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ABSTRACT: Ziegler-type catalysts are the grand old workhorse of
the polyolefin industry, yet their hierarchically complex nature
complicates polymerization activity−catalyst structure relationships.
In this work, the degree of catalyst framework fragmentation of a
high-density polyethylene (HDPE) Ziegler-type catalyst was studied
using ptychography X-ray-computed nanotomography (PXCT) in
the early stages of ethylene polymerization under mild reaction
conditions. An ensemble consisting of 434 fully reconstructed
ethylene prepolymerized Ziegler catalyst particles prepared at a
polymer yield of 3.4 g HDPE/g catalyst was imaged. This enabled a
statistical route to study the heterogeneity in the degree of particle
fragmentation and therefore local polymerization activity at an achieved 3-D spatial resolution of 74 nm without requiring invasive
imaging tools. To study the degree of catalyst fragmentation within the ensemble, a fragmentation parameter was constructed based
on a k-means clustering algorithm that relates the quantity of polyethylene formed to the average size of the spatially resolved
catalyst fragments. With this classification method, we have identified particles that exhibit weak, moderate, and strong degrees of
catalyst fragmentation, showing that there is a strong heterogeneity in the overall catalyst particle fragmentation and thus
polymerization activity within the entire ensemble. This hints toward local mass transfer limitations or other deactivation
phenomena. The methodology used here can be applied to all polyolefin catalysts, including metallocene and the Phillips catalysts to
gain statistically relevant fundamental insights in the fragmentation behavior of an ensemble of catalyst particles.

KEYWORDS: X-ray nanotomography, Ptychography, Catalysis, Ziegler, α-Olefin polymerization, Fragmentation,
Watershed segmentation, Particle ensemble

■ INTRODUCTION

After the discovery of a free radical polymerization route of
ethylene into a highly branched low-density polyethylene at
extreme reaction conditions in the early 1930s by Gibson and
Fawcett, two different catalyst systems, based on, respectively,
chromium and titanium active sites, were developed in the
1950s operating at considerably milder reaction conditions and
giving a more linear and dense polyethylene product.1−3 One
of these systems was developed by Karl Ziegler based on
combining a TiCl4 precatalyst with a dialkylchloroaluminum
cocatalyst to form a Ti3+ active site. This discovery would
ultimately result in awarding the 1963 Nobel prize to both Karl
Ziegler and Giulio Natta, who discovered that the α-TiCl3
form could also be used for the synthesis of stereoregular
polyolefins such as isotactic polypropylene.4,5 Today, three
different catalyst systems, namely, the Ziegler catalyst, the
Phillips catalyst, and molecular, single-center catalyst in
homogeneous and immobilized form as well as the non-

catalytic process developed by Gibson and Fawcett, are used to
synthesize a wide variety of different polyethylene grades
ranging from highly branched low-density (LDPE), linear low-
density (LLDPE), medium-density (MDPE), to high-density
(HDPE) polyethylene.6 These polyethylene (PE) grades
possess different mechanical and physicochemical properties,
such as impact strength, stiffness, friction and wear resistance,
melting point, and processability, leading to widespread
applications ranging from insulating layers for electricity
cables, high durability pipes for the transport of gases and
liquids, to medical appliances and protective equipment.7
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Finally, polyolefins can also be synthesized from biomass- and
municipal waste-derived feedstock, such as ethylene derived
from bioethanol and pyrolysis cracking of plastic waste, and
they can be implemented in a circular economy through either
mechanical or chemical recycling, such as remolding and
thermal decomposition to the raw feedstock.8−10

The hierarchically complex Ziegler catalyst system remains
one of the grand old workhorses of the polyethylene industry
(Ziegler−Natta catalyst nomenclature is used when referring to
the polypropylene catalyst based on MgCl2/TiCl4 with added
Lewis base donors). It typically consists of a TiCl4 preactive
site species epitaxially chemisorbed on a mechanically or
chemically activated MgCl2 support matrix and subsequently
reduced and alkylated with a trialkylaluminum cocatalyst.2 This
MgCl2 matrix is a buildup of platelets, as small as 5 nm,
referred to as the primary particles.11,12 These primary particles
stack together due to ionic interactions to form the catalyst
particles in the range of 5−30 μm.13 Depending on the
synthesis routes used, the physicochemical and mechanical
properties of Ziegler-type catalysts, such as the pore size
distribution, can be fine-tuned.14,15 For instance, precursors
ranging from alkoxides like Ti(OR)4, Mg(OR)2, and MgCl2
alcohol adducts to MgRCl Grignard reagents can be used.16−19

Furthermore, spray-drying of anhydrous MgCl2 in a polar
solvent or the deposition of MgCl2 on a spherical and porous
silica support matrix are common industrial preparation routes
providing high control of the catalyst particle morphology,
particle size distribution, and porosity.20,21

The α-olefin polymerization process, including the growth of
the polyolefin particles, starts with the fragmentation of the
catalyst particle at the nanometer to micrometer scale.22−28

Typically, this is referred to as the early stage of olefin
polymerization. As the α-olefin monomer reaches the active
site, it will become incorporated in a growing polymer chain.
These polymers will be formed both on the external surface
and on internal pore structure of the polyolefin catalysts. As
these polymer chains start to grow inside the pores of the
catalyst particle, there is a buildup of stress exerted on the
framework of this respective particle. Depending on the
friability of the framework, the crystallization and the growth
rate of the formed polymer versus the relaxation time of the
induced stress, a threshold is reached at which point the
catalyst particle starts to fragment.29−31 This fragmentation is a
necessary phenomenon as it leads to the exposure of new
active sites and prevents mass transfer limitations through the
densely formed polyolefin layer that would otherwise inhibit
catalyst activity.32,33 However, a controlled fragmentation
process is preferable to prevent the formation of fines that
can lead to fouling in the reactor or downstream equipment as
well as to maintain good control over the evolution of particle
morphology and particle size distribution (PSD) to facilitate
easier polymer powder processing.22,34,35 A common approach
at industrial plants is to implement a prepolymerization step at
mild reactions conditions, e.g., 0.1 MPa and close to room
temperature, to facilitate a smooth fragmentation process
followed by the actual polymerization conditions of 1−10 MPa
and around 364 K.3,36−39

From a fundamental aspect, there are two limiting modes of
catalyst particle fragmentation, namely, the layer-by-layer or
shrinking core mode and the continuous bisection mode.28 In
the first mode, the polymerization is mainly occurring near the
surface of the catalyst particle, and therefore, the catalyst
particle starts to fragment from the surface inward until the

core is reached. In the second mode, olefin polymerization
occurs throughout the entire catalyst particle, which leads to an
internal cleavage at the core of the catalyst particle into
successively smaller fragments. Which fragmentation mode
dominates the overall fragmentation behavior is determined by
the type of α-olefin monomer and catalyst properties, such as
pore size and pore size distribution, crystalline nature of the
formed polymer, friability of the framework, distribution,
nature and activation procedure of the active sites, as well as
heat transfer and mass transfer properties, which are influenced
strongly by the operating conditions such as gas phase versus
slurry phase.40−44

The fragmentation behavior of polyolefin catalyst particles
has been studied in the past decades mainly with the use of
electron microscopy techniques.45−48 Zheng and Loos used
cross-sectional scanning electron microscopy (SEM) on both
Ziegler−Natta and immobilized metallocene catalysts operat-
ing under different reaction conditions.49−51 For a propylene-
polymerized Ziegler−Natta catalyst, they observed that as a
function of the pore size, either the shrinking core or
continuous bisection mode was dominating.50 These findings
signify the crucial role that catalyst pore size and mass transfer
resistance play in the fragmentation behavior. Interestingly, an
immobilized metallocene catalyst showed a dominating
shrinking core fragmentation behavior under ethylene
polymerization conditions and continuous bisection fragmen-
tation behavior under propylene polymerization conditions.49

The McKenna group showed in a series of articles the
development of stopped-flow reactors and a rapid quenched-
flow device that allowed the investigation of the early stages of
ethylene polymerization under industrially relevant conditions
both in the gas-phase and slurry-phase conditions.52−56 These
unique polymerization reactors achieved reaction times as low
as 40 ms at industrially relevant reaction conditions, such as 0.8
MPa ethylene. Pater et al., on the contrary, developed a reactor
setup that allowed the prepolymerization of a Ziegler−Natta
catalyst with propylene under extremely low reaction rates to
obtain well-defined polymerization conditions, which allowed
studying the intra- and interparticle morphologies with cross-
sectional SEM.38 Unfortunately, these electron-microscopy-
based studies require either invasive and destructive cutting
techniques to observe a 2-D representation of the interior of
the particle or are limited to information regarding exclusively
the particle’s exterior.
Fortunately, state-of-the-art X-ray microscopes both at

synchrotron-based and lab-based facilities are able to image
the interior and exterior of objects, such as catalyst and
polymer particles ranging from several tens of microns to even
millimeters in size with 3-D achieved spatial resolution ranging
from sub-100 nm to several microns without requiring invasive
preparation methods.56 Additionally, the high beam brilliance
and tunability of the photon energy at synchrotrons has
enabled chemical, elemental, and diffractive tomographic
imaging, even under operando catalytical conditions.57−64

For example, the Beale group recently demonstrated the
advances made in operando X-ray tomographic imaging for
both the oxidative coupling and re-forming of methane.65,66

Due to the state-of-the-art photon detector and advanced
online data analysis, the collection of each X-ray diffraction
computed tomography (XRD-CT) data set only took 117 s
with a pixel size close to 3 μm.65 They further demonstrated
the use of a multimodal μ-X-ray fluorescence/absorption/XRD
CT toolbox.66 Another exciting development, performed by
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the Grunwaldt group, has shown the strengths of correlative
multimodal spectroscopy and 3-D imaging techniques bridging
the fields of electron, ion, and X-ray tomography.67−69

Furthermore, they recently reported on the fabrication of
two nanoreactors for in situ electron and X-ray tomographic
studies, allowing pressures and temperatures of up to 100 kPa
and 1573 K with a tilting angle of ±35° for a fully mounted
cell.70 The van Bokhoven group recently reported on a 3-D
estimated spatial resolution between 30 and 40 nm for the
subvolume of several fluid catalytic cracking (FCC) catalyst
particles using ptychographic X-ray-computed tomography
(PXCT).71−74 They found that zeolite amorphization and
structural changes are the underlying driving forces for the

FCC catalyst deactivation process.73 X-ray nanotomography
studies on FCC catalysts, performed by Bare et al.,75 as well as
by our group,76−83 demonstrated how the generation of a 3-D
pore network for FCC catalyst particles allowed for advanced
mass transport simulation studies as well as correlated
localization of active sites, metal poison species, and coke
species. Pioneering work on the use of computed X-ray
microscopy tomography for the field of polyolefin catalysis was
performed in the early 1990s at Brookhaven National
Laboratory and subsequently in the late 2000s,28,84−88 with
achieved spatial resolution of several microns, allowing the
study of porosity of full polyolefin particles and to calculate
monomer diffusion and degassing properties.33 A recent review

Figure 1. X-ray ptychography and fluorescence nanotomography on an ensemble of ethylene prepolymerized Ziegler-type catalysts. (a) Schematic
representation of the correlated X-ray ptychography and fluorescence tomography setup used at the P06 beamline at DESY. The beam was focused
onto the sample by KB mirror optics, and the X-ray fluorescence signal was detected using 2 side-looking silicon drift detectors. An Eiger X 4M
detector behind the sample was used to record the diffraction data for PXCT. (b) Reconstructed 2-D X-ray ptychography projections at different
angles. (c) 3-D reconstructed volume of the real part of the refractive index represented as grayscale intensity. (d) After a watershed segmentation
procedure, composite polymer−catalyst particles that were cutoff from the field of view were classified as “border particles” and not included in the
subsequent statistical analysis. (e) Remaining 434 segmented particles were then analyzed with respect to their geometrical properties and
fragmentation behavior. (f) Schematic representation of the relationship between the dominating or highly mixed limiting modes of fragmentation
behavior observed, namely, the shrinking core and continuous bisection, versus the catalyst particle’s polymerization activity and degree of catalyst
fragmentation, which hints toward strong local mass and heat transfer limitations.
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summarizes the field of X-ray imaging of solid catalysts,
including some future perspectives.64

In our recent work, we have introduced a powerful
correlated 3-D X-ray ptychography and fluorescence micros-
copy toolbox that allowed us to directly observe in 3-D the Ti
distribution, comprising the active sites, within the isotactic
polypropylene phase of an individual Ziegler−Natta catalyst
particle in the early stages of propylene polymerization.89 This
study showcased that for the slurry-phase propylene-poly-
merized catalyst particle, both fragmentation models were
present within the same particle, but furthermore that the
continuous bisection model was dominating the overall
fragmentation behavior. In the current work, we build further
upon the use of this powerful correlated 3-D X-ray microscopy
toolbox, with a strong focus on the PXCT data set that allowed
us to study the heterogeneity in catalyst fragmentation and
obtain geometrical parameters of many individual ethylene-
polymerized Ziegler-type catalyst particles from an ensemble of
434 particles within the measured field of view.

■ RESULTS AND DISCUSSION

In Figure 1, a schematic overview of the experimental approach
is given, starting from the setup of the synchrotron-based
correlated X-ray ptychography and fluorescence (XRF)
tomography setup to the 3-D reconstruction of the ptycho-
graphic data set and marker-based watershed segmentation
resulting in 434 individual Ziegler-type ethylene polymer-
ization catalyst particles used for the statistical analysis of the
fragmentation behavior. As in our previous work,89 the Ziegler
catalyst was sealed inside a Kapton capillary to prevent
hydration of the highly sensitive MgCl2 framework, which
would otherwise result in morphological changes and prohibit
a study on the fragmentation behavior.
By optimizing the drying procedure after the slurry-phase

reaction, minimal beam-induced morphological changes were
observed during the collection of 360 2-D projections with a
total acquisition time of 22 h (see Figure S4). This resulted in
an estimated Fourier shell correlation 3-D spatial resolution of
74 nm for the PXCT data set (see Figure S8) for a large field of
view of 120 × 120 × 20 μm3. The XRF data set was used to

support the segmentation of the PXCT data (confirming the
presence of Ti in all particles); however, the low signal-to-noise
ratio of the XRF data did not allow for a detailed analysis of the
Ti distribution within individual particles (see Supporting
Information, section 7) as done in our previous work. In this
work, a new strategy has been devised based on the achieved
high spatial resolution of the PXCT data and using a k-means
clustering method to study and quantify the degree of
fragmentation of each individual particle within the entire
ensemble using a classification based on a designed
fragmentation parameter. A relationship between the degree
of catalyst fragmentation and therefore local polymerization
activity and the observed fragmentation behavior within an
ethylene-polymerized catalyst particle was found and is
represented schematically in Figure 1f.
The Ziegler-type catalyst used for this work is an industrially

relevant MgCl2/TiCl4-based system that was chosen specifi-
cally for its small D50 value of 3.64 μm and narrow particle size
distribution (span of 1.04; see Supporting Information, section
1). Ethylene polymerization was carried out under mild
conditions at 2.6 bar ethylene and room temperature with
triethylaluminum as cocatalyst in the slurry phase at short
polymerization times to give a yield of 3.4 g of HPDE/g
catalyst. This gives a theoretical D50 of 5.9 μm for the HDPE−
catalyst composite particles based on eq S1.
In Figure S6, a flowchart is given, starting with the

acquisition of the raw data from both X-ray ptychography
(far-field diffraction patterns) and fluorescence tomography to
the ptychographic reconstruction of the real part of the
refractive index of the sample components, which is related to
the local electron density and therefore local mass density
according to eqs S4 and S5. After alignment of the 2-D
projections with respect to the center of rotation and to correct
for sample drift and motor inaccuracies, the 3-D PXCT volume
was reconstructed using filtered back projection with a 45.4 ×
45.4 × 45.4 nm3 voxel size followed by removing noise in 3-D
using a nonlocal means filter algorithm. The XRF data set was
reconstructed with an iterative algorithm (iART) with a 200 ×
200 × 200 nm3 voxel size. An in-depth methodology
description of the reconstruction of both PXCT and XRF

Figure 2. (a) 3-D volume rendering (45.4 × 45.4 × 45.4 nm3 voxel size) of the tomography data after manual marker-based watershed
segmentation resulting in 434 individually labeled particles. The black planes with red outline depict the position for the visualization of the cross
sections in b−d. (b−d) Cut-out volumes showing, respectively, (b) complete particle labels, (c) overlay of the PXCT grayscale intensity values
within these labels, and (d) k-means clustering results using four clusters (K1−K4) to segment the PXCT grayscale intensity values.
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data sets is given in the Supporting Information, section 5. At
this point, the reconstructed PXCT volume, as shown in Figure
1c, contains many highly connected composite particles.
Therefore, due to this high particle connectivity, a standard
labeling procedure on the polymerized catalyst particle
ensemble of either the ptychographic or XRF reconstructed
volumes would result in a single label being assigned to all
particles. In Figures S1 and S3, SEM images of the pristine and
prepolymerized catalyst particles are shown. Indeed, one can
observe here that the prepolymerized catalyst particles are
highly aggregated and polymer fibers are acting as an
interparticle glue. Various explanations can be found, such as
(i) a high catalyst concentration in the lab-based model reactor
(5 g of catalyst/L diluent), meaning that the odds of two or
more catalyst particles to be in close vicinity is increased, or
(ii) a relatively high ethylene polymerization versus crystal-
lization rate at the catalyst surface and (iii) absence of a chain
terminating agent, such as H2, causing the formation of long
polymer fibers that can lead to interparticle entanglements and
hence agglomeration. It should be noted that this is not the
same as reactor fouling, as it was observed that with increased
polymerization time and therefore an increase of the size of
each composite polymer−catalyst particle at a certain point,

the hydrodynamic forces from the stirring are able to cause a
deagglomeration, and finally individual and spherical polymer
particles are obtained.
To overcome this problem of highly connected particles, a

marker-based watershed algorithm using manually generated
markers was employed for the segmentation into separated
particles.90,91 The strategy to manually draw the markers in 3-
D provided a supervised control over the segmentation process
(see Supporting Information, section 8). Finally, 434
completely reconstructed particles were identified and used
for subsequent analysis. The result of the manual marker-based
watershed segmentation in separating and classifying the
particles is shown in Figure 2. In Figure 2b, indicated by the
red arrow, the advantage of using manual markers can be seen
in the successful segmentation of the cyan, light green, light
pink, and red colored particles. In Figure 2c,d, respectively, the
overlay of the grayscale and k-means segmented electron
density on the particle labels is visualized.
With the successful segmentation of the highly agglomerated

particle ensemble into 434 individual particles, geometrical
parameters, such as the particle’s volume, area, equivalent
spherical diameter (ESD), PSD, sphericity, elongation, and
flatness could be analyzed. The calculation of these particle

Table 1. Overview of the Mean and Standard Deviation Values of the Volume (V), Surface Area (SA), and Equivalent Spherical
Diameter (ESD), the 10, 50, 90 Percentile Fraction of Particle Size (Dx) and Their Span, Sphericity, Elongation, and Flatness
Values for the 434 Completely Reconstructed Ethylene Polymerized Catalyst Particles

V (μm3) SA (μm2) ESD (μm) D10 (μm) D50 (μm) D90 (μm) span sphericity elongation flatness

109.5 ± 79.2 144.2 ± 67.0 5.69 ± 1.17 4.40 5.61 6.87 0.44 0.74 ± 0.04 0.60 ± 0.16 0.67 ± 0.13

Figure 3. (a) 3-D volume rendering of the orientation and degree of elongation of the 434 ethylene-polymerized catalyst particles. A dark blue
color represents a high degree of sphericity, whereas a light green color represents a high degree of elongation. (b) Plot between the ψ (yaw) and φ
(pitch) Euler angles that shows the orientation of the major principle axis, the elongation direction, of a particle. (c) Histogram of the elongation
values of all particles, where a value of 0 means highly elongated and a value of 1 means highly spherical. (d) Histogram of the sphericity values of
all particles, where a value of 1 means a perfect sphere.
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metrics is described in Supporting Information, section 9. The
mean and standard deviation values of these particle metrics
are provided in Table 1. The geometrical parameters
concerning the particle shape such as sphericity, elongation,
and flatness show a quite narrow distribution, especially for the
sphericity with a standard deviation of 4%. This shows that the
overall particle morphology within the entire ensemble is
relatively homogeneous. In the case of a smooth catalyst
fragmentation process, the morphology of the catalyst particle
has been observed experimentally to be replicated in the final
polymer particle, called the replication phenomenon.47,92 The
mean elongation of 0.60 (value = 1 for a perfect sphere) for the
composite polymer−catalyst particles confirms the presence of
the morphological replication phenomena as the pristine
catalyst based on SEM observations given in Figure S1 and is
also slightly elongated. In Figure 3a, both the degree and
orientation of the elongation of each particle are visualized in
3-D. Additionally, in Figure 3b, the correlation is plotted
between the ψ (yaw) and φ (pitch) Euler angles of the major
principal axis of each particle, which represent the direction of
the elongation (see Supporting Information, section 9 for a
detailed explanation). Finally, the histograms showing the
elongation and sphericity values within the entire ensemble are
given in, respectively, Figure 3c,d. Based on this plot, no clear
preferred orientation is observed for the elongation axis within
the ensemble. Therefore, although the composite particles
themselves are elongated and highly agglomerated, the non-
ordered orientation of the elongation direction of the particles
of the ensemble shows that there is no preferred expansion
direction of the agglomeration as a whole (spheroidal).
Furthermore, having measured a relatively large ensemble of
particles allows us to calculate the PSD, which can then be
compared to both the theoretically expected D50 based on the
polymer yield or bulk particle size measurement techniques
such as static laser scattering (SLS). In Table 1, the ESD and
PSD (D10,50,90 and span) of the composite particles are given.
The calculated D50 of 5.61 μm of the center particles is only
5.8% smaller than that of the calculated D50 of 5.96 μm based
on eq S1 (at a yield of 3.4 g of HDPE/g catalyst).
However, with respect to the span calculated for the pristine

catalyst of 1.04 based on SLS results, the span and thus a
measure of the width of the particle size distribution found
here with PXCT of 0.44 is considerably smaller. This can be
explained by the intrinsic differences between the two
techniques, such as better bulk statistics with SLS, the method
used to interpret the ESD values from the SLS raw data, and
that SLS measures the ESD of the scattering objects in the path
length of the laser source, meaning that agglomerated objects
are considered as a single particle in SLS and can thus increase
and broaden the PSD determined. This last argument was
indeed observed experimentally here for the agglomerated
composite polymer−catalyst particles, where the SLS results
gave D50 values going from 350 μm down to 160 μm during
the collection of multiple measurements where increased
stirring time was observed to cause partial deagglomeration.
The MgCl2 framework consisting of MgCl2 platelets as small

as 5 nm bound through ionic interactions has a higher friability
compared to that of the covalently bound SiO2 framework
used for other polyolefin catalyst types, such as the metallocene
and Philips catalysts (although SiO2/MgCl2/TiCl4 Ziegler-type
catalysts are also in use).11,13,28−31,92,93 This typically facilitates
a faster degree of framework disintegration for MgCl2-based
catalysts. Filling of the pore network of the Ziegler catalyst

(main pore size distribution = 20−50 nm of the catalyst
studied here) due to the local polymerization of ethylene and
subsequent fragmentation caused by the stress on the
framework is therefore expected to lead to a high mixing of
the polymer and catalyst phases below the achieved PXCT 3-D
spatial resolution of 74 nm. X-ray ptychography probes the real
part of the refractive index, δ, which is directly related to the
local electron density, ρe, contained within the volume of each
voxel, as shown in eq S4. Additionally, eq S5 shows that the
local ρe is dependent on the concentration of each chemical
phase present within that probed volume that has a different
mass density, ρm. This intimate mixing of the polymer and
catalyst phases leads to a strong broadening of the histogram of
the electron density intensity values (see Figure S12).
However, since the polymer and catalyst phases have different
ρm values of, respectively, ∼0.95 g/cm3 for HDPE and ∼2.32
g/cm3 for the catalyst (assuming bulk anhydrous MgCl2), their
mixing will provide a range of weighted electron density values
that portray their relative concentrations, as shown in eq S5.
This means that a subvolume dominant in a catalyst phase will
have an average electron density higher than that of an equally
mixed subvolume of HDPE and catalyst, which in turn will be
higher than that of a subvolume dominant in HDPE. A k-
means clustering algorithm was used to separate the PXCT
grayscale intensity values in four mixed chemical phases (see
Supporting Information, section 10). The conventional Otsu’s
method is expected to give the same result for this multilevel
thresholding but is computationally more exhaustive as it
searches for a global optimal threshold with respect to the local
optimal threshold search by the k-means algorithm.94 These
four k-means clusters are sorted here in terms of increasing
average electron density as follows: (K1) a HDPE-dominant
phase, (K2 and K3) two highly mixed HDPE catalyst phases
where in K2 and K3, respectively, the HDPE or catalyst has a
higher concentration in that voxel’s volume, and finally (K4) a
catalyst-dominant phase. The k-means partitioned grayscale
intensity histogram along with the mean grayscale intensity of
each k-means cluster is given in Figure S11.
Therefore, in this work, to study the degree of catalyst

fragmentation within each composite particle, a unitless
fragmentation parameter, referred to as Vr, has been designed
and calculated that considers both the spatially resolved
catalyst fragments (identified via K4) and the quantity of the
formed HPDE phase (via clusters K1−3) directly using the k-
means clusters. A brief description of this parameter is given
below; a more detailed explanation can be found in the
Supporting Information, section 11.
Vr provides a relationship between the formed HDPE phase

and the fragmented catalyst phase. This is achieved by taking
the ratio of the total volume of the first three k-means clusters
of each particle, K1,2,3, which constitutes both the polymer and
the spatially nonresolved catalyst fragments, over the mean
volume of the spatially resolved catalyst fragments in the fourth
k-means cluster, K4. These spatially resolved catalyst fragments
in the K4 cluster are referred to as the nonconnected
components.
In the Supporting Information, section 12, two different

fragmentation parameters that only take the catalyst
fragmentation into account (that is to say it does not include
polymer formation) are compared to the parameter Vr.
Whereas these other parameters fundamentally speaking
should be sufficient to study the catalyst fragmentation degree,
the spatial resolution limits their usefulness since catalyst

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00130
JACS Au 2021, 1, 852−864

857

http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00130/suppl_file/au1c00130_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00130?rel=cite-as&ref=PDF&jav=VoR


fragments smaller than 74 nm are most likely to either
disappear to the K1,2,3 clusters or appear as part of a larger
fragment in K4.
In Table 2, the mean, median, minimum, and maximum

values as well as the standard deviation of the parameter Vr for

the 434 imaged composite particles in the ensemble are
reported. While the unitless values themselves have no physical
meaning, the large spread of Vr, as evidenced by the standard
deviation being larger than the mean, nonetheless shows that
there is significant heterogeneity in the degree of catalyst
fragmentation within the ensemble. To visualize this
heterogeneity, the central slice along the XY plane of each of
the 434 composite particles is displayed in Figure 4. Here, we

chose to visualize the distribution of the k-means clusters as it
provides a clear overview of the HPDE-rich, highly mixed, and
catalyst-rich phases. It should be noted that only one central
slice is visualized here for simplicity and therefore does not
provide the 3-D overview of each particle in terms of the
degree of fragmentation and fragmentation behavior (type of
fragmentation model dominating). The particle at the top left
has the lowest Vr value and exhibits the weakest degree of
catalyst fragmentation. It therefore exhibited the lowest local
ethylene polymerization activity, whereas the particle on the
bottom left showed the largest Vr value and thus the strongest
degree of catalyst fragmentation and in turn the highest local
polymerization activity. The heterogeneity in the degree of
fragmentation of each particle and therefore the local
polymerization activity observed are most likely the result of
mass transfer limitations induced by the particle agglomer-
ation. The particle agglomeration in turn could be caused by
the high concentration of the catalyst used in the model
reactor (5 g of catalyst/L diluent) that leads to a higher
probability of catalyst particles undergoing ethylene polymer-
ization to stick together. These agglomerations would then
limit the diffusion of ethylene to all the otherwise available Ti
active sites within each individual particle. Other deactivation
phenomena such as the presence of poisons and heat transfer
limitations seem less likely due to the presence of excess
triethylaluminum cocatalyst, which also acts as a scavenger for
poisons and the slurry-phase operation under mild reaction
conditions (2 bar ethylene, room temperature) to facilitate
better heat transfer.
After all particles had been sorted according to their

respective degree of fragmentation within the entire ensemble
using the Vr fragmentation parameter, it became possible to
look more in-depth into the fragmentation behavior of particles
that exhibited either a weak, moderate, or strong degree of
catalyst fragmentation. In Figure 5, three particles have been
selected that fall in one of these three groups. The volume
renderings report the 3-D distribution of the four k-means
clusters and show how each particle is enveloped in a shell of
the HDPE-dominant K1 (blue) cluster. However, from the
surface toward the core of each particle, we observe a mix of K2
(in green), K3 (orange), and even K4 (red), depending on the
particle’s fragmentation degree. In Movies S2−S4 the 3-D
volume rendering of these three particles is given for a full
overview of the distribution of the clusters. To complement
this visualization, the radial distribution of the volume ratio of
each cluster is reported in Figure 5b (see Supporting
Information, section 12 for a detailed explanation). This radial
analysis gives the volume ratio of each k-means cluster at a
single voxel shell, which is normalized by the total voxel count
in that shell, at a certain distance from the surface. At the core
of a particle and hence the largest distances from the surface,
the volume ratio can therefore show an abrupt behavior since
that shell consists only of a few (central) voxels. For the first
particle, we observe that, at the surface, the HDPE-dominant
K1 cluster has the largest volume ratio, and as we go toward the
core, the highly mixed HDPE−catalyst K2 and K3 clusters
sequentially dominate the volume ratio in a shell followed
finally by the catalyst-dominant K4 cluster and again a rise in
the volume ratio of K3 close to the center. In fact, this type of
alternating sequence strongly fits to the shrinking-core
fragmentation model, where the main catalyst polymerization
activity is occurring at the particle’s external surface and leads
to the peeling of typically small catalyst fragments of the

Table 2. Overview of the Mean, Median, Minimum, and
Maximum Values and the Standard Deviation of the Vr
Fragmentation Parameter as Calculated for the 434
Composite Particles in the Imaged Ensemble to Study the
Degree of Catalyst Fragmentation

fragmentation
parameter

mean
value

median
value

minimum
value

maximum
value

standard
deviation

Vr 436 268 13 7180 549

Figure 4. “Family album” of virtual cross sections through all
evaluated catalyst particles. The figure shows the results of the k-
means cluster analysis of the PXCT grayscale values of the central
slice of each particle. Particles have been sorted by their degree of
catalyst fragmentation from weakest, at the top left, to strongest, at the
bottom left, fragmentation degree within the entire ensemble of 434
particles based on the unitless Vr fragmentation parameter. The white
scale bar at the bottom right of each central image depicts a size of 1
μm.
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original catalysts external surface that will become partitioned
to the K1,2,3 clusters depending on the volume ratio of HDPE
to catalyst in a voxel. Additionally, the increase of K3 at the
core could point toward the formation of polyethylene also
inside the core of this particle, which the visual cross section in
Figure 5a confirms. The formation of polyethylene at the core
could indicate that also the continuous bisection model is
occurring for this weakly fragmented particle, albeit with a
seemingly lower contribution to the overall fragmentation
behavior than the shrinking core.
The external surfaces of the other two more fragmented

particles are still composed of first the K1 cluster followed by
an increase of the K2 cluster, which shows that the shrinking
core model is still occurring for these more active particles.
However, whereas the first particle shows a clear sequential
profile between all four clusters going from the surface to the

core, a change in this behavior is observed for the other two
particles. For instance, the moderately fragmented particle has
a second local maximum of the K2 cluster close to the center of
the particle. Furthermore, the K3,4 clusters are more
homogeneously distributed throughout this particle, with a
constant higher concentration of K3 over K4 at each distance
from the surface. This means that for this moderately
fragmented particle, considerable amounts of polyethylene
have now also been formed at the core of the particle in
addition to the polymer layer at the surface (K1,2), which has
stayed almost constant in terms of volume ratio width (number
of voxel shells). Here, the formation of polyethylene at the core
of the particle has led to sufficient local fragmentation to push
spatially resolved catalyst fragments (K4) toward the surface of
the particle. The dispersion of large K4 fragments toward the
surface of the particle and presence of the K2,3 clusters at the

Figure 5. (a) Cross-sectional volume rendering of the k-means clustering of the grayscale intensities from three composite particles representing
from left to right, respectively, the weakest, moderate, and strongest degrees of catalyst fragmentation as based on their sorting by the parameter, Vr.
(b) Radial analysis of the volume ratio of each k-means cluster going from the surface of the respective particle toward the core. (c) Disk analysis
along the XY plane giving the mean grayscale intensity value of each slice going from one edge of the particle to the other.
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core of the particle is also observed in the visualization of the
cross section of this moderately fragmented particle in Figure
5a. This shows that now, in addition to the shrinking core
fragmentation model, the continuous bisection fragmentation
model is also playing a significant role in the overall
fragmentation behavior of this moderately fragmented particle.
Finally, for the strongest fragmented particle, the most
homogeneous distribution of K2,3,4 is observed as we go from
the surface toward the core of the particle. This would be
expected in the scenario where the original catalyst particle
keeps breaking up internally due to the formation of
polyethylene within the core of the particle, which will push
the smaller and smaller catalyst fragments toward the external
surface. Indeed, a maximum of the K4 volume ratio is now
observed closer to the external surface than for the least and
moderately fragmented particles. Additionally, the thickness of
the K1,2 cluster layers at the external surface has stayed nearly
constant throughout the three particles. This means that for
this strongest fragmented particle a shift toward a larger
contribution of the continuous bisection fragmentation model
in the fragmentation behavior is found.
Together with the central slices of all the particles given in

Figure 4, we therefore observe that the least fragmented
particles mainly consist of a dense catalyst core of the K4
cluster followed by sequential shells of the K3,2,1 clusters.
Alternatively, the moderately and strongly fragmented particles
show the presence of many K4 fragments dispersed throughout
the composite particle’s volume. The combination of these
findings, which is shown schematically in Figure 1f, shows that
for particles exhibiting a weak degree of catalyst fragmentation,
the shrinking core fragmentation model is dominating; for the
moderately fragmented catalyst particles, a more equal
contribution of both shrinking core and continuous bisection
fragmentation models is observed, and for the strongly
fragmentated catalyst particles, the continuous bisection
fragmentation model is dominating the overall fragmentation
behavior. The formation of polyethylene mainly at the
particle’s external surface as observed for the weakly
fragmented particles can be explained by both internal and
external mass transfer limitations or alternatively a higher
concentration of active sites at the surface than the core, which
can happen when the cocatalyst has not come in contact with
the internally located Ti4+ preactive sites upon addition of the
α-olefin.41

The disk analysis plots in Figure 5c report the mean
grayscale intensity values per slice along the XY plane, which
represents the mean electron density in a slice. The first
particle shows a gradual increase of the mean electron density
until a peak is reached close to the central slice along the XY
plane and confirms what was observed with the radial analysis
of the k-means clusters’ volume ratios. That is to say that, also
with the disk analysis on the pure grayscale intensity values (so
without a k-means clustering approach), a gradual change is
observed from a low mean electron density phase to that of a
high electron density phase. That means that there is a smooth
change from a HDPE phase at the surface of the particle
toward a catalyst phase at the core of the particle. The ∼10
slices offset of the maximum grayscale intensity value (around
slice 50) from the central slice (roughly at slice 40) also
confirms why the K3 cluster shows a volume ratio of 1 at this
first particle’s center voxels. Going toward the moderately and
strongly fragmented particles, we see that instead of a peak a
plateau is reached that maintains a rather constant mean

intensity value for more than 50 slices for the moderately
fragmented particle and almost 200 slices for the strongly
fragmented particle. Furthermore, instead of a smooth gradient
from low to high intensity as observed for the weakly
fragmented particle a sharp transition is experienced especially
for the strongly fragmented particle. This shows that especially
for the strongly fragmented particle the catalyst phase is
already highly dispersed throughout the formed HDPE phase,
where local maxima can be observed even close to the edges
with regards to the XY plane and is additional proof for the
continuous bisection fragmentation model playing a significant
role in the fragmentation behavior of these two particles.
In the Supporting Information, section 13, a rough

estimation is provided on the distribution of how many
particles are classified as showing either a weak, moderate, or
strong degree of catalyst fragmentation. Based on this rough
estimation, respectively, 274, 123, and 37 particles belong to
the weak, moderate, and strong classifications of degree of
catalyst fragmentation.

■ CONCLUSIONS
Using the strength of ptychography X-ray-computed nano-
tomography to visualize the local mean electron density with
an achieved 3-D spatial resolution of 74 nm over a large,
scanned field of view of 120 × 120 × 20 μm2, the
heterogeneity in the degree of fragmentation of 434 ethyl-
ene-polymerized Ziegler catalyst particles was analyzed and
visualized in the early stages of ethylene polymerization under
mild reaction conditions and with a high catalyst loading. The
highly connected composite particles were successfully
segmented in the reconstructed volume using a supervised
marker-based watershed algorithm. This segmentation allowed
for the analysis of geometrical parameters for each individual
particle such as the volume, surface area, equivalent spherical
diameter, sphericity, and elongation. The elongation degree of
the particle ensemble showed that the composite particles
followed the replication phenomena of the slightly elongated
pristine Ziegler catalyst particles.
Due to the high degree of mixing between the HDPE and

catalyst phases below the achieved 3-D spatial resolution a k-
means clustering algorithm on the PXCT grayscale intensity
values was used to identify a HDPE-rich phase, two highly
mixed HDPE−catalyst phases and one catalyst-rich phase.
Using these clusters, a fragmentation parameter Vr was
designed to study the heterogeneity in the degree of
fragmentation and therefore local polymerization activity.
This fragmentation parameter is based on the ratio of the
summed volumes of the HDPE-rich and highly mixed HDPE−
catalyst phases over that of the mean volume of the spatially
resolved catalyst fragments. The advantage of this parameter is
that it takes into account the following: (i) the catalyst activity
in terms of HDPE formation, (ii) the loss of any catalyst
fragments that have become too small to spatially resolve them
from the HDPE phase, and (iii) the change in the size of the
catalyst fragments as a function of polymerization activity.
Using this fragmentation parameter, a strong heterogeneity was
found within the entire ensemble of 434 composite particles
with respect to the degree of catalyst fragmentation. Three
representative particles that were categorized with respect to
showing either a weak, moderate, or strong degree of catalyst
fragmentation at this specific yield of 3.4 g of HDPE/g catalyst
were analyzed in depth. The weakly fragmented composite
particle showed mainly a dominating shrinking core
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fragmentation model with hints to the presence of the
continuous bisection fragmentation model. For the moderately
and strongly fragmented composite particles, the shrinking
core fragmentation mode was still observed to occur, but the
continuous bisection fragmentation mode had become the
dominating pathway for fragmentation, which shows that
monomer diffusion toward the interior of the catalyst particle
was not limited with respect to the weakly fragmented
composite particle; this in turn explains the higher local
polymerization activity of these particles. A rough estimation
was then performed on how many particles are classified as
portraying either a weak, moderate, or strong degree of catalyst
fragmentation to give values of, respectively, 274, 123, and 37
particles.
With further improvements with respect to photon flux and

beam coherency, such as through the upgrading to fourth
generation synchrotron facilities95−97 as well as detector
acquisition times, the 3-D spatial resolution of PXCT can be
pushed below the size of the primary particles of the MgCl2-
based framework (as small as 5 nm), while maintaining large
scanning areas. This will enable a full quantitative approach to
study the fragmentation degree of each individual particle with
the methodology provided here and can be extended to study
other polyolefin catalyst systems, such as the Phillips and
metallocene catalysts.
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