electron
microscopy (SEM; light gray, silica support; dark gray, polymer) images of selected catalyst particle cross-sections from the 10 bar (Zr10-5, Zr10-6) and 15 bar
(Zr15-1, Zr15-2) batches.
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significant stress-build up and fragmentation in the outer sphere
of the catalyst particle (Figure 3, indicated by white arrows in the
corresponding SEM image, outlined in blue; also refer to Fig-
ure S7). We believe that this form of fragmentation generally
requires a high accessibility of the catalyst particle interior at the
beginning of the reaction to ensure sufficient polymer formation
in the interior. At higher ethylene pressures or at more advanced
reaction stages, the accumulation of polymer at the particle
surface is likely to fill the cracks. Fast catalyst kinetics may even
reduce the accessibility of the particle interior at reaction onset to
such an extent that surface-based sectioning is suppressed.

Fast polymerization kinetics induce sectioning at the catalyst
particle level

The sectioning mechanism was observed to play an instrumental
role in the morphological evolution of a silica-supported Ziegler-
Natta catalyst (TiCl4/MgCl2/SiO2), pre-polymerized in slurry-phase
for 1 min at 7.5 bar ethylene pressure (obtained yield: 6.4 gPE/gcat,
Table 1). Before introducing ethylene, the catalyst was pre-
contacted with 6.5 eq. TiBA (co-catalyst) in heptane for approx-

imately 10 min (SI Section S2). The catalyst’s productivity (i.e.,
polyethylene yield) implies that the catalyst is kinetically faster
than the Zr/MAO/SiO2 catalyst (TiCl4/MgCl2/SiO2, 6.4 gPE/gcat,
7.5 bar, 1 min; Zr/MAO/SiO2, 2.1 gPE/gcat, 10 bar, 1 min; Tables 1
and S1). This was corroborated with diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), which delivered kinetic
data on the formation of PE on the catalyst bed surface during
gas-phase ethylene polymerization (Figure 4, refer to Experimental
Section for more details). As can be seen in Figures 4a and 4b, the
introduction of gaseous ethylene (see vibrational and roto-vibra-
tional modes between 2980 and 3200 cm� 1) leads to the
emergence of several bands in the ν(CHx) spectral region (2800–
3000 cm� 1),[48,49] indicative of methylene (CH2) and methyl (CH3)
groups and thus the growth of PE chains. The rate of PE formation
was calculated by integrating the νs(CH2) band at 2851 cm� 1 in the
background corrected and fitted spectra (Figures 4a, 4b, S8 and
S9) and subsequently forming the first time derivative thereof. As
is evident in Figure 4c, the activity of the Ziegler-Natta catalyst
increases significantly within the first 1.5 min of polymerization,
especially when compared to the, under these conditions,
markedly slower Zr/MAO/SiO2 catalyst (Figure 4b). In fact, the
technique can only be used to monitor the start of the polymer-

Figure 3. Morphological characterization of the Zr/MAO/SiO2 catalyst (MAO=methylaluminoxane) that was pre-polymerized in slurry-phase at 1 bar ethylene
pressure (45 s, room temperature, estimated yield: 1.1 gPE/gcat): Scanning electron microscopy (SEM; light gray, silica support; dark gray, polymer) images of
catalyst particles Zr1-1, Zr1-2 and Zr1-3, including zoom-ins of catalyst particles Zr1-1 and Zr1-2 (orange) as well as the cross-section of catalyst particle Zr1-3 (blue).
In the latter, formed polymer is indicated by white arrows.
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ization reaction on the TiCl4/MgCl2/SiO2 catalyst as the catalyst bed
rises within minutes due to PE formation (Figure S10), leading to a
strong baseline drift in the recorded spectra and an oversaturation
of the IR signal. The relative decrease in activity after 1.5–2 min
may be attributed to the onset of mass transfer limitations that
are typical for this reaction stage (i.e., the pre-polymerization and
induction regimes).[19]

To assess the impact of the TiCl4/MgCl2/SiO2 catalyst’s
markedly faster rate of PE formation, the morphologies of two pre-
polymerized catalyst particles were assessed with nanoCT (ZN7.5-1,
ZN7.5-2; Figure 5a, Supplementary Video S3). Both particles feature
distinct shells of polyethylene that were formed via polymerization
and layer-by-layer fragmentation in the peripheral regions of the
particles. SEM images taken at an earlier reaction stage indicate
that the polyethylene shell is directly formed upon exposure to
ethylene (Figure S11). Since the polymer shell is formed at reaction
onset, the access of both the monomer (i.e., ethylene) and the co-
catalyst (i.e., TiBA) to the particle interior is restricted at an early
reaction stage.[50]

In addition to the surface build-up of polyethylene, the
particles possess radial fractures (>10 μm in size) that are
indicative of the sectioning fragmentation mechanism (indicated
by white arrows in Figure 5a, Supplementary Video S3). Most
notably in ZN7.5-2, substantial crack formation is observed through-
out the silica support. The cracks propagate several microns
through the particle, thus suggesting that significant strain was
generated due to polymer build-up and concurrent polymerization
activity in the particle interior.

Similar morphologies were also observed for other catalyst
particles with FIB-SEM. As can be seen in Figure 5b, the remaining
silica supports (light gray) of particles ZN7.5-3 and ZN7.5-4 feature
extensive cracks and are enveloped by thick layers of polyethylene
(dark gray), leading to higher stress accumulation and lower stress
dissipation within the particle (Figure 1, particle morphology d).
Interestingly, the presence of fines (i.e., smaller polymer spheres,

Figures S11 and S12) in the pre-polymerized catalyst is suggestive
of high or even uncontrolled catalyst activity at reaction onset
(Figure 4c). The high monomer concentration at 7.5 bar, together
with a relatively high concentration of co-catalyst (6.5 eq. TiBA), is
likely to have contributed to substantial polymerization rates at
the particles’ surfaces. Similar morphologies were, however, also
observed at low pressures (i.e., 0.6 bar; Figures S12 and S13). This
leads us to believe that the catalyst’s high reaction rate is
inherently related to the kinetics of its active sites. The presence of
smaller silica spheres in the pristine catalyst (Figures S2 and S3)
may also contribute the formation of smaller polymer spheres.

In general, the morphology of the pre-polymerized TiCl4/
MgCl2/SiO2 catalyst is a good example for illustrating correlations
between high reaction rates and more extensive contributions
from the sectioning mechanism at particle level. By adopting
milder reaction conditions, diffusion limitations, imposed on both
the monomer and the co-catalyst, may be reduced. This can
facilitate a more controlled fragmentation of the catalyst via a
layer-by-layer mechanism at particle and support domain (gran-
ulate) level. In fact, for a TiCl4/MgCl2/SiO2 catalyst sample pre-
polymerized in gas-phase at ambient pressure and at lower co-
catalyst concentration (3.25 eq. TiBA, room temperature, Figure 6),
layer-by-layer fragmentation was predominantly observed in the
particle interiors. In addition to this, no thick surface layer of
polymer was formed. This proves that the reaction conditions
significantly affect mass transport and thus the degree to which a
particular fragmentation pathway contributes. The formation of
large void spaces, as observed for particles ZN7.5-2 and ZN7.5-4, may
be linked to the dominance of the sectioning mechanism and
may be contained by polymerizing under milder conditions, hence
ensuring a higher bulk density of the product.

The morphological insights acquired on the high activity TiCl4/
MgCl2/SiO2 catalyst are also consistent with recent investigations
by our group that revealed correlations between faster catalyst
kinetics and a higher relative contribution of the sectioning

Figure 4. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) data collected on the TiCl4/MgCl2/SiO2 (1.5 eq. triisobutylaluminum, TiBA) and
Zr/MAO/SiO2 catalysts (MAO=methylaluminoxane) during gas-phase ethylene polymerization (1 bar ethylene, 5 mL/min, room temperature, 12 mg catalyst):
(a) Background subtracted DRIFTS spectra of the TiCl4/MgCl2/SiO2 catalyst (5 spectra, 2.0 min reaction time, transition from green to red), (b) Background
subtracted DRIFTS spectra of the Zr/MAO/SiO2 catalyst (5 spectra, 2.0 min reaction time, transition from green to red), and (c) Activities of the two catalysts
plotted versus time, based on individual testing runs. The activities of the catalysts were determined as the time derivative of the νs(CH2) stretching vibration
band (2851 cm� 1) area, which represents the rate of polyethylene formation on the catalyst bed surface (refer to Experimental Section). Only spectra recorded
in the first 2.0 min of ethylene polymerization were used for comparison due to an oversaturation of the IR signal after 2.0 min in the case of the TiCl4/MgCl2/
SiO2 catalyst (high rate of PE formation).
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Figure 5. Morphological characterization of the TiCl4/MgCl2/SiO2 catalyst pre-polymerized at 7.5 bar ethylene pressure (1 min, room temperature, slurry-phase,
6.5 eq. triisobutylaluminum (TiBA), obtained yield: 6.4 gPE/gcat): (a) Reconstructed tomographies and corresponding virtual cross-sections of two particles
designated as ZN7.5-1 and ZN7.5-2. The light gray phase can be classified as support-dominant phase, while the dark gray phases correspond to the remaining
particle volume (i. e., polymer-dominant phase+pore space). z is the depth of a given cross-section (xy) with z=0 μm corresponding to the top of the
particle. The formation of large cracks (i. e., sectioning) is indicated by white arrows. (b) Scanning electron microscopy (SEM; light gray, silica support; dark
gray, polymer) images of the cross-sections of two particles from the same batch (ZN7.5-3 and ZN7.5-4).

Figure 6. Scanning electron microscopy (SEM; light gray, silica support; dark gray, polymer) images of two TiCl4/MgCl2/SiO2 catalyst particles (ZN1-1 and ZN1-2)
that were pre-polymerized in gas-phase for 60 min at 1 bar ethylene pressure (1 mL/min, room temperature, 3.25 eq. triisobutylaluminum, yield not
determined).
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mechanism during gas-phase ethylene polymerization in metal-
locene-based catalysts.[12]

Conclusions

New insights into the factors regulating the fragmentation
behaviour of industrial-grade, silica-supported olefin polymeriza-
tion catalysts were gained using a combination of X-ray micro-
scopy (i.e., laboratory-based nanoCT) and electron microscopy
(FIB-SEM). A low macroporosity of the support, a high accessibility
of a particle’s interior volume during the early reaction stages, as
well as fast polymerization kinetics were found to favour the
occurrence of the sectioning mechanism, both at the silica domain
and catalyst particle level. In general, the contributions of the
sectioning pathway to the fragmentation of a given catalyst
particle are governed by the degree of mass transfer limitations
and stress imposed upon a catalyst particle, which, in turn, are
related to the catalyst’s chemical and physical properties, as well
as the applied polymerization conditions. While the cross-sectional
analysis via FIB-SEM delivered highly resolved morphological
information in 2D, the acquired nanoCT data provided more
comprehensive insights into the composition of the catalyst
particles, the spatial distribution of residual support domains and
fragments, as well as crack formation and distribution in 3D. Our
study demonstrates the suitability of laboratory-based nanoCT for
research on heterogeneous catalysts, where high resolution
morphological and structural data is desired.

Experimental Section
Nano-computed tomography (nanoCT) NanoCT measurements were
conducted using a laboratory-based X-ray computed tomography set-
up based on lens-free X-ray projection magnification.[33–35] The set-up
features an Excillum Nanotube N2 110 kV (Excillum AB, Kista, Sweden)
with a 500 nm thick tungsten transmission target as X-ray source and
a DECTRIS EIGER2 R hybrid photon counting detector (DECTRIS AG,
Baden-Daettwil, Switzerland) with a CdTe sensor. Additional details on
the instrumentation can be found in the publications [32–34]. For
each measurement, a pre-polymerized catalyst particle was mounted
on the tip of a needle-shaped sample holder using epoxy glue,
brought close to the X-ray source and scanned over a range of 360°.
Voxel samplings in the range of 93–136.4 nm were used. The nanoCT
data was reconstructed using an in-house developed filtered back-
projection (FBP) algorithm, after which a phase retrieval was applied.[33]

Both sample drift and irregularities in the sensitivity of the detector
pixels were corrected for. An average 3D spatial resolution of 177 nm
was obtained based on Fourier Shell Correlation (FSC) analysis in
IMAGIC FSC (Image Science Software GmbH, Berlin, Germany) using
the half-bit criterion (1/2 bit of information per voxel).[51] For this, the
original 2D projections of each data set were divided by angle into
even and odd projections. Each set of projections was reconstructed
using the FBP algorithm. The 3D Fourier transforms of both
reconstructions were then used to determine their statistical correla-
tion (i.e., normalized cross-correlation coefficient over their corre-
sponding shells) in Fourier space as a function of spatial frequency (1/
voxel size). By using the half-bit criterion as FSC threshold, the
resolution was estimated as the intersection of the half-bit threshold
curve with the FSC (Figure S4). The FSC analysis was performed on the
reconstructed data sets prior to further image processing such as

phase retrieval. Only reconstructed particles with well-defined features
(e.g., macropores) delivered resolution values in an appropriate range.
The resolutions of particles with low degrees of macroporosity were
neglected. Additional information on the procedure can be found in
previous work by Müller and co-workers.[33] Post processing and
visualization of the reconstructed catalyst particles was performed
using the AvizoTM software package by Thermo Fisher Scientific.

Focused ion beam-scanning electron microscopy (FIB-SEM) FIB-SEM
experiments were performed on individual catalyst particles using a
FEI Helios NanoLab G3 UC scanning electron microscope following
procedures from literature.[12,24] The samples were first mounted onto
double-sided adhesive, conductive carbon tape, which was attached
to an aluminium SEM stub. A Cressington 208HR sputter coater was
utilized to apply a Pt coating of ~6 nm thickness. Using a 45° angled
SEM stub at different stage tilt angles, the particles were cut parallel to
the surface of the stub. The cross-sectional images were acquired in
backscattered electron (BSE) mode at 2 kV and 0.1 nA using a Through
the Lens Detector (TLD) and an immersion lens.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
DRIFTS experiments were performed in situ using a Bruker Tensor 37
spectrometer, equipped with a nitrogen cooled MCT (mercury
cadmium telluride) detector, and a Harrick Praying Mantis™ High
Temperature Reaction Chamber. For each measurement, the sample
cup of the reaction chamber was loaded inside a nitrogen glovebox
with a small amount of glass wool, a VICI Jour® stainless steel frit and
12 mg of the catalyst. While the Zr/MAO/SiO2 catalyst did not require
any form of activation, the TiCl4/MgCl2/SiO2 catalyst was treated with
1.5 eq. triisobutylaluminum (TiBA) in pentane and subsequently dried.
For each experimental run, the loaded reaction cell was transferred to
the spectrometer and connected to the gas lines. All experiments
were performed in gas-phase at room temperature using an ethylene
flow of 5 mL/min at 1 bar. To avoid contamination and deactivation of
the sample, the gas lines were flushed with nitrogen for 10 min before
introducing ethylene to the reaction cell. FT-IR spectra were recorded
in 30 s intervals in the spectral range of 900–4500 cm� 1 with a 4 cm� 1

resolution and 16 s scan time. The data were evaluated using an in-
house developed MATLABTM code. First, the spectra were normalized
to the highest band at approximately 1279 cm� 1. A background
subtraction was then performed on all spectra using a normalized
spectrum of the catalyst that was recorded under nitrogen atmos-
phere before the reaction. After reducing the spectral range to 2800–
3200 cm� 1, Principal Component Analysis (PCA) was applied to the
first five spectra that were recorded in the presence of ethylene. The
first Eigenspectrum (first principal component) of each data set was
fitted via a Least Squares Linear Combination (LSLC) fitting with 8
manually assigned pseudo-Voigt peaks (2851, 2890, 2920, 2958, 2988,
3011, 3077 and 3124 cm� 1; 2800 cm� 1 and 3200 cm� 1 defined as
boundaries for fitting). The area of the peak fitted to the symmetric
CH2 stretching vibration band at 2851 cm� 1 was evaluated as a
function of time. A polymerization rate was obtained from the first
time derivative of this time evolution. All reported activity plots are
based on the most active runs of the respective catalysts and were
verified with a second measurement.
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