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1. Introduction

Early-stage particle fragmentation behavior of a
commercial silica-supported metallocene
catalysty

Silvia Zanoni, @2 Nikolaos Nikolopoulos, @2 Alexandre Welle,?
Aurélien Vantomme® and Bert M. Weckhuysen 0O

Efficient fragmentation of catalyst particles during the polymerization of olefins is a necessary process to
maintain catalyst activity and obtain discrete polymer particles with ideal density and morphology.
Collecting experimental evidence on the fragmentation process is essential for a fundamental
understanding of this phenomenon. However, visualizing the very early onset of fragmentation within
catalyst particles has been proven challenging. This study investigates the development of fragmentation at
different reaction conditions in an industrial SiO,-supported metallocene catalyst of the type Zr/MAO/SIO,
(MAO = methylaluminoxane) early-stage of ethylene polymerization, i.e., in the range 1-20 g polyethylene
per g catalyst. Focused ion beam-scanning electron microscopy was employed to visualize particle cross-
sections with high 2-D resolution (i.e., a few tens of nm), showing that ethylene polymerization starts at
two main fronts: one at the outer surface and one at the walls of the macropores within the particle. The
relative rate of polymerization at these fronts was assessed by estimating the extent of polyethylene,
catalyst, and macroporosity within each cross-section via image segmentation. When polymerization at
these fronts proceeds at similar rates, fragmentation is extensive and a combination of both layer-by-layer
and bi-sectioning modes; conversely, an imbalance between the two due to unideal reaction conditions,
non-homogeneous active site distribution, or insufficient macroporosity leads to a sub-optimal
fragmentation. This methodology revealed a detailed understanding of catalyst fragmentation for this
commercial catalyst. However, it can be applied to a broader range of polymerization catalysts and
parameters, amplifying the knowledge on such an intricated phenomenon.

the polymerization of olefins when combined with a co-
catalyst, such as methylaluminoxane (MAO).°° Thanks to

Containing only carbon and hydrogen, polyolefins are
considered sustainable products thanks to their energy
effectiveness and favorable cost/performance ratio, provided
they can be recycled and made from more sustainable
resources, including municipal and agricultural waste."” In
2018, they reached a yearly global production of almost 180
million tonnes, making them the materials with the highest
production volume in the plastics market.*® Metallocene-
based catalysts, particularly zirconocenes, are highly active for
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their tunable and well-defined active site nature, metallocene-
based olefin polymerization catalysts are used for the
production of high-grade polyolefins with narrow molecular
weight distribution and controlled microstructure, presenting
an essential alternative to the more commonly used Ziegler-
Natta (TiCly/MgCl,) and Phillips (CrOs/SiO,) olefin
polymerization catalysts.'*™*®

However, polyolefins need to be synthesized as discrete
particles with homogeneous bulk density, narrow size
distribution, and, ideally, spherical morphology to favor their
processability and avoid reactor fouling.'”™"® This is achieved
by immobilizing metallocenes on inorganic supports, most
commonly silica, which provide a template for the growing
polymer. A crucial phenomenon during polymerization
reactions is the fragmentation of the support material, which
occurs due to the polymer accumulation and consequent
stress build-up within the support pores. This is a necessary
process, and its efficiency is essential to ensure adequate
particle morphology development and allow sufficient
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catalyst activity. When the support material fragments, new
diffusion pathways for the olefin are created, and active sites
that were at first precluded from participating in the
polymerization reaction become accessible. However, catalyst
particle fragmentation cannot happen too rapidly; otherwise,
control over particle morphology is lost. At industrial
polymerization pressures and temperatures, particle
fragmentation happens rapidly, making it challenging to
control its course. For this reason, a pre-polymerization step
at mild temperatures and pressures is often performed to
control the initial fragmentation of the catalyst before
introducing it into the main olefin polymerization
reactor.> > In some cases, pre-polymerization is carried out
in slurry phase conditions, as it allows for better heat
dissipation, preventing temperature runaway and formation
of sticky particles, which would occur in the gas phase. If
fully gas-phase processes are required, (pre)polymerization is
generally carried in fluidized bed reactor (FBR) systems.>*"

Several efforts have been made in the literature to
investigate the fragmentation phenomenon, the vast majority
focusing on developing single-particle models to predict
particle morphology evolution under specific conditions.>* >*
In general, two simplified limiting cases have been proposed:
the shrinking core model, where fragmentation starts at the
outer surface of the catalyst particle by peeling off small
fractions and advancing layer-by-layer towards its center; and
the bi-sectioning model, in which longer cracks occur across
the catalyst core, followed by subsequent breakage of each
section, and so on until the catalyst is finely dispersed into
the growing polymer (see Fig. S11).>' Advanced
mathematical models implement the findings of
experimental data to develop more accurate predictive
systems that include the effect of a broad range of
parameters, showing that fragmentation in real-life olefin
polymerization catalysts is more likely a combination of these
two modes.'?20%272831733 The factors influencing catalyst
particle fragmentation can be classified under three
categories: (a) catalyst properties (ie., support morphology,
mechanical strength, active sites distribution, and intrinsic
activity), (b) polymer properties (i.e., polymer crystallinity and
viscoelasticity, hence its ability to absorb stress) and (c)
reaction conditions (which affect the local environment of
each active site, ie., monomer concentration across the
particle, and heat accumulation during the exothermic
reaction, viscosity and crystallization rate of the nascent
polymer). Therefore, due to the extent and complexity of
these factors that govern catalyst particle fragmentation, the
development of a fully prognostic tool is not a
straightforward task, as extensively reported in the review
article by Alizadeh and McKenna.**

Furthermore, collecting reliable experimental data on
catalyst particle fragmentation presents its challenges.
Besides the difficulty of obtaining particles at the initial
stage of polymerization,® visualizing the fragments within
the nascent polymer is not trivial. The strategy most
reported in the literature is scanning electron microscopy
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(SEM), mainly used to observe the external morphology of
polymerized particles which, however, reveal only that
much about their internal fragmentation.’®° Alternatively,
melt microscopy has been reported to visualize catalyst
fragments within the particle while melting the polymer
phase under a microscope, though modifying the location
of the fragments considerably.’’*° Recent developments by
Bossers et al. have shown the combination of X-ray
ptychography and X-ray fluorescence tomography (XRF) as a
new powerful tool to study the fragmentation behavior of
particles in 3D with  submicron spatial
resolution,”™** a  significant improvement from the
resolution achieved in the past by X-ray computed
microtomography.>*****”  However, this  methodology
requires synchrotron radiation and time-demanding data
collection, making it a less accessible and practical tool for
fragmentation analysis of a broader range of -catalyst
particles. The current most effective lab-scale method to
observe fragmentation is cutting particle slices (with a razor
blade or diamond knife after embedding them in epoxy,
i.e., micro-toming) and observing the obtained cross-
sections with SEM or TEM.?>?%*% This method also has
its limitations, mainly a possible deformation of the
catalyst particle and the difficulty in distinguishing epoxy,
polymer, and catalyst phases within the cross-section made.

Thus, it has not been possible so far to visualize the very
early onset of catalyst particle fragmentation and
polymerization fronts with sufficient spatial resolution as
well as accuracy within real-life industrial metallocene-based
olefin polymerization catalysts.

This study focuses on the influence of the reaction
conditions on the fragmentation of an industrial silica-
supported metallocene catalyst (i.e., Zr/MAO/SiO, with
methylaluminoxane, MAO, as co-catalyst) in the very early
stages of ethylene polymerization (i.e., in the range of 1-20 g
polyethylene (PE) per gram catalyst). To overcome the
downsides of particle visualization methodologies, we have
used a high-resolution focused ion beam-scanning electron
microscopy (FIB-SEM) dual beam system. This allowed us to
visualize the interior morphology of pre-polymerized catalyst
particles and to distinguish catalyst fragments and pores a
few tens of nm in size (Fig. S21).>* Segmentation of the
micrograms was then performed, allowing us to visualize PE
accumulation and the catalyst particle fragmentation patterns
at specific locations within the particle. The schematic
representation of catalyst pre-polymerization, cross-section
visualization via the dual-beam FIB-SEM instrument, and
segmentation process are depicted in Fig. 1.

The commercial silica-supported metallocene catalyst
investigated in this work showed two main ethylene
polymerization fronts: one on the outer surface and one at the
macropores running across its core. Here, polymer formation in
ideal reaction conditions induced fragmentation both in layer-
by-layer and bi-sectioning mode, while mass transfer limitation
phenomena and inhomogeneous active site distribution lead to
sub-optimal catalyst particle fragmentation.

volume
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Fig. 1 a) Silica-supported metallocene-based olefin polymerization catalysts were pre-polymerized under a series of different reaction conditions
and analysed by b) focused ion beam-scanning electron microscopy (FIB-SEM). The cross-sections are obtained with a FIB, which is capable of
removing half of the particle and subsequently clean the cross-section surface; the cross-sections are then imaged in high-resolution by collecting
the back-scattered electrons (BSE), which result in a greyscale image where catalyst and polymer can be distinguished due to the different atomic
number (Z) of their main constituents (C and Si), making the polymer darker than the catalyst material. c) Schematic representation of the
segmentation analysis of the SEM cross-section. First, the top half of the particle with the least artefacts is selected and subsequently, pixels
belonging to the background and materials in the pores beyond the cross-section plane are removed. Then, k-means clustering is used to assign
each pixel to labels corresponding to different materials. The areas of each label are calculated to estimate the extent of catalyst material (orange),
polymer in the core (blue), polymer in the shell (light blue), and macropores (green) for each particle cross-section collected.

2. Experimental
2.1. Catalyst synthesis

Commercial SiO, (ES70W, PQ Corporation) was first dried at
120 °C for 1 h, to remove any physisorbed water. The dry
silica was then dehydroxylated at 450 °C for 4 h, under N,
atmosphere. MAO impregnation was performed by mixing
the support to a solution of 16% MAO (Akzo-Nobel) in
toluene for 4 h under reflux and in an inert atmosphere, with
the target loading of 14.5 wt% Al. The so-obtained SiO,-
supported MAO was then impregnated with a toluene
solution of the  metallocene catalyst Cp,ZrMe,
(bis(cyclopentadienyl)dimethyl-zirconium(v)  97%, Sigma
Aldrich) for 2 h at room temperature to reach the desired
metallocene loading of 1.2 wt%. After impregnation, the
catalyst was filtered and rinsed with dry toluene and pentane
(both anhydrous, dried over molecular sieves, Ar, ChemSeal)
and then further dried under vacuum to remove the
remaining solvent traces.

2.2. Catalyst testing

Pre-polymerized catalyst particles were prepared both in the
gas-phase and in slurry-phase in a batch autoclave reactor,
equipped with an inner quartz vial, which could be easily
removed and thoroughly cleaned between reactions. The
reactor was first loaded in N, atmosphere with a few mg of
catalyst material and then pressurized with ethylene (ie.,
C,H, 4.0, Linde). For gas-phase ethylene polymerization
experiments, the catalyst was finely dispersed across the
quartz vial walls to avoid minimum contact among each
particle to avoid catalyst deactivation due to over-heating and

This journal is © The Royal Society of Chemistry 2021

allow even ethylene access across the sample. Fig. S31 shows
an example of sample over-heating and polymer melt when
catalyst particles are reacted in the gas-phase if this
expedient is not employed. For slurry-phase ethylene
polymerization experiments, heptane (n-heptane, anhydrous,
over molecular sieves, Ar, ChemSeal) was used as a diluent
and tri-isobutyl aluminum (TiBA, 1.0 M in hexanes, Sigma-
Aldrich) as impurities scavenger. All gas-phase reactions were
performed at room temperature, while the slurry-phase
reactions were done at temperatures up to 60 °C with a
heating mantel around the autoclave body. Gas lines were
flushed with N, and vacuum cycles before pressurization of
the autoclave reactor. Ethylene pressures were varied from 1
bar up to 15 bar. Reactions were stopped by depressurizing
the reactor, and polymerized particles were quenched by
adding ethanol. The so-obtained particles were then left
drying at room temperature overnight to remove any solvent
before weighting the polymer yield and perform FIB-SEM
analysis. The fresh catalyst was also tested for ethylene
polymerization at 9 bar in slurry-phase with heptane at 55 °C
for 1 h, leading to a yield of 95 g of PE per g of catalyst, equal
to 1990 kg PE per mol Zr h.

2.3. Catalyst characterization

Samples were loaded on Al stubs with carbon tape and sputter-
coated with 10-20 nm of Pt, before the measurement. Beam
currents of 0.1 nA and 2 kV were used to image particles with
dwell times varying between 10 and 20 ps. External
morphologies were imaged by collecting secondary electrons
(SE) with an Everhart-Thornley detector (ETD), while cross-
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sections were imaged by collecting back scattered electrons
(BSE) with a through-the-lens detector (TLD) with a dual
scanning electron microscope/focused-ion beam (FEI Helios
NanoLab G3 UC). An extra layer of Pt (a rectangular area a few
um broad and 3 um in thickness) was deposited over the top of
the particle, at the height where a cross-section was planned to
be exposed, via FIB assisted Pt deposition. Cross-sections were
obtained with a Ga FIB, removing half of the particle material
and then cleaning with precision milling the exposed cross-
section. Discrete, isolated spherical particles were selected for
cross-section analysis, based on the observation of a wide range
of particles across the sample batch and after estimating
average particle size and morphology, to choose a representative
particle for each batch. Micrograms are measured by collecting
back-scattered electrons (BSE); hence the contrast difference will
depend on the atomic number (Z) of the elements constituting
the material they have interacted with. The main constituents
of catalyst and polymer are Si and C, respectively; therefore,
these two materials will show different BSE intensities resulting
in a greyscale SEM image with high contrast between the two
phases. Thanks to this feature, cross-sections were then
analyzed by k-means clustering, assigning each pixel to either
catalyst, macropores, or polymer (in the core or accumulated at
the outer surface). For a more detailed description of the
k-means clustering segmentation and pixel labeling of the 2D
cross-section images, the reader is referred to Fig. S4 and S5.f
The area extension of each label was then calculated as a ratio
to the overall cross-section area.

3. Results & discussion
3.1. Pristine catalyst particles morphology

The fragmentation of polymerization catalysts is affected by
several parameters, most notably the morphology of the
catalyst particle itself. Each particle of the metallocene-based
olefin catalyst material under study is made of an
agglomeration of highly mesoporous domains, encapsulated
by a layer of less porous silica a few micrometers thick
(hereafter referred to as “dense silica shell”) and
interconnected by macropores that run across the core of the
particle, as shown and schematically represented in Fig. 2.
The macropores are connected to the outer surface, as
evident from the pristine particle SEM shown in Fig. S6.f The
two different silica phases can be seen as an agglomeration
of micrograins, forming interstitial mesopores of ~15-20 nm
(as evidenced by N,-physisorption reported in Table S1 and
Fig. S77), although coalescing more in the dense silica shell.
The distribution of the MAO co-catalyst is homogeneous
throughout the support oxide (Fig. S8f), and the intrinsic
activity of each Zr' site is assumed to be
comparable.”?”® Therefore, the rate of olefin polymerization
at any active site in the catalyst particle will mainly depend
on ethylene accessibility, i.e., ethylene diffusion through such
support morphology. We can then predict that the active sites
at the outer surface of the catalyst particle and those at the
macropores will be the first to be reached, as diffusion of

active
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Fig. 2 a) Cross-section of a pristine supported metallocene-based
olefin polymerization catalyst, showing macropores a few pm in
diameter, extending across the core of the particle. The zoom-in
reveals the presence of two different mesoporous SiO, areas with
different porosity present in the shell of the particle, one being less
porous than the other (black lines are placed to highlight the physical
border between these two phases - see also Fig. S6¢ct). b) Schematic
representation of the particle cross-section, showing the highly porous
silica domains being encapsulated by a shell of the denser silica
material and interconnected by macropores, with a zoom-in showing
the different porosity of the two. Active sites at different locations are
also indicated: on the outer surface of the particle (yellow dashed-
line), at the macropores walls (purple dashed-line), within the
mesoporous domains (green *) and in the pores of the dense silica
shell (blue *).

ethylene through the macropores network is expected to be
fast. Then, the monomer will diffuse through the mesopores,
making its way through their tortuous paths. However, this
diffusion pattern will evolve as the morphology of the particle
changes due to the accumulation of polymer and catalyst
fragmentation. Polymers are semi-crystalline materials, ie., a
mixture of entangled chains (amorphous phase) and ordered
compact chains (crystalline phase). The monomer can diffuse
through the amorphous polymer phase, although with
different diffusion times depending on its compactness/
entanglement, while it cannot permeate through the very
compact crystallites.’®” Therefore, the level of entanglement
and crystallinity of the nascent polymer will affect the
diffusion of monomer to the active sites. The crystallinity of
the nascent polymer might be different from the bulk
crystallinity of the final polymer, and it will be dependent on
the local environment of the growing chain, which is highly
affected by the reaction conditions.'®*®

This journal is © The Royal Society of Chemistry 2021
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3.2. Polymerized particles morphology and fragmentation
behavior at different reaction conditions

Ethylene polymerization reactions were performed with this
commercial silica-based metallocene catalyst at a series of
reaction conditions and polymerization times (see Table S27
for the yields obtained). The resulting morphologies and
fragmentation behaviors were observed via FIB-SEM analysis.

When exposed to 1 bar pressure of ethylene under gas-
phase conditions, within the first 5 minutes, PE primarily
forms at the outer surface and within the macropores
(Fig. 3a), causing the silica at these two polymerization fronts
to fragment in a concentrical layer-by-layer manner, as also
schematically depicted in Fig. 3c. After 15 minutes (Fig. 3b),
both polymerization fronts have proceeded further, as more
polymer has accumulated on the particle's outer surface and
within the macropores. The contrast between the dense silica
shell and the mesoporous domains is now more marked than
in the pristine catalyst. This further confirms the higher
density/lower porosity of the silica shell, where less polymer
has formed, making the silica/polymer ratio higher, resulting
in a lighter grey. Some mesopores are still visible in areas
further away from both polymerization fronts (Fig. 3b zoom-
in), indicating that the monomer slowly diffuses through the
mesoporous domains.

The two fronts proceed further, continuing the peeling of
catalyst fragments over time (see Fig. S9c and dft). After 60
min (Fig. 3d), the PE on the particle’s outer surface has
increased considerably in thickness, folding onto itself in

View Article Online
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bump-like protrusions (see also Fig. S9et). On the other
hand, the dense silica shell is still clearly distinguishable.
However, it is starting to fracture as pressure has built up in
the expanding core, pushing it outwards and leading to the
formation of cracks in this area (zoom-in of Fig. 3d). The
fracturing via the formation of cracks could be due to the
different mechanical strength of the dense (and less
polymerized) silica shell compared to the highly mesoporous
domains. On the other hand, the formation of PE stretched
fibrils within such cracks is a consequence of PE being
pulled apart as the distance between the two -catalyst
fragments increases faster than the formation of PE itself.
Increasing the ethylene pressure to 9 and 15 bar
(Fig. 4a and b, respectively) results in catalyst particles
with thicker PE layers on their outer surface, which
considerably hinders ethylene diffusion to the core
substantially less PE is formed. This is evident both by the
lower amounts of PE being present in the core macropores as
well as the clear presence of non-filled mesopores (Fig. 4d).
Fragmentation at the two main fronts is still occurring in a
layer-by-layer manner, as clearly visible in the zoom-in of
Fig. 4b and schematically depicted in Fig. 4c. However, the
accumulation of PE in the macropores at the core of the
particle is less extensive than what was found in the sample
polymerized at lower pressures of Fig. 3. To be noted, these
two particles show a particularly thick silica dense shell and
very low macroporosity (Fig. 4a and b), contributing further to
slowing the diffusion of monomer to the core, while other
particles polymerized at these pressures in the gas-phase

Stretched
PE fibrils

/

Mesopores

Partially filled
mesopores

Concentric
fragmentation
(Layer-by-layer)

Fig. 3 Focused-ion beam-scanning electron microscopy (FIB-SEM) cross-sections of a metallocene-based catalyst supported on silica
polymerized at 1 bar ethylene pressure for a) 5 and b) 15 min and c) schematic representation of the particle fragmentation at this stage, where
the catalyst is peeled-off both at the outer surface at the macropores where PE is forming. d) Metallocene catalyst supported on silica polymerized
at 1 bar ethylene pressure for 60 min. e€) Schematic representation of catalyst particle fragmentation at this stage, where pressure build-up has
caused the formation of cracks with stretched PE fibrils in the dense silica shell.

This journal is © The Royal Society of Chemistry 2021
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L

Fast accumulation

Mesopores

accumulation
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Fig. 4 Focused-ion beam-scanning electron microscopy (FIB-SEM) cross-sections of supported metallocene-based catalyst polymerized for 15
min at a) 9 bar and b) 15 bar of ethylene pressure. c) Schematic representation of catalyst particle fragmentation at conditions of high pressure in
the gas-phase, where polymer is quickly formed at the outer surface, folding onto itself in bump-like protrusions, slowing down the diffusion of
monomer to the core. d) Outside morphology of the catalyst particle polymerized at 15 bar for 15 minutes in the gas-phase.

showed more polymer to be accumulated in the macropores
(Fig. S10%). Nonetheless, the very low polymer yields (below 4 g
PE per g catalyst after 15 min of reaction at 15 bar - see Table
S2t) are an indication that the overall fast accumulation of
polymer on the surface of the particle leads to a slower
pressure build-up in the core and consequent incomplete
fragmentation of the catalyst. The morphology of this external
PE layer (Fig. 4d) is also an indication of the fast accumulation
of PE not being accompanied by an equally rapid core
expansion, causing the PE to be corrugated in this manner.
Introducing a diluent such as heptane to the reaction
mixture leads to changes in the catalyst fragmentation
behavior for the catalyst under study (Fig. 5, S10 and S11t).
As shown in Fig. 5, at 9 bar and room temperature, a thin
layer of PE is formed on the outer surface of the particles
and at the macropore walls within the first minute
(Fig. 5a), similarly to what was found in gas-phase
polymerized particles. However, mesopores appear to be
filled entirely with PE across the entire particle, and fractures
filled with PE are also found across the mesoporous domains
(zoom-in of Fig. 5a). Within 2 minutes of reaction (Fig. 5b), it
is even more clear that fragmentation is occurring both via
concentric peeling-off of catalyst fragments as well as via the
formation of longer fractures across the mesoporous
domains, indicating that a combination of the layer-by-layer
and bisection models is present. This process is continued
over the following stages at 5 and 10 minutes (Fig. 5¢ and d),
where small fragments of catalyst are finely dispersed in the
polymer phase, with some bigger domains still seen
undergoing concentrical layer-by-layer fragmentation (zoom-
in Fig. 5c). The external morphology (Fig. 5e) shows to be

5340 | Catal Sci. Technol., 2021, 11, 5335-5348

smoother than that of the gas-phase polymerized particles,
and macropores never appear to be filled with polymer. Both
observations can be ascribed to the more homogeneous
polymerization across the particle diameter, leading to
particle expansion proceeding at comparable rates to the
polymer growth. Increasing the pressure to 15 bar in the
slurry-phase reaction (Fig. S111) does not lead to the polymer
accumulation on the outer shell found in the gas-phase. On
the contrary, extensive fragmentation has already occurred
within the first 5 minutes of reaction (Fig. Si11af),
predominantly in a layer-by-layer mode, with fragments being
peeled-off from the catalyst surface and mesoporous
domains in a concentric manner, eventually leading to a
polymer particle with a myriad of catalyst grains a few tens
of nm in size, homogeneously dispersed in the PE phase
(Fig. S11bf). The extensive macroporosity still found in
particles after 15 min of reaction (Fig. S11bf) and the
smooth morphology of the outer surface of the polymer
particle (Fig. S1ict) are again evidence of the expansion of
the particle occurring at similar or faster rates than
polymer accumulation in the core. The effect of fast particle
expansions is also evident from a close-up on the outer
surface morphology (zoom-in Fig. S11cf), where PE stretched
fibrils connect small catalyst fragments as they are being
pulled apart from the growing polymer beneath. Such
expansion maintains a level of mesoporosity and
macroporosity, which ensures continuous diffusion of
monomer to the active sites and avoids the accumulation of
a thick shell of polymer on the outer surface, leading to a
smoother external morphology without the protuberances
which were occurring in the gas-phase.

This journal is © The Royal Society of Chemistry 2021
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with PE

Fig. 5 Focused-ion beam-scanning electron microscopy (FIB-SEM) cross-sections of supported metallocene-based catalyst polymerized in
heptane at 9 bar of ethylene pressure and room temperature (RT) with 400 rotations per minute (RPM) stirring performed for a) 1 min, b) 2 min c)
5 min and d) 10 min. e) Outside morphology of the particle in d). f) Schematic representation of catalyst particle fragmentation in slurry-phase,
where fragmentation starts in a layer by-layer mode at the outer surface and at the macropores, while simultaneously developing thin radial
fractures filled with PE across the different domains within the particle. The catalyst is eventually extensively and homogeneously fragmented,

while still presenting a level of macroporosity.

The effect of slowing the stirring speed was investigated
by reducing it from 400 to 60 rpm, which lead to lower
polymer yields (i.e., 2.3 g PE per g catalyst vs. 22 g PE per g
catalyst obtained with fast stirring at same ethylene pressure
and time). Decreasing the stirring speed reduces the mixing
of the gas in the diluent, thus a lower concentration of
monomer is reaching the catalyst particle. Yields are
comparable to particles polymerized in the gas-phase at low
pressure (ie., 60 min at 1 bar of Fig. 3d). However, the
polymer produced in the slurry-phase with slow stirring is
more homogeneously distributed (Fig. S11df), forming a
smoother layer of PE around the particle and filling the
mesopores of the catalyst completely, proving that the
presence of a diluent in the reaction mixture is the main
factor contributing to a more homogeneous accumulation of
polymer across the particles of the catalyst under analysis.

Finally, as a diluent in the reaction mixture consents
for a better temperature control over the sample, slurry-
phase reactions were used to investigate the influence of
reaction temperature.’*>> Polymerization reactions are

This journal is © The Royal Society of Chemistry 2021

exothermic processes; therefore, too elevated temperatures
would not benefit the reaction kinetics, while milder
temperatures can be used to overcome the activation
energy barrier.>® Hence, temperatures up to 60 °C were
considered (Fig. S121). Similar to the progress observed at
room temperature (RT) over time, PE yields increased as a
function of temperature, catalyst particle fragmentation
proceeded further, while macropores are never completely
filled at the temperatures and polymerization time
investigated. From Fig. S12c,f it is visible that at 60 °C,
macropores contain thick PE “worm-like” threads
connecting different domains. Similar polymer morphology
has been reported before and ascribed to different reasons,
such as the presence of a cluster of active sites, an
extrusion-like formation of polymer, a rapid crystallization
of the polymer chains, or the occurrence of a rapid axial
extension.’® It is plausible that at these conditions, PE
growth vs. its crystallization rate is causing such polymer
conformation to form and to pull strain within the
particle, contributing to the particle expansion.
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Fig. 6 a) Scanning electron microscopy (SEM) images of the particle surface morphology and b) cross-section of a polymerized particle (gas-
phase, 9 bar, 5 min) that suffered from mild deactivation, mainly located on a thin layer on its outer surface. c) FIB cross-section of a particle
polymerized in the slurry-phase with similar deactivation phenomena and its outside morphology in e). d) Schematic of the ethylene particle
fragmentation when partial deactivation of the outer surface has occurred. The non-active catalyst layer presents big cracks connected by
polyethylene (PE) filaments, as a result of pressure build-up in the core, where polymer is forming at faster rates. To be noted that the schematic
shows the case of gas-phase reactions. For slurry-phase reaction the behaviour of the deactivated shell fraction is comparable, while the core will

polymerize more extensively.

3.3. Fragmentation of partially deactivated samples

One final case worth reporting is the catalyst behavior when
partial deactivation has occurred. Fig. 6 shows polymerized
particles in the gas-phase (Fig. 6a and b) and slurry-phase
(Fig. 6¢c and e), where deactivation had affected a thin fraction
of the outer particle shell (up to 1 pm in thickness), due to
exposure to very low amounts of air. In this scenario, active sites
on the immediate outer surface of the catalyst are not active,
preventing the formation of a thick PE shell and facilitating the
diffusion of monomer through the macropores and mesopores.
This generally results in more polyethylene being formed in the
core and unreacted catalyst fragments on the external portion
of the particle, separated by cracks visible on the outer surface,
which increase in distance as the polymerization proceeds in
the core (schematically shown in Fig. 6d). Besides the loss of
some active sites, this scenario is highly undesirable as the
unreacted fragments and residual polymer can detach from the
catalyst particle and create fines in the reactor which would lead
to fouling. The presence of external cracks across the particle
surface has been shown before in literature, but the causes are
generally different than what experienced in this study and
mainly ascribed to fragmentation primarily occurring in the
continuous bisection mode, where cracks form across the
particle, extending to its surface.>®?%°%¢

3.4. Semi-quantitative analysis of particle fragmentation via
image segmentation

Thanks to the high resolution of the SEM and contrast between
catalyst and polymer phase, each cross-section image collected

5342 | Catal Sci. Technol, 2021, 11, 5335-5348

was segmented in different areas to calculate the extent of
catalyst, macropores, and polymer, as reported in Fig. 7. This
analysis gives a semi-quantitative evaluation of catalyst particle
fragmentation trends for each reaction parameter investigated.
As two main polymerization fronts were identified (at the outer
surface and at the macropores), the polymer phase was also
divided into two sub-regions when possible, that is, PE
accumulated outside the catalyst particle and PE in the core.
The rate of propagation during ethylene polymerization at a
specific location (i) within the catalyst particle can be described
by the following equation:>®*>>°

ri= ki [C2H4]1[Zr+]i

where k; is the propagation rate constant and follows the
Arrhenius relation:

ki = Ae E/RT
1

Hence, the rate at which PE accumulates at the two main
polymerization fronts (r;, and roy,) is directly proportional to
the concentration of monomer [C,H,] and the concentration
of active sites [Zr'], and exponentially dependent on the
temperature T at that location i (Fig. 7f).

When the catalyst is exposed to low pressures of ethylene
at RT in the gas-phase, polymerization rates r; will be slow
due to low [C,H,] and T. However, the relative rate of
polymerization between the two fronts (riy, vs. rou) will
depend on the local concentration of C,H,;, which is
dependent on its diffusion times through the particle, 74

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Segmentation of the cross-sections of the silica-based metallocene catalyst polymerized a) in the gas-phase at 1 bar of ethylene and RT
from 5 to 60 min; b) in the gas-phase, for 15 min and at RT, for increasing pressures of 1, 9 and 15 bar of ethylene; c) in slurry-phase at 9 bar of
ethylene and at RT, 400 RPM stirring speed, from 1 to 10 min; d) in slurry-phase at 15 bar of ethylene and RT with 400 and 60 RPM stirring speed
and increasing polymerization time; e) in slurry-phase at 15 bar of ethylene and for 5 min, with increasing temperature up to 60 °C. f) Schematic
representation of the metallocene-based ethylene polymerization catalyst under study, with the two main polymerization fronts highlighted, at the
outer surface (yellow dashed line) and at the macropores (purple dashed line). The polymerization propagation rates at these two frons are
dependent on the concentration of monomer [C,H,4l;, concentration of active sites [Zr*]; and temperature T, at the specific location i.

(equal to L*/D.g where L is the characteristic length and D.ie ~ the macropores are reached almost simultaneously by the
is the diffusivity). Macropores are generally connected to the =~ monomer; however, from the segmentation analysis (Fig. 7a),
outside, thus sites on the outer surface and at the walls of  we can observe that at the beginning of the reaction, PE is
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predominantly formed in the core (PEge/PE ratio < 0.2 up
to 30 min of reaction). This is because the surface area (and
therefore the relative [Zr']) of the exterior of the particle is
lower than that of the macropores.

After 60 min of reaction, the PE shell thickness has
increased considerably, at the expense of PE in the core
(PEghel/PE ratio ~ 0.5), meaning that r,, has increased and
become comparable to ry,. This is a result of monomer
diffusion being hindered by the thickening of the PE shell
itself, lowering [C,H,] in the core.>>* As polymer fills the
macropores, pores/catalyst ratio values decrease over time up
to 45 min of reaction (from 0.25 to 0.035) until pressure build-
up is sufficient to cause sectioning of the dense silica shell,
which restores some macroporosity (pore/catalyst = 0.05) and
allows for better monomer diffusion and continuation of the
polymerization process. Mesopores further away from the two
main polymerization fronts are the last to be filled with
polymer, indicating that in the gas-phase the rate of
polymerization appears to be considerably lower in the
mesopores than at the outer surface (7,,) and at the macropore
walls (ri,). This is likely a consequence of the slow diffusion of
monomer to the core of the mesoporous domains, leading to
lower [C,H,] in the mesopores and consequent lower
polymerization rates at those active sites. Higher ethylene
pressures mean an increased monomer concentration in the
gas-phase, [C,HyJpui, Which should lead to proportionally
faster polymerization rates. However, polymer yields only
reached 3.1 and 3.6 g PE per g catalyst after 15 min of reaction
at 9 and 15 bar, respectively, with most of the polymer being
synthesized by sites at the outer surface, as indicated by PEgpp/
PE ratio of 0.7-0.8 (Fig. 7b). The high concentration of ethylene
in the gas-phase and or the low macroporosity of the catalyst
could cause a gradient of monomer concentration across the
particle ([CoHylour > [CoHalin), leading to initial faster rates at
sites on the outer surface where [C,H,] is highest. Furthermore,
as the polymerization reactions is exothermic, poor heat
removal can lead to a local increase in temperature, which
could in turn increase the reaction rate. Gas velocities in this
batch reactor is nil, making heat removal from the catalyst very
inefficient. Overlap of multiple catalyst particles would lead to
severe over-heating with catalyst deactivation and polymer
melts (see Fig. S31), and such effect was minimized by
dispersing the catalyst powder across the reactor walls.
Although this expedient prevents serious over-heating, a local
increase in temperature on each particle can still be expected
when high ethylene pressures are employed. Nonetheless, the
temperature across the particle is expected to be homogeneous.
Hence the faster rate at the outer polymerization front (7o, >
rin) is likely due to the initial high [C;H]ou and accumulation
of a thicker layer of polymer which hinders further diffusion of
monomer to the core of the particle, explaining the overall low
yields and incomplete fragmentation.”®®

The segmentation analysis in Fig. 7c-e shows that the
extent and homogeneity of fragmentation in these particles
makes the distinction between polymer formed in the core
from that in the shell unfeasible. Yet, it also implies that
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rates of ethylene polymerization across the particle must be
fast and comparable (7, Tour). Hence, the monomer
concentration is also expected to be homogeneous across the
particle ([CoHylour = [CoHalin)- On the other hand, this was
also concluded to be the case for the gas-phase reactions at
low pressure and high macroporosity, but where
fragmentation behavior was however different. The heat
capacity of liquids is much higher than that of gasses, which
is why slurry-phase processes are more efficient at dissipating
the heat produced during olefin polymerization reactions
therefore preventing a local increase of temperature at the
active sites. This could explain the absence of a thick PE layer
on the outer shell of the catalysts and/or in the macropores
in the slurry-phase polymerized samples of this study.
However, the role of a diluent in polymerization reactions is
more complex and goes beyond its capacity of preventing
overheating. In fact, both PE yield and catalyst particle
fragmentation benefit from adding a diluent to the reaction
mixture in our lab-scale autoclave.

We must consider that the presence of a third (liquid)
phase to the reaction mixture affects the overall diffusion of
the monomer: a) from the gas-phase to the liquid-phase, b)
from the liquid diluent through the pores of the catalyst and
¢) from the swelled polymer to the active sites. To address a),
fast stirring of the reaction mixture ensures quick saturation
of the diluent with the monomer. This means that [C,H,4] at
the outer surface and within the macropores is comparable
to that of the bulk gas-phase. When stirring speed is reduced
to 60 RPM, [C,H,] in the liquid-phase is much lower than in
the bulk gas, with consequent polymer yields equal to those
in the gas-phase at low pressure (~2 g PE per g catalyst).
Segmentation analysis confirms that the PE% area is
comparable between the slow-stirring sample and that of the
sample polymerized in gas-phase at low pressure (~35%).
However, the polymer formed in the slurry-phase is more
evenly distributed between macropores and the external layer.
No external folding of polymer occurs, resulting in smooth
outside  morphologies. This again confirms that
accumulation of PE and consequent fragmentation on the
mesoporous domain scale is different between the gas- and
slurry-phase, and the difference between monomer diffusion
through the gas-phase and the bulk diluent is not at the root
of these differences. As for (b), the time of diffusion of
monomer through (meso)pores in the slurry-phase is
calculated to be several factors shorter than in the gas-phase
= 107°-107 m® s and Degt gy = 107'°-107° m?

which again does not explain faster filling of
mesopores and more extensive catalyst particle fragmentation
seen for these slurry-phase samples. However, the fast
expansion of the catalyst particle in the slurry-phase,
maintains a level of macro- and mesoporosity that facilitates
diffusion compared to the more compact polymer layer which
forms in the gas-phase. This is evident by the increasing
macroporosity both at RT over time and with increasing
temperature (Fig. 7d and e) and by the presence of segregated
micrograins on the external layer of these particles being

(Deffgas
Sfl) 20,33
b
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connected by an intricate web of PE stretched fibrils (Fig.
S11t). As for (c), a diluent changes the environment of the
active site by decreasing the local micro-viscosity of the
swelled polymer. This could improve monomer accessibility
at first, but as soon as the chain length reaches a critical
length, it also facilitates its crystallization process, leading to
a less permeable polymer matrix.'**®

Nonetheless, three main differences can be highlighted
when a diluent is introduced: first, PE does not accumulate as a
thick layer at the outer shell and/or at the macropore walls,
while it forms in the mesopores from the very beginning of the
reaction; second, fragmentation is more extensive, with a higher
contribution of the bisectioning mode; finally, a certain level of
macro- and mesoporosity is maintained throughout the course
of the reaction as particles expand. Clearly, the monomer
diffuses more slowly through the polymer phase formed in the
gas-phase than that of the slurry-phase. In the initial stages, this
could be ascribed to the monomer being more permeable
through the heptane-swelled nascent polymer, as well as the
better heat dissipation which prevented the formation of a
thicker PE shell. In contrast, in the lack of a diluent, the
polymer formed both at the outer surface and at the macropore
walls seems more compact (although not necessarily more
crystalline), thicker, and less permeable to the monomer,
hindering its diffusion to the mesopores of the catalyst
particles. Because mesopores are filled very quickly in the
slurry-phase, stress-build-up within the silica domains leads to
bisectioning-type fragmentation, which exposes more active
sites and results in an overall more extensive fragmentation.

In summary, a series of catalyst particles pre-polymerized
under a broad range of experimental conditions were studied
by visualizing with a high spatial resolution both their
outside and inner morphology using a dual-beam FIB-SEM
system. In the gas-phase, PE forms both at the sites on the
outer surface and at the macropores walls, where the catalyst
slowly fragmented in a layer-by-layer manner. Once PE has
filled the macropores, internal pressure build-up causes the
denser silica shell to release stress via the formation of
cracks. If the catalyst is exposed to higher pressures of
ethylene and/or macroporosity of the particle is low, a
monomer concentration gradient occurs; the outer side of
the particle polymerizes faster, forming a thick and dense PE
layer which further hinders the diffusion of monomer,
leading to a less extensive polymerization of the particle core.
When polymerized in the slurry-phase, monomer diffuses
more quickly through the diluent-swelled polymer and
resulting in more homogeneous monomer concentrations
and polymerization rates across the particle core, with higher
polymer yields and more extensive fragmentation, which
occurs both with concentric layer-by-layer peeling of catalyst
fragments and the formation of radial fractures in a
sectioning mode. Finally, if the catalyst is exposed to low
amounts of air, sites on the outer surface of the polymer are
quenched, causing a lack of polymer production at these sites
and resulting in the formation of cracks on the outer portion
of the catalyst, as unreacted silica plate-like sections drift

This journal is © The Royal Society of Chemistry 2021
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apart while the polymer is expanding beneath, in the core of
the catalyst particle.

Hence, two main polymerization fronts could be discerned
for this specific commercial silica-based catalyst: one at the
active sites located on the outer surface of the catalyst
particle and one at the active sites on the walls of the
macropores. Fragmentation at these fronts occurs in the
concentric layer-by-layer mode, forming radial or surface
cracks, depending on reaction conditions and active site
distribution. In general, the fragmentation behavior can
better be explained by the relative rate of ethylene
polymerization at the two main fronts (ry, vs. 7ou), as
schematically depicted in Fig. 8.

When the two rates are comparable (r;, = rou), ethylene
polymerization is uniform across the catalyst particle as
monomer concentration and active site distribution are
sufficiently homogeneous within the particle. This occurred
when the catalyst was polymerized in the gas-phase at low
pressures and in the slurry-phase. The outer surface and the
inner silica domains polymerize in a shrinking core manner
for both gas- and slurry-phase, while the formation of cracks
differs in the two cases. Particles reacted in the gas-phase
only seldomly present cracks interconnected by PE fibrils. In
the slurry-phase several radial thin cracks filled with PE are
formed both across the dense shell and the mesoporous
domains, indicating a bisection type of
fragmentation. This scenario is also the most desirable as it
allows for complete and homogeneous fragmentation of the
catalyst while maintaining adequate particle morphology.

The rate of ethylene polymerization is considerably faster
on the outer surface than in the macropores (roy: > rin) when
a gradient of monomer concentration is present. This was
found to be the case for high-pressure gas-phase reactions
and within particles with low macroporosity. In this situation,
the outside of the catalyst particle is quickly covered by a
thick and dense PE layer, hindering the diffusion of ethylene
to the particle core, where, therefore, polymerization occurs
more slowly. The outer surface peels off in a layer-by-layer
mode, but the overall PE yield is low due to incomplete
catalyst fragmentation.

Finally, if the catalyst outer surface has been partially
deactivated ([Zr']ou: = 0), the inner rate will be faster than
the outer rate (ry, > roy). The silica domains in the core
polymerize in the shrinking core manner, expanding and
creating a pressure build-up inside the catalyst particle. This
causes the less active (or inactive) silica layer to fragment,
developing cracks visible on the outer surface of the catalyst
particle connected by PE stretched fibrils.

continuous

4. Conclusions

Early fragmentation stages of supported ethylene
polymerization catalysts affect both the polymer product's
catalyst activity and final particle morphology. As they are of
great relevance for industrial olefin polymerization processes,
a great effort has been made in the scientific community to
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Fig. 8 Schematic of fragmentation modes experimentally observed for a metallocene-based ethylene polymerization catalyst supported on a silica
support. Every experimentally observed catalyst particle fragmentation pattern can be described by the ratio between the rate of ethylene
polymerization at the sites in the macropore walls in the core of the catalyst particle (r;,) and the rate at the sites on the outer surface of the

catalyst particle (rour)-

develop predictive mathematical models. However, obtaining
reliable experimental data on catalyst particle fragmentation
presents even more challenges, making them less available in
the literature and generally reporting later olefin
polymerization stages as well as imaging techniques with low
spatial resolution. The employment of a high-resolution FIB-
SEM dual beam system allowed us to visualize the early onset
of fragmentation within an industrial silica-supported
metallocene-based ethylene polymerization catalyst under a
broad range of reaction conditions. Two main ethylene
polymerization fronts were identified: one at the outer
surface and one at the macropores walls. Image processing
via segmentation of the cross-section micrograms resulted in
a semi-quantitative analysis of the catalyst fragmentation
behavior, enabling us to evaluate relative kinetic rates at the
two different fronts within the olefin polymerization catalyst
particle. In particular, the rates were found to be affected by
the efficiency of mass transfer or active site distribution. For
ideal reaction conditions, fragmentation at these two fronts
occurs by peeling off the catalyst in a layer-by-layer mode,
with the simultaneous formation of bisection-type more
extended fractures, which ensure together ensure a faster but
controlled and complete fragmentation.

The results obtained provide a detailed understanding of
catalyst fragmentation for the specific catalyst particles and
experimental conditions analyzed. This type of analysis could

5346 | Catal Sci. Technol., 2021, 11, 5335-5348

be applied to a broader range of supported olefin
polymerization catalysts and add valuable information to
how fragmentation fronts develop and proceed for various
parameters, amplifying the knowledge on such intricated
phenomenon.
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