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Chapter 1. Introduction

In this Chapter, the catalytic polymerization of α-olefins is discussed with an emphasis on
what polyolefins are and how they are formed inside the porous framework of these
catalyst particles, which ultimately leads to the catalyst breaking up in fragments dispersed
throughout the polymer. Furthermore, an outline of the PhD Thesis is provided. The first
experimental half of this PhD Thesis is focused on developing a methodology to use
synchrotron-based, non-invasive X-ray nano-tomography techniques to study the
fragmentation behavior of two sets of industrially relevant, pre-polymerized Ziegler-type
polyolefin catalysts in 3-D. In the second experimental half of this PhD Thesis a high atomic
weight support matrix based on LaOCl is introduced for both enhanced imaging contrast to
study the catalyst fragmentation behavior as well as a good moisture stability with respect
to the conventional MgCl2 support matrix. Using this LaOCl framework a spherical cap
model system was developed as well as the synthesis of mono-disperse and highly spherical
LaOCl bulk particles.
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1.1 Polyolefins
Plastics have helped shape modern society in ways similar to how steam machinery were
the cradle of the industrial revolution with the exponential population growth as a result
[1]. Plastics are found in applications ranging from the preservation of foods beyond what
mother nature had initially intended, in furniture, reduce the total weight of automobiles
with only minimally compromising impact strength and integrity, the isolation and
preservation of electrical currents in cables, protective fibers against ballistic compounds
and keeping medical equipment under sterile conditions ready for e.g. surgery [1,2]. Plastics
can be categorized as either thermoplastics meaning that they can be shaped indefinitely
by remelting the plastic or thermosets meaning that they will harden into their irreversible,
final shape [3]. The plastic market is highly diverse and to name just a few includes
polyethylene terephthalate, polycarbonate, polystyrene, polytetrafluorethylene,
polyvinylchloride, polylactic acid, nylon, poly(methyl methacrylate), polyurethane and
polyolefins. These polyolefins are the largest constituent with over 60% volume share of the
thermoplastic market, which itself is a gigantic market with over 180 million tonnes
produced annually [4-6]. The polyolefin family consists mainly of different types or so-called
grades of polyethylene and polypropylene, but also ethylene-propylene rubbers with and
without additional diene monomers added and higher α-olefin polymers, such as poly-1butylene [7,8].
The most simple polyolefin structure is based on the polymerization of ethylene into a linear
methylene backbone without any side-chain branching. This type of polyethylene grade is
referred to as high-density polyethylene (HDPE). This achieved high density, typically in the
range of 0.94-0.96 g/cm3, is the result of the efficient packing of the linear methylene
backbone of the polymer chains in lamellas and leads to a highly crystalline polymer up to
roughly 75% [9]. It should be noted here that a 100% crystalline PE isn’t feasible as the
crystallization degree is limited by the high viscosity of the polymer [10]. As a higher
concentration of side-chains are introduced in the methylene backbone, either through the
direct incorporation of higher α-olefin co-monomers added in the feedstock, such as 1hexene and 1-octene or through chain transfer during the polymerization reaction, the
crystalline packing of these chains starts to decrease [11]. This results in a lower
polyethylene density and hence other polyethylene types, such as medium-density (MDPE),
linear low-density (LLDPE), low density (LDPE) and very low-density (VLDPE) polyethylene
grades are also available. In Figure 1.1 these different polyethylene types are drawn
schematically alongside the density range they fall in. These different polyethylene grades
vary in their physico-chemical properties, such as impact strength, tensile strength, melting
point, wear and abrasion resistance and processibility, and are therefore found in a large
range of applications [12].
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Figure 1.1 The chain linearity (number of side-chain branches), crystallinity and density and ordering of the
backbone chains of different grades of polyethylene going from low-density (LDPE) and ethylene-propylene
rubbers (EPR) to linear low-density (LLDPE), medium-density (MDPE) and high-density (HDPE) polyethylene.
Adapted from Bensason et al. [11].

After polyethylene, the second most produced polyolefin is isotactic polypropylene. When
propylene is inserted into a growing polymer chain, the methyl pendant group will point in
a certain direction with respect to the methylene backbone and the next methyl group [13].
This leads to a variety of polypropylene methyl group orientations, as shown in Figure 1.2.
These orientations of the methyl groups are referred to as I) atactic polypropylene (a-PP),
in which the methyl groups have a random configuration with respect to the methylene
backbone, II) syndiotactic polypropylene (s-PP) where the methyl groups have an
alternating configuration with respect to the methylene backbone, III) hemi-isotactic
polypropylene (hit-PP) where the first and second sets of alternating methyl groups have
respectively the same and random configuration with respect to the methylene backbone
and finally IV) isotactic polypropylene (i-PP) where all methyl group have the same
configuration with respect to the methylene backbone [14]. The regio-and-stereospecificity
control over the propylene polymerization reaction is determined by the type of catalyst
used and reaction conditions [15].
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Figure 1.2 The orientation of the methyl side groups that determine the isotacticity of the polypropylene chain
going from complete random orientation, called atactic (a-PP), alternating orientation, called syndiotactic (s-PP),
regular orientations with random orientations in between, called hemi-isotactic (hit-PP) and finally highly regular
orientations, called isotactic (i-PP). Adapted from Talarico et al. [14].

Besides the degree and nature of side-chain branches and the orientation of the methyl
groups towards the methylene backbone, the molecular weight and molecular weight
distribution (MWD) play an important role in the final physical properties of the polyolefin
[16-18]. For example, a typical HDPE product will have individual polyethylene chains
around a thousand repeating ethylene units, however ultra-high molecular weight
polyethylene (UHMwPE), a polyethylene grade with exceptional abrasion and wear
resistance as well as tensile strength, has repeating units on the order of 10 5 per polymer
chain resulting in molecular weights well above 1 million g/mol [19,20] . The MWD or also
called polydispersity index (PDI) is based on the ratio of the weight average molecular
weight (Mw) to the number average molecular weight (Mn) as shown in Eq. 1.1-1.3, where
Nx is the number of polymer chains that have the molecular weight M x. The MWD and
molecular weight have direct consequences on the processability of a material. A broader
MWD will have both low molecular weight polyolefin chains that facilitate a lower-cost
extrusion process for instance and high molecular weight polyolefin chains to ensure
sufficient strength to maintain structural integrity of the final product [21,22].
𝑀𝑛 =

𝑀𝑤 =

∑ 𝑁𝑥 𝑀𝑥
∑ 𝑁𝑥

∑ 𝑁𝑥 𝑀𝑥2
∑ 𝑁𝑥 𝑀𝑥

𝑀𝑊𝐷 =
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𝑀𝑤
𝑀𝑛

Eq. 1.1

Eq. 1.2

Eq. 1.3

1.2 α-Olefin Polymerization Catalysts
To enable all of the above-mentioned polyolefin grades as well as the introduced varieties
with respect to the nature of side chain branching (i.e., concentration, long versus short
chains) and their molecular weight and MWD, different classes of α-olefin polymerization
catalysts have been developed spanning an era of nearly 7 decades. Here a brief history on
the discovery of the ethylene and propylene polymerization processes is provided.

1.2.1 Brief History on the Polymerization of α-Olefins
The serendipitous discovery of polyethylene dates back to the 1930’s when Reginald Gibson
and Eric Fawcett, employed by Imperial Chemical Industries (ICI), unintentionally
synthesized LDPE at extreme ethylene pressures and temperature [23]. This non-catalytic,
free radical polymerization process leads to a high degree of side-chain branching in the
methylene backbone through chain transfer reactions. In the following decades, three
different catalytic systems were discovered and subsequently improved upon. In 1951, Paul
Hogan and Robert Banks who worked at Phillips Petroleum Company discovered that a
chromium-based catalyst, now called the Phillips catalyst, could polymerize ethylene under
considerably milder reaction conditions than the free-radical process, into a crystalline
HDPE product [24,25]. In 1953, Karl Ziegler who worked at the Max-Planck-Institut für
Kohlenforschung submitted a patent based on the discovery that combinations of transition
metal halides with alkyl-aluminium species generated a new class of olefin polymerization
catalysts [26]. Amongst these metallorganische Mischkatalysatoren (organometallic mixedcatalysts) as he referred to them, especially the combination of TiCl 4 with a diethylchloroaluminium compound yielded a catalyst formulation similar in activity to that of the Phillips
catalyst [27]. Giulio Natta caught wind of Karl Ziegler’s patent application and discovered
that the crystalline α-TiCl3 phase together with a triethylaluminium co-catalyst was able to
polymerize propylene in a mixture of i-PP and a-PP [28]. For their achievements on the
discovery of the so-called Ziegler catalyst by Karl Ziegler and subsequent study on the
formation of isotactic polypropylene using this Ziegler catalyst by Giulio Natta, they were
jointly awarded the 1963 Nobel prize in Chemistry. Nowadays, the Ziegler and Ziegler-Natta
catalyst nomenclatures are used when referring to respectively the ethylene and propylene
polymerization variants of the Ziegler-type catalyst family. In this PhD Thesis, reference will
be made to either to Ziegler-type catalysis in general or specifically to either the Ziegler
catalyst or Ziegler-Natta catalyst. Finally, the development of the last class of polyolefin
catalysts, single-center molecular catalysts, started shortly after Ziegler’s discovery [29].
The initial goal here was to create a well-defined, homogeneous catalyst, titanium
metallocene active site (titanocene) to study the reaction mechanism of the polymerization
reaction as opposed to the original heterogeneous and highly complex Ziegler catalyst. The
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major breakthrough came around the early 1980’s when Hansjörg Sinn and Walter
Kaminsky managed to isolate and characterize a methylaluminoxane (MAO) co-catalyst,
which was able to generate a highly active metallocene catalyst for the polymerization of
ethylene [30]. These single-center molecular catalysts when mixed and activated by the
MAO co-catalyst are used both as homogeneous polyolefin catalysts or when immobilized
on for instance a SiO2 support matrix as heterogeneous polyolefin catalysts [29].
These three catalyst systems, the Cr active site Phillips, the Ti active site Ziegler-type and
the single-centre molecular catalysts or metallocene catalysts are all used industrially to this
day because of their highly different chemical nature and the tuneability this provides for
the polyolefin product the customer wants.

1.2.2 The Ziegler-type Catalyst Family
The original discovery of the reduction of TiCl 4 with an alkylaluminium co-catalyst leads to
the formation of a crystalline and solid TiCl3 catalyst and is regarded as the so-called first
generation Ziegler-type catalyst [31]. TiCl3 is polymorphic and exists both in the brown
colored, fibrillar β crystalline phase and the violet colored, layered α, γ and δ crystalline
phases [32]. The overall polypropylene yield for this first-generation catalyst was on the
order of 1 kg PP per g catalyst. These low yields meant that the catalyst concentration in
the final polymer powder was too high. The Ti-Cl bonds of the TiCl3 catalyst present in the
final polymer powder are readily hydrolyzed in air to give the corrosive HCl by-product and
therefore the catalyst residues had to be removed in a costly procedure called deashing
[33]. The so-called second generation Ziegler-type catalyst was developed by Solvay in a
process where they first generated a typical TiCl3/AlCl3/AlEt2Cl mixture through the reaction
of TiCl4 and AlEt2Cl [34]. After washing out the AlCl3 with ether, a highly porous β-TiCl3
catalyst was obtained that was then converted to the γ-TiCl3 crystalline phase at low
temperatures through the reaction with TiCl4 in a slurry phase. This resulted in retaining the
high porosity of the starting material and minimize crystallite growth. The Solvay process
boosted the production yield from 1 kg PP per g catalyst of the first generation Ziegler-type
catalysts towards 5-20 kg PP per g catalyst in this second generation.
The third generation Ziegler-type catalysts started with the discovery made by Shell in the
early 1960’s that δ-MgCl2 could chemisorb TiCl4 that after activation by a trialkylaluminium
co-catalyst yields a highly dispersed Ti3+ active site akin to that of δ-TiCl3, which is disordered
along the c-axis of the crystal unit cell [35]. Through a ball-milling process, the crystallite
size of MgCl2 could be reduced to only a few nm. The success story of this mechanically
activated δ-MgCl2 over other halide metal supports is two-fold, namely i) the similar crystal
structure of δ-MgCl2 to that of δ-TiCl3 and ii) the closely matching atomic radii of Mg2+ and
Ti4+ [8,36]. This means that TiCl4 can efficiently chemisorb on the epitaxially unsaturated
lattices of MgCl2, such as the four-coordinated (110) and five-coordinated (104), whereas
the six-coordinated and fully saturated basal plane (001) remains inactive for chemisorption
[37-39].
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The reader might have noticed that the development and nomenclature of these first three
generations is directly related to the desire of producing highly isotactic polypropylene, >9095% isotacticity (I.I.). Whereas indeed the push for highly isotactic polypropylene was an
adamant factor in the early development of the Ziegler-type catalysts, the discovery of
MgCl2 as a highly suitable support matrix to stabilize TiCl 4 has shaped the future of both the
Ziegler ethylene polymerization and Ziegler-Natta propylene polymerization catalysts.
However, it is also at this point that subsequent improvements and so-called generations in
the Ziegler-type catalyst formulations have become deconvoluted with the Ziegler and
Ziegler-Natta catalysts following their own separate paths.
For the Ziegler-Natta polypropylene catalysts this third generation catalyst based on the
activated MgCl2 support matrix took off when in the late 1960’s the Montedison and Mitsui
companies independently noted that adding Lewis base molecules, such as ethyl benzoate
during the ball milling process stabilized and increased the number of exposed unsaturated
lattices for TiCl4 chemisorption [40]. These Lewis base molecules that are added during the
synthesis process are typically referred to as internal donors. However, through an
undesired side-reaction with the trialkylaluminium co-catalyst, these internal donors are
removed from the MgCl2 surface [41]. This leads to a decrease in the I.I. of the formed
polypropylene as a function of exposure to the co-catalyst and polymerization activity. This
was mitigated through the addition of Lewis base molecules during the polymerization
reaction itself, which are referred to as external donors. Examples of third generation
external donors are benzoate and methyl p-toluate. This external donor then coordinates
to the vacant sites created through the desorption of the internal donor and ensures that
the Ti3+ active site remains stereospecific for the production of iPP [42]. The subsequent
fourth and fifth generation Ziegler-Natta catalysts are all based on the use of different type
of internal and external donor combinations to push the polymerization activity beyond
that of the 3rd generation while maintaining high I.I. values. A summary of the Ziegler-Natta
catalyst generations are given in Table 1.1 with the typical activity, MWD and I.I. range they
operate in. The fourth generation is based on the combination of phthalate-based internal
donors (di-esters) with alkoxysilane external donors [43,44]. With the use of these
phthalates, the propylene polymerization activity was boosted further, whereas the
alkoxysilane external donors had the advantage of not reacting with the co-catalyst during
the polymerization reaction. The fifth generation started with the discovery of di-ether
based internal donors, which had the additional advantage of not requiring an external
donor due to their stability with regards to the co-catalyst. Nonetheless, the addition of
alkoxysilane external donors improves the I.I. value of these di-ether based Ziegler-Natta
catalysts. In addition to di-ethers, this fifth generation also contains succinates and polyol
ester internal donors and provide different H2 response and MWD values of the resulting
iPP [45].
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Table 1.1 The propylene activity and resulting polypropylene isotacticity (I.I.) values for the first to fifth generation
Ziegler-Natta catalysts. Adapted from [43,44].

Generation
First
Second
Third
Fourth
Fifth

Catalyst composition

External
donor

TiCl3
Solvay-type TiCl3
TiCl4/MgCl2/benzoate
TiCl4/MgCl2/phthalate
TiCl4/MgCl2/1,3-diether

Benzoate
Alkoxysilane
Alkoxysilane

Activity
(g PP/mmol Ti · h ·
atm)
~4
~30
~1000
~1000-3000
~3000-5000

I.I.
(%)
90
95
92-44
>98
>98

For the Ziegler polyethylene catalyst there isn’t a clear distinction in generations since the
use of internal and external donors isn’t a requirement at all. However, developments of
such catalysts are mainly based to improve catalyst particle morphology, size and porosity
control as well as the active site response to hydrogen (higher response means lower
amount of hydrogen needed and therefore less formation of ethane through the unwanted
hydrogenation of ethylene) and control over the MWD of the PE product [32].
Whereas the third generation “activated” MgCl2 was based on a mechanical ball-milling
process, the fourth and subsequent generations are based on chemical activation routes,
which provide enhanced control over the final catalyst characteristics, such as particle
morphology, size dispersion and porosity [46]. These chemical routers range from the use
of Grignard reagents to MgCl2 adducts with ethanol or tetrahydrofuran (THF) as well as the
use of Mg alkoxides [19,47,48].

1.2.3 The Arlman-Cossee Reaction Mechanism
In Figure 1.3, the activation, initiation and chain propagation mechanisms, as proposed by
Arlman and Cossee, are shown for a Ziegler-type catalyst [49]. After activation and initiation
of the TiCl4 precursor with a trialkylaluminium (AlEt3) co-catalyst (this first step isn’t shown),
a Ti3+ active site is formed that has a vacant site for the coordination of an ethyl group from
the co-catalyst, which introduces the first Ti-C bond. After inserting the ethyl group of the
co-catalyst and subtraction of another chlorine ligand, a new vacant site appears to which
the α-olefin monomer can coordinate. At this point, the polymer chain (at this point just the
ethyl group of the initial co-catalyst) inserts itself in the coordinated α-olefin through a
migratory insertion and the position of the vacant site is therefore swapped. Four chain
terminating routes are possible of which three can occur without the addition of an external
chain terminating reagent. Two of these routes are β-hydride eliminations where the
hydride coordinates to i) the Ti active site (Ti-H bond) or ii) reacts with the coordinated αolefin to eliminate the respective alkane. The released polyolefin chain will in this case have
16

a vinyl end group and can therefore be reinserted in a growing polyolefin chain, still
coordinated to a Ti3+ active site. The third route is a chain transfer reaction towards the
aluminium co-catalyst compound. To provide control over the molecular weight of the
resulting polyolefin, H2 can be added during the reaction as an external chain termination
agent. Chain termination with H2 leads to a methyl end-group, which can’t be reinserted in
a growing polyolefin chain.

Figure 1.3 Activation, initiation and chain propagation mechanism of a Ziegler-type Ti3+ active site, as proposed by
Arlman and Cossee. Adapted from Paulik et al. [9].

1.3 Polyolefin Catalyst Fragmentation Behavior
The main focus of this PhD Thesis is to study the fragmentation behavior of Ziegler-type
catalysts in the early stages of α-olefin polymerization through the use of X-ray nanotomography techniques that allow us to image the full volume of one or more particles in a
non-invasive manner at high spatial resolution (sub-100 nm demonstrated over a large fieldof-view).

1.3.1 From Catalyst Particle to Catalyst Fragment
Current-day Ziegler-type catalyst particles are in the range of several microns to several tens
of microns in diameter and highly spherical in nature. However, these MgCl 2 particles are
not build of a covalent framework like typical metal oxides, such as SiO2, but formed through
the ionic interactions of the constituent ions. This leads to the formation of so-called
primary particles of MgCl2 platelets as small as 5 nm in size [50,51]. These platelets then
proceed to form the secondary building-units of up to several hundred nm or a micron in
17

diameter and finally agglomerate together as a particle through ionic and van der Waals
interactions. A schematic representation of the typical morphological structure of activated
MgCl2 is given in Figure 1.4.

Figure 1.4 Schematic representation of the structure of a typical MgCl2 support matrix Ziegler-type catalyst
particle. The final catalyst particle, which is up to 5-30 microns in diameter is build-up of MgCl2 platelets as small
as 1-10 nm onto which the Ti pre-active sites are chemisorbed on the lateral, unsaturated lattices.

As the α-olefin comes into contact with the active site, it will become incorporated in a
growing polyolefin chain. These polyolefin chains can be formed both on the external
surface of the catalyst particle or inside the interior pore network. As these polyolefin chains
are growing, they start to exert a stress on the framework of the catalyst particle. If the
build-up exceeds the relaxation time of this stress over the local framework a threshold can
be reached where the framework starts to disintegrate as a result of this stress. This
disintegration is called the fragmentation of the framework [52,53]. The fragmentation of
the catalyst particle is of paramount importance to prevent significant mass transfer
limitations. These mass transfer limitations are mitigated by the catalyst fragmentation by
facilitating shorter diffusion pathlengths for the monomer through the dense polyolefin
layer to reach an active site and for the generation of newly exposed active sites that could
previously have been inaccessible for the monomer. However, the fragmentation process
has to be controlled to prevent for instance the formation of small catalyst fragments that
become loose of the composite catalyst-polymer particle, called fines. These fines can
otherwise start to migrate through the reactor on their own and cause reactor fouling both
in the reactor itself or downstream equipment [54]. Such reactor fouling is a highly costly
procedure due to the extensive cleaning procedure and therefore downtime introduced as
well as the possible spoilage of an entire production batch that can run into the tonnes of
18

product. A common strategy to therefore ensure a smooth and controlled fragmentation
process is by first performing a so-called pre-polymerization process under mild reaction
conditions (close to ambient pressure and room temperature) to a yield of several ten g of
polyolefin per g of catalyst before increasing the monomer pressure and temperature to
reach orders of a hundred kg of polyolefin per g of catalyst [54-56]. Another advantage of
the pre-polymerization process, besides preventing the formation of fines, is to ensure that
the spherical morphology of the pristine catalyst particle is maintained in the final polymer
powder morphology, which is called the replication phenomenon [57]. A spherical
morphology of the resulting polymer particles is another necessary step to facilitate easier
transport and post-processing into a polymer product, but also again prevent reactor
fouling, since roughly shaped particles can stick to the reactor walls and break more easily
into fines [53,58].
From a fundamental perspective, two limiting modes of fragmentation are described [59].
On the one hand you have the shrinking core or also called layer-by-layer fragmentation
mode where the polymerization events are mainly occurring in the vicinity of the external
surface of the particle. This then leads to the peeling of relatively small catalyst framework
species, called fragments, of the surface by the growing polyolefin chains. This peeling
continues from the external surface inwards until finely the original catalyst particle has
been completely disintegrated into fine fragments that are dispersed uniformly throughout
the polyolefin phase. On the other hand, you have the continuous bisection fragmentation
mode where the polymerization occurs uniformly throughout the particle and the build-up
of stress therefore leads to the fragmentation of the entire catalyst particle into successively
smaller fragments. Both fragmentation models are visualized in Figure 1.5. This initial
catalyst fragmentation process is taking place in what is typically referred to as the early
stage of α-olefin polymerization [52].
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Figure 1.5 Schematic representation of the shrinking core (also called layer-by-layer) and continuous bisection
fragmentation models of a catalyst particle as a function of the polymerization yield, which is directly linked to the
degree of catalyst fragmentation.

These two fragmentation modes are occurring simultaneously, however depending on both
reaction conditions and catalyst properties, one of the two modes can be dominating the
overall fragmentation behavior [16,17,59]. Examples of reaction conditions include the
reaction temperature and monomer pressure, the operating nature of the reactor, e.g. gasphase versus slurry-phase or even liquid-phase for propylene, the type of α-olefin used and
the addition of co-monomers [60-63]. Examples of catalyst properties include the chemical
nature of the active site, the distribution of this active site throughout the support matrix,
the degree of activation by the co-catalyst species and porosity and friability of the support
matrix [64-69].
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1.3.2 Studies on the Fragmentation Behavior of Polyolefin Catalysts and
Polyolefin Particle Morphology Evolution
Previous studies concerning the fragmentation behavior of polyolefin catalysts and the
evolution of the polyolefin particle morphology are mainly focused on the use of crosssectional scanning electron microscopy (SEM) studies. SEM has the advantage of providing
high spatial resolution down to several nm and when coupled with the collection of backscattered electrons provides Z-contrast to discriminate between the polyolefin phase and
the support matrix of the catalyst used. Additionally, energy dispersive X-ray spectroscopy
(referred to as both EDS and EDX) coupled with SEM (SEM-EDX) enables one to map the
elemental distribution in the region of interest and the collection of secondary electrons,
which are lower in energy than the backscattered electrons, contain information on the
surface topology. A few examples, with an emphasis on Ziegler-type catalysts, will be
highlighted here to give the reader a feeling of how complicated the interplay of catalyst
particle properties and reaction conditions can be on the evolution of the particle
morphology and the underlying catalyst framework fragmentation.
Zheng and Loos for instance used cross-sectional SEM-EDX to study both Ziegler-type
catalysts and immobilized metallocene catalysts at low propylene polymerization and
propylene-ethylene co-polymerization yields ranging from 0.8 to 7 g polymer per g catalyst
[63,66,67]. One of the most important requisites they observed to obtain a homogeneous
fragmentation profile and uniform polymer particle morphology for an immobilized
metallocene catalyst, was the homogeneous distribution of the catalyst and co-catalyst
species throughout the particle [66]. Additionally, for a Ziegler-Natta catalyst, depending on
the pore size distribution they would see either the shrinking core fragmentation model or
continuous bisection fragmentation model dominating the overall fragmentation behavior
at low polymer yields and under mild reaction conditions [67]. The explanation for this was
that the smaller pore size and pore volume catalyst (6 nm, 0.16 cm 3/g) had considerably
higher mass transfer resistance internally than the larger pore size and pore volume catalyst
(9.7 nm and 0.51 cm3/g), whereas both catalysts had a similar titanium weight loading
around 2%.
Vestberg and co-authors showed how delicate the catalyst support matrix design can be to
fine-tuning the final polymer particle morphology [64]. They used three different support
matrixes for the liquid-phase Ziegler-Natta propylene polymerization process at 30 °C.
These matrixes are two-fold MgCl2 with one portraying a very low and one portraying a
typical BET surface area of respectively, <5 m2/g and 250 m2/g and one SiO2 matrix with 63
m2/g. They observed with both SEM and TEM that the low porosity catalyst showed uniform
fragmentation already at low yields and yielded highly spherical polymer particles with a
smooth surface. The high surface area MgCl2 catalyst also yielded spherical polymer
particles, but with a rough surface and the SiO 2-based catalyst yielded rough cauliflowerlike polymer particles.
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Abboud et al. have made a similar comparison between MgCl2 and SiO2/MgCl2 based
Ziegler-Nata catalysts for propylene polymerization [65]. However, here the process was
performed in the gas-phase at 50 °C and 5 bar of monomer pressure. They observed that
for both support matrices the catalyst framework fragmentation occurred throughout the
whole particle at early polymer yields. Cross-sectional SEM and optical video-microscopy
showed that the MgCl2 support matrix showed both a higher rate and more uniform
fragmentation than the SiO2/MgCl2 one.
Nooijen showed the importance on the activation methodology of the Ziegler-type preactive sites with the co-catalyst species, which can be referred to as the start-up procedure
[68,69]. He found that the degree of activation of the pre-active sites both before the
introduction of the α-olefin and during has a significant role on the evolution of the particle
morphology. Additionally, the size of the co-catalyst (e.g., length and branching of the alkyl
groups) plays a strong role in the diffusivity through the catalyst pore network and the
activation rate. For example, if the contact time between the pre-active site and co-catalyst
before the introduction of ethylene was short enough, a shell of active-site species close to
the surface would be obtained with the Ti species at the core remaining non-activated. This
then leads to a cobweb type of particle morphology evolution, where polymerization and
fragmentation is only observed in a shell of a certain thickness around the surface and many
polymer strings are observed at cracks around the external particle’s surface. Alternatively,
if the activation of the catalyst particle is uniform before the introduction of the α-olefin,
polymerization was observed to occur throughout the entire particle’s interior volume
leading to a uniform polymer particle morphology.
Pater et al. showed an example where the continuous bisection fragmentation mode was
seen to dominate the overall fragmentation behavior for a MgCl 2-based Ziegler-Natta
catalyst [55]. They showed that even at extremely mild reaction conditions at low
polypropylene yields ranging from 0.3-50 g PP per g catalyst the MgCl2 framework was
disintegrating into successively smaller fragments as a function of polymer yield, uniformly
distributed throughout the polymer phase. Additionally, they observed based on the early
stage polymerization kinetics that there were two regimes. In the first regime, the catalyst
is the continuous phase with the polymer being formed within and a decline in the
polymerization activity is observed as the polymerization yield increases until a constant
polymerization activity (plateau) is obtained. At this stage, the second regime takes over
where the polymer is now the continuous phase and the catalyst becomes uniformly
distributed within. That is to say that the catalyst is now fully fragmented at or close to the
primary particles size of the specific support matrix and the composite polymer-catalyst
particle is no longer residing in the so-called early stage of α-olefin polymerization.
It should be mentioned specifically here that most studies on the interplay of reaction
conditions and catalyst properties on the evolution of the particle morphology and the
catalyst fragmentation process are based on (extremely) mild polymerization reaction
conditions. Such
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reaction conditions are typically close to 1 bar α-olefin pressures and room temperature.
This is simply done to provide better control of the desired polymer yield in the range of 110 g polyolefin per g catalyst, whereas under industrially relevant conditions (upwards of 8
bar and 60 °C) it would be otherwise hard to quench the highly exothermic polymerization
reaction at low yields. However, the group of McKenna has extensively worked on the
development of so-called stopped-flow reactors and quench methods that allow industrially
relevant conditions at millisecond residence times of the catalyst particles [70,71]. Using
SEM, they were able to observe the initial formation of cracks at the catalyst particle’s
external surface and the possible formation of fines at 8 bar of ethylene pressure, 80 °C and
a dwell-time of only 40 ms.

1.4 From Cross-sectional Electron Microscopy to X-ray
Computed Tomography: 3-D Imaging of Entire Polyolefin
Particles
The vast majority of studies concerning the fragmentation behavior of polyolefin catalyst
particles and their effect on the evolution of the particle morphology focus on crosssectional SEM techniques. However, the electron beam has a limited penetration depth on
the order of several tens of nm until the incident electrons have lost their energy through
the many scattering events having taking place with the material of interest [72]. To study
the fragmentation behavior of a catalyst particle it is important to look not only at the
exterior but especially at the interior of such said particle. For electron microscopy studies
this therefore requires invasive preparation methods, either through embedding the
polyolefin catalyst particles in an epoxy and subsequent (ultra)-microtoming in thin slices
or the use of a focused ion beam (FIB) to mill away the outside of the material until the core
is reached.
Fortunately, X-rays have a considerably higher penetration depth than electrons [73]. For
example, an X-ray beam at 12 keV, which is the photon energy used in our studies in
Chapters 2 and 3, can travel roughly 158 microns through an anhydrous MgCl 2 layer (e.g.
assuming no porosity), density of 2.32 g/cm3, before losing 1/e, ~63%, of its initial photon
flux at an incident angle of 90 degrees. This distance upon which the incident X-ray beam
has lost 1/e of its photon flux is called the X-ray attenuation length and is determined by a
materials chemical composition, its density and the photon energy. In the case of both highdensity polyethylene and isotactic polypropylene, density of 0.94 g/cm3 used, this X-ray
attenuation length is increased to over 9000 microns [74]!
In this PhD Thesis, we will demonstrate that X-ray computed nano-tomography techniques
(XCNT) performed at synchrotron-based X-ray microscopes can image and visualize the
entire interior volume and exterior surface of polymerized polyolefin catalyst particles in
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field of views as large as 120 microns in width without requiring invasive preparation
methods at sub-100 nm 3-D spatial resolution.
Tomography comes from the old Greek words of τόμος (tomos), which means to slice and
γράφω (graphō), to write. The idea is to image an object by sectioning it in slices through
the use a X-ray beam. In computed tomography, the object is imaged either through
scanning with a parallel X-ray beam smaller than the field of view (FOV) or in a full-field
modus using typically a cone X-ray beam geometry, after which the image is demagnified
on a detector. The obtained image is called a 2-D projection (of the imaged object) and
contains the interaction of the X-ray beam with the entire object at this angle. The next step
is to rotate the object along the Z-axis perpendicular to the X-ray beam by a specified
increment and collect another 2-D projection along this new rotation angle. Finally, after
sufficient 2-D projections have been collected at different angles (typically between 0-180°),
the 3-D volume of the object can be reconstructed using computerized (hence computed
tomography) algorithms, such as the filtered back projection (FBP) and through iterativebased simultaneous algebraic reconstruction techniques (e.g. ART, SART, SIRT and more).
FBP reconstruction algorithms are known to suffer from reconstructing also noise and
hence iterative algorithms, such as SART have been developed, where in each iteration a
reduction of artifacts and noise is achieved. However, iterative algorithms are time
consuming and can additionally also remove signal intensity from real features that it
approximates to be noise and the reconstruction results should always be manually
inspected and validated [75,76]. A workflow of X-ray computed tomography, with an
example of the X-ray microscopy setup used in Chapter 3, is shown schematically in Figure
1.6.
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Figure 1.6 General workflow for X-ray computed tomography. (a) The correlated X-ray ptychography and
fluorescence nanotomography setup used in chapter 3. The setup shown uses a parallel X-ray beam to raster-scan
the sample and collects both diffracted signal in transmission mode on the pixelated area detector and X-ray
fluorescent photons with two detectors at 90° and 270° angles at different rotation angles, θ. (b) The output is 2D projections that show either the phase or electron density of the sample in the case of X-ray ptychography or
the distribution of elements at each rotation angle. (c) The reconstruction toolbox based on the alignment of the
2-D projections to correct for sample drift and motor positioning inaccuracies followed by the use of a
reconstruction algorithm to reconstruct the sample in 3-D. (d) Visualization of the reconstructed sample either in
3-D (the sum of all cross-sectional slices) or as individual cross-sectional slices along one of the principle planes.
Adapted from O’Sullivan et al. [76].

The spatial resolution of the reconstructed object is defined by several factors [77,78]. The
most important and limiting factor is the spatial resolution of the 2-D projections obtained,
which can be either limited by the X-ray focusing optics in the case of conventional
(scanning) transmission based X-ray microscopes or by the largest angle of diffraction
collected in the case of coherent diffraction imaging. Additionally, the correction of
positioning errors and sample drift between subsequent 2-D projections, the angular step
used (which is defined by the total number projections obtained at different angles), the
signal-to-noise ratio of the data and possible X-ray beam-induced morphology changes will
influence the quality of the reconstructed object and therefore the achieved 3-D spatial
resolution. A common approach to determine the 3-D spatial resolution is by calculating the
Fourier shell correlation between two reconstructed half data-sets (typically by
reconstructing the even and uneven angles of projections separately) [79].
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1.4.1 X-ray Computed Micro-Tomography in the field of Polyolefin
Catalysis
The use of X-ray computed microtomography (XCMT) in the field of polyolefin catalysis was
explored by Ferrero, Jones and Conner [80-82]. They utilized synchrotron X-ray radiation at
the Brookhaven National Laboratory in the early 1990’s to study Ziegler-type and Phillips
catalysts at polymerization yields as low as 11 g polyethylene per g catalyst with a pixel size
down to 2 microns. With XCMT they were able to show the porosity and void space of the
polymer particles as well as observe catalyst fragments within the polymer phase. However,
the results given in these works are based on single reconstructed slices instead of the
entire reconstructed volume due to limitations in the computational power in that era (to
illustrate this: the data-sets of chapters 2 and 3 can take up to 20-40 GB of RAM memory,
not even considering the computing power required from the CPU and GPU’s).
Nearly two decades later, the group of Kosek resumed the work of XCMT in the field of
polyolefin catalysis [83,84]. They utilized lab-based XCMT microscopes to image and
reconstruct full polyolefin particles millimeters in size and study the transport rates of
monomer molecules through the polyolefin phase. They showed that monomer mass
transfer limitations remain important in the final polymer particles, where degassing of
residual monomer molecules post-polymerization is important for safety reasons and
therefore not just in the early-stage of polymerization.
However, despite the impressive pioneering works performed by the groups of Ferrero and
Kosek, there is still a thousand-fold resolution gap between cross-sectional SEM studies on
the fragmentation behavior of polyolefin catalysts and that of the XCMT studies
demonstrated.
Therefore to bridge this resolution gap, in this PhD thesis the focus is on the development
of a X-ray computed nanotomography methodology in the field of polyolefin catalysis with
an emphasis on the fragmentation behavior of the catalyst framework.
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1.4.2 The Correlated X-ray Computed Nano-Tomography Toolbox: X-ray
Ptychography and X-ray Fluorescence Nano-Tomography
To study the fragmentation behavior of Ziegler-type polyolefin catalysts in 3-D at submicron spatial resolution, a synchrotron-based correlated X-ray ptychography and
fluorescence nano-tomography set-up, see Figure 1.7, at the P06 beam-line at the
Deutsches Elektronen-Synchrotron (DESY) was selected as the main microscopy technique
of interest in this PhD Thesis. This powerful X-ray microscope is based on the simultaneous
collection of ptychographic X-ray computed tomography (PXCT) and X-ray fluorescence
tomography (XRF tomography or XRFT).

Figure 1.7 Photographs showing the experimental setup of correlated X-ray ptychography and fluorescence nanotomography at the P06 beamline at DESY in Hamburg. In yellow letters the following parts of the setup are shown:
A and H are respectively the two Si drift detectors setup used in chapter 3 and the MAIA detector used in chapter
2 to collect the fluorescent X-rays. B a computer inside the experimental hutch used for the sample finding and
rough alignment of the rotation axis of the sample of interest. C is the vacuum tube that connects this first
experimental hutch to a second experimental hutch where the Eiger detector resides to collect the diffraction data
for X-ray ptychography. D is the plastic chamber that holds the Kirkpatrick-Baez mirrors to focus the incoming Xrays into a narrow beam of roughly 160x140 nm horizontal versus vertical dimensions. E is towards the storage
ring of the synchrotron where the X-rays come from and where the X-ray optics hutch of P06 resides with the
monochromators. F are the polymerized polyolefin catalyst samples from chapters 2 and 3 stabilized inside sealed
Kapton capillaries to prevent and limit exposure to moisture, which in turn are hold onto the sample stage with a
clay and magnet. G are the two fine sample stages used in chapters 2 and 3. The larger sample stage, which also
performs the rotation of the fine stage and therefore the sample can be seen in the first photograph. The reason
for the use of two different types of XRF detectors and fine stages throughout these chapters is the unfortunate
service these components required for various reasons.
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PXCT is a type of coherent diffraction imaging (CDI) technique where multiple and partially
overlapping diffraction patterns are collected of the region of interest by scanning the
sample with a focused and coherent X-ray beam [73]. Because of these multiple diffraction
patterns that partially overlap either within a single 2-D projection or in subsequent rotation
angles when performing computed tomography, the finite support constraint requirement
of conventional CDI is bypassed [85]. The working principle behind Ptychography is highly
complex and aims to iteratively update the illumination function, called the probe, and the
object so that the measured coherent diffraction intensities match the calculated squared
Fourier transforms of the complex exit waves [86]. Through the use of these iterative
reconstruction algorithms both the phase, δ, and amplitude, β, of the object can be
reconstructed with PXCT. This phase and amplitude of the object are the refraction (real)
and absorption (imaginary) parts of the X-ray refractive index of this object, n, as shown in
Eq. 1.4 [76].
𝑛 = 1 − 𝛿 + 𝑖𝛽 Eq. 1.4
At photon energies above roughly 1 keV, the phase contrast, δ, dominates over the
absorption contrast, β, especially for lower Z elements, such as carbon. This has to do with
the complex number of oscillator modes per atom, (f1 + if2), which are related to
respectively δ and β through Eq. 1.5-1.6 where λ is the photon wavelength, re is the classical
electron radius and na is the atom number density. Whereas f1 approaches a value close to
Z (the atomic number of an element) at multi keV photon energies, f2 will decline roughly
as λ2 with respect to f1. In Figure 1.8, an example of the f1 and f2 values are shown for the
low Z element carbon and high Z element gold [75]. It becomes evident that for carbon at
the incident photon energy of 12 keV (~0.1 nm wavelength, red dashed line) the value of f1
is several orders of magnitude higher than f2, therefore making phase contrast imaging
preferable for polyolefin catalysts [87].
𝛿=
𝛽=
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𝑟𝑒
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𝑟𝑒
2𝜋

𝑛𝑎 𝜆2 𝑓1

Eq. 1.5

𝑛𝑎 𝜆2 𝑓2

Eq. 1.6

Figure 1.8 For both gold and carbon the f1 and f2 complex number of oscillator modes are given as a function of
the X-ray photon energy. The red-dashed represents the intersection at 12 keV, the incident X-ray photon energy
used in this PhD Thesis for X-ray computed nanotomography. It becomes clear that especially for lower Z elements
like carbon, f1 is orders of magnitude higher than f2 and therefore at such high energies, phase contrast imaging
becomes favorable. Reproduced from Jacobsen [75].

Reconstructing the phase, δ, part of the X-ray refractive index with PXCT has an additional
advantage. That is that the real (phase) part of the refractive index, δ, is directly related to
the electron density, ρe(r), where r is the spatial coordinate as shown in Eq. 1.7 [88]. In case
of computed tomography, r is equal to the length of a voxel and therefore by reconstructing
δ, PXCT is capable of imaging the quantitative electron density contained within each voxel.
Here, a voxel is the 3-D equivalent to a pixel. A requirement for quantitative PXCT is that
the integral of the transmitted X-ray probe beam has to be known either in the absence of
the specimen (vacuum) or through a constant phase through the beam’s path with a known
refractive index (for instance, air) [89]. Finally, in the case of quantitative electron density,
ρe(r) in g/Å3, these obtained values can be compared to theoretical electron density, ρ e,
values calculated based on Eq. 1.8 [88]. Here N A is Avogadro’s constant, ρm is the mass
density of a material, Z and M are respectively the number of electrons and the molar mass
of the reference material. The theoretical ρe values of high-density polyethylene, isotactic
polypropylene and anhydrous MgCl2 to approximate a Ziegler-type catalyst are given in
Table 1.2. In the case that a reconstructed voxel contains multiple chemical phases, then
the mean electron density measured with PXCT is simply the sum of the weighted
contribution of each material present. The large difference between the theoretical ρe
values of the two polyolefins of ~0.33 e/Å3 and that of the Ziegler-type catalysts of ~0.67
e/Å3 shows the potential strength of using PXCT phase contrast imaging to distinguish
between the two phases at high photon energies (well above the carbon K-edge).
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ρe (𝑟) =

2𝜋𝛿(𝑟)
𝜆2 𝑟𝑒

ρ𝑒 = 𝑁𝐴 ρ𝑚

𝑍
𝑀

Eq. 1.7
Eq. 1.8

Table 1.2 The theoretical electron density, ρe, values of high-density polyethylene (HDPE), isotactic polypropylene
(iPP) and anhydrous MgCl2 are given alongside the mass density, number of electrons, Z, and molecular weight, M,
of the respective material.

Material
HDPE
iPP
Anhydrous MgCl2*

ρe (e/Å3)

ρm (g/Å3)

Z** (e)

M** (g/mol)

0.33
0.32
0.67

0.94e-24
0.94e-24
2.32e-24

16
25
46

28
43
95.3

Z/M
(e*mol/g)
0.58
0.57
0.48

* Anhydrous MgCl2 is chosen to represent the complex Ziegler-type catalysts that can vary significantly in terms of
chemical composition (weight loading of Ti, porosity versus bulk density, internal donor additives, different support
matrixes based on SiO2 and clays).
** The Z and M values used are based on the repeating units of the respective polymers, -CH2-CH2 for HDPE and CH2-CH3-CH2- for iPP. However, even if one were to take the Z and M values of full polymer chains, since the ratio
of Z/M is taken, virtually the same result would be obtained with a negligible difference introduced by the nature
of the end-groups.

One of the strongest aspects of PXCT is that the spatial resolution achievable isn’t limited
by the focusing optics used [90]. The spatial resolution obtained with PXCT is mainly limited
by the largest scattering angles collected and the positioning accuracy of the motor stage.
For instance, Diaz et al., have used laser interferometry to correct for random drift of the
motor stage and obtained a 3-D isotropic spatial resolution of 16 nm for a 9 x 9 x 3 nm3 field
of view at 6.2 keV [91]. If one forgets for just a brief moment about computed tomography
(which relaxes parameters, such as the angular step and therefore total number of unique
2-D projections collected), then Shapiro et al. achieved a 5 nm spatial resolution at 740 eV
in 2-D images [92].
Conventional full-field and scanning transmission X-ray microscopes use a variety of X-ray
focusing optics that work either on diffraction, refraction or reflection of the X-ray beam
into the smallest spot-size possible [93]. Fresnel zone plates are often used in the soft X-ray
to tender X-ray regimes (~100-5000 eV) and can readily achieve a spot-size down to 20-30
nm, which is nonetheless considerably higher than the associated wavelengths in this
regime (100 eV = 12.4 nm, 5000 eV = 0.25 nm) [94]. In this PhD Thesis, two ellipsoidal
Kirkpatrick-Baez (KB) mirrors are used to focus the monochromatic hard X-ray source (12
keV) down to roughly 160 by 140 nm (horizontal x vertical). These KB mirrors work by
reflecting the incoming X-ray source at grazing incidence from a curved surface, typically
made of a heavy metal layer and two subsequent mirrors are used for focusing the X-ray
source both horizontally and vertically. Highly advanced, multilayer KB mirrors have
achieved a spot size as small as 7 nm at 20 keV [95].
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The advantage of raster-scanning the α-olefin polymerized Ziegler-type catalysts with the
focused X-ray beam for PXCT, is that at the same time, the X-ray emitted photons from the
sample can be collected with energy-dispersive detectors to map the distribution of the
Ziegler-type catalyst specific elements [96]. The process of collecting these element
characteristic emitted X-ray photons is called X-ray fluorescence and its fundamental
principles are drawn schematically in Figure 1.9 [75]. Initially, a core electron is excited to a
continuum (energy of a free electron in vacuum) state by an incident X-ray photon whose
energy is equal to or greater than the binding energy of this core electron. This is then
followed by the relaxation of a higher orbital electron to the now vacant core orbital
through the emission of a fluorescent photon whose energy equals the difference between
the binding energy of these two orbitals. Alternatively, instead of a fluorescent photon, the
energy released upon the transition of the higher orbital electron to the vacant core orbital
can also be paired with the excitation of another electron to the continuum state, which is
then called an Auger electron. X-ray fluorescent photons are highly specific for each
element as the binding energies of the orbitals are determined by the Z-number of the
element and the interaction with other (partially) filled orbitals. Not all electron transitions
are allowed due to the selection rules in quantum mechanics as shown in Eq. 1.9-1.11. For
instance, a 2s to 1s transition (called Kα3 according to Siegbahn notation and K-L1 according
to IUPAC) is forbidden, yet it can be weakly present in the case of multi-electron systems
(since these quantum states are based on the hydrogen-like atom with a single electron)
[75].

Figure 1.9 Schematic representation of the process behind X-ray fluorescence. Initially, a core electron is excited
to the continuum state (ionization) through the absorption of the incoming photon who’s energy is equal to or
greater than the binding energy of this core electron. The now vacant orbital is then filled up by a higher orbital
electron in a process that can release energy in the form of a fluorescent photon. The energy of this fluorescent
photon is equal to the difference between the binding energies of the initial and final electron states. Adapted
from Jacobsen [75].
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𝛥𝑛 ≠ 0

Eq. 1.9

𝛥𝑙 = ±1

Eq. 1.10

𝛥𝑗 = 0, ±1

Eq. 1.11

In this PhD Thesis, the elements of interest are carbon, aluminium, magnesium, chlorine
and titanium as these species make up both the polyolefin, catalyst and co-catalyst phases.
In Table 1.3 the characteristic emission lines based on the excitation of a 1s electron to the
continuum state and subsequent relaxation of a higher shell electron are given for these
elements. Additionally, the attenuation length at those energies are provided through both
N2 (to approximate air) and a polyimide capillary, which has been used in chapters 2 and 3
to seal the polyolefin samples studied and therefore prevent contact with moisture during
measuring. The polyimide capillaries used in chapters 2 and 3 have a wall thickness of 10
microns (so 20 microns in total will attenuate the emitted X-ray photons).
Based on Table 1.3, it therefore becomes clear that in the case of carbon, magnesium and
aluminium, the majority of the X-ray fluorescent photons will therefore be absorbed by this
10 micron thick polyimide capillary and that only the mapping of the chlorine and titanium
distributions are feasible. Due to the high sensitivity of the catalyst support matrix to
moisture, the only other alternative to the sealing of the sample in a polyimide tubing would
be for the experimental setup to be modified and allow the measurement to be performed
in a fully inert or vacuum atmosphere. Under such scenarios, it becomes in theory possible
for the X-ray fluorescence detectors to detect carbon, magnesium and aluminium, all
though strong self-absorption effects can occur (especially for carbon) due to the low
energy of these photons with regards to the size of the (pre-polymerized) catalyst particles
in the range of several microns [98,99].
Self-absorption effects refer to the emission of a X-ray photon at a certain position within
the sample, where this fluorescent X-ray photon is then absorbed again by the sample itself
at a position between the detector and the position of emission. Such effects typically
become clear when the core of the particle shows a lower X-ray fluorescence intensity than
the surface, since photons emitted from the core have to travel the longest distance
through the particle and therefore have the highest probability of being absorbed again.
Strategies to mitigate this effect include I) making sure that the thickness of the sample or
region of interest is smaller than the attenuation length of the element characteristic X-ray
emitted photon. For instance, for both the chlorine and titanium Kα1,2 lines the attenuation
length through pure anhydrous MgCl2 (2.42 g/cm3) is roughly 10 microns. However, the
Ziegler-type polyolefin catalysts studied in this PhD Thesis have a considerable polymer
phase present (9.2 g iPP per g catalyst in chapter 2 and 3.4 g PE per g catalyst in chapter 3)
that disperses the catalyst phase due to the fragmentation process and therefore already
helps to mitigate possible self-absorption effects as the attenuation lengths through these
polyolefins are on the order of 80 and 500 microns for respectively the chlorine and titanium
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Kα1,2 lines. II) Collect the emitted photons over the full 0-360° rotation axis during
tomography in the case of a single X-ray fluorescence detector (Chapter 2) or use 2 X-ray
fluorescence detectors in opposite configuration (Chapter 3) to compensate for stronger
self-absorption effects at certain rotations due to the geometry and distribution of chemical
phases of the region of interest.
Table 1.3 The energy of the emission lines (X-ray fluorescent photons) of the elements of interest to Ziegler-type
polyolefin catalysis are given alongside the attenuation length values* (1/e or ~63% of incident photons absorbed)
given at that specific energy through either N2 (as approximation of attenuation through air) or polyimide tubing.
X-ray attenuation length calculations were performed with the Henke toolbox available on-line [74].

Energy
(eV)

Element

Emission Line
(Siegbahn //
IUPAC)

Initial to final state of
electron

Atten.
Length N2
(mm)

Atten. length
polyimide
tubing (mm)

277
452.2
458.4
1253.6
1302.2
1486.3
1486.7
1557.5
2620.8
2622.4
2815.6
4504.7
4510.8
4931.8

C
Ti
Ti
Mg
Mg
Al
Al
Al
Cl
Cl
Cl
Ti
Ti
Ti

Kα1 // K-L3
Lα1-2 // L3-M5-4
Lβ1 // L2-M4
Kα1-2 // K-L3-2
Kβ1 // K-M3
Kα1 // K-L3
Kα2 // K-L2
Kβ1 // K-M3
Kα1 // K-L3
Kα2 // K-L2
Kβ1 // K-M3
Kα1 // K-L3
Kα2 // K-L2
Kβ1 // K-M3

2p3/2 to 1s
3d5/2&3/2 to 2p3/2
3d3/2 to 2p1/2
2p3/2&1/2 to 1s
3p3/2 to 1s
2p3/2 to 1s
2p1/2 to 1s
3p3/2 to 1s
2p3/2 to 1s
2p1/2 to 1s
3p3/2 to 1s
2p3/2 to 1s
2p1/2 to 1s
3p3/2 to 1s

2.1
0.3
0.3
4.5
5.0
7.2
7.2
8.3
37.2
37.3
46.1
190.4
191.2
251.5

0.002
0.0005**
0.0005**
0.005
0.005
0.008
0.008
0.009
0.04
0.04
0.05
0.20
0.20
0.26

*note

that these attenuation length values are given for the respective emission lines (fluorescent X-ray photon),
which are multiple electron volts below the binding energy of the core electrons. Therefore the attenuation length
of fluorescent X-ray photons is larger than for an incident X-ray photon who’s energy matches the binding energy
of the core electron. As example, the binding energy of 284 eV of carbon results in an attenuation length through
the polyimide tubing of 0.2 microns, ten times smaller than for the Kα1 fluorescent X-ray photon of carbon.
** The Lα/β emission lines of Ti are only 50 eV above the 1s binding energy of N, a major constituent of the
polyimide chemical phase, hence the lower attenuation length through the polyimide tubing at this higher photon
energy with respect to the Kα1 emission line of carbon.
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1.5 Scope of this PhD Thesis
The scope of this PhD Thesis is to gain a better understanding of the Ziegler-type catalyst
fragmentation behavior in the early stages of α-olefin polymerization. The main microscopy
technique used to study this polyolefin catalyst fragmentation behavior is synchrotronbased correlated X-ray ptychography and fluorescence tomography. An introduction
towards both α-olefin polymerization and the field of X-ray (nano)tomography is given in
Chapter 1.
In Chapter 2 the methodology is developed to apply X-ray computed nanotomography to a
single propylene polymerized Ziegler-Natta catalyst particle. There the foundations are
made to study the fragmentation behavior of the moisture-sensitive Ziegler-type catalysts
without exposure of the MgCl2 framework to air during the measurement. In this Chapter,
we show that this Ziegler-Natta catalyst particle was fragmenting according to both the
continuous bisection and shrinking core fragmentation modes, but that the former was
dominating the overall fragmentation behavior under the reaction conditions used.
However, due to the likely presence of residual solvent molecules in the polyolefin layer
only a limited amount of 2-D projections are obtained resulting in an estimated 3-D spatial
resolution on the order of several hundreds of nanometer.
In Chapter 3 this methodology is improved upon in two ways: I) after successively removing
residual solvent molecules from the polymer to ensure stability under X-ray exposure a high
spatial resolution of 74 nm in 3-D is achieved with ptychography X-ray computed
tomography. II) instead of studying a single catalyst particle after propylene polymerization,
a statistically relevant ensemble of 434 ethylene polymerized catalyst particles was imaged
and analyzed. This allowed us to conclude that there is a heterogeneity in the
polymerization activity and degree of fragmentation within the ensemble.
In Chapter 4 a planar model system is developed based on the deposition of spherical caps
made of a moisture-stable and high Z contrast LaOCl support matrix to replace the moisture
sensitive and low Z contrast MgCl2 support matrix. The chosen spherical cap morphology
allows us to mimic the industrially relevant spherical catalyst morphology whilst using
surface-sensitive microscopy techniques, such as photo-induced force microscopy and
time-of-flight secondary ion mass spectrometry as well as the more conventional scanning
electron and Raman microscopy techniques. This model system allowed us to study the
fragmentation behavior of this here-introduced LaOCl support matrix under ambient
transport and measuring conditions albeit based on cross-sectional microscopy.
In Chapter 5 a summary is given on the contents of this PhD thesis as well as future
persepctives. These future perspectives concern the further methodological development
of X-ray nanotomography for the field of α-olefin polymerization with respect to in-situ
imaging and exploring the other polyolefin catalyst families, namely Phillips and
immobilized metallocenes. Furthermore, the initial results are shown for the synthesis of
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LaOCl microspheres using ultrasonic spray pyrolysis to be used as a bulk support matrix for
Ziegler-type catalysts. Finally, results towards the development of planar model systems
utilizing well-defined MgCl2 crystals with either non-labelled or perylene-labelled internal
donors are shown.
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Chapter 2. Correlated X-ray Ptychography and
Fluorescence Nano-Tomography on the Fragmentation
Behavior of an Individual Catalyst Particle During the
Early Stages of Olefin Polymerization
In this Chapter a combination of ptychographic X-ray computed tomography (PXCT) and Xray fluorescence (XRF) nano-tomography has been used to study the fragmentation
behavior of an individual Ziegler-Natta catalyst particle, ~40 microns in diameter, in the
early stages of propylene polymerization with sub-micron spatial resolution. The electron
density signal obtained from PXCT gives the composite phases of the Ziegler-Natta catalyst
particle fragments and isotactic polypropylene, while 3-D XRF visualizes multiple isolated
clusters, rich in Ti, of several microns in size. The radial distribution of Ti species throughout
the polymer-catalyst composite particle shows that the continuous bisection fragmentation
model is the main contributor to the fragmentation pathway of the catalyst particle as a
whole. Furthermore, within the largest Ti clusters the fragmentation pathway was found to
occur through both the continuous bisection and layer-by-layer models. The fragmentation
behavior of polyolefin catalysts was for the first time visualized in 3-D by directly imaging
and correlating the distribution of the Ti species to the polymer-catalyst composite phase.
This Chapter is based on: Bossers, K.W., Valadian, R., Zanoni, S., Smeets, R., Friederichs, N., Garrevoet,
J., Meirer, F., Weckhuysen, B.M., J. Am. Chem. Soc., 2020, 132, 3691-3695.
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2.1 Introduction
Ziegler-Natta catalysts are considered to be the grand work horses for the production of
polyolefins, such as polyethylene and isotactic polypropylene (iPP), a market of which the
total volume exceeds 160 million tonnes produced annually [1]. Current generation ZieglerNatta catalysts are typically based on a highly porous MgCl 2 support, chemisorbed TiCl4 as
the active site precursor and a trialkylaluminium co-catalyst. In the case of iPP production
Lewis base molecules, such as di-esters and di-ethers, and silanes, are added to enhance
the activity and stereoselectivity of the Ti active site species [1,2]. To ensure good and
continuous reactor operability on such large scales, discrete polymer particle formation is
crucial and therefore requires heterogeneous catalysts [2].
However, due to the formation of polymer on the catalyst particle’s surface, monomer
diffusion to the active site can become severely limited and a fragmentation of the catalyst
particle’s framework is required to sustain polymerization activity [1-5]. The formation of
the polyolefin at the Ti active site within the porous framework leads to a build-up of stress
and force exerted on the framework finally resulting in the fragmentation of the framework
[6]. The fragmentation behavior of the catalyst particles is an interplay of the properties of
the catalyst framework in terms of pore size, pore size distribution and lattice strength but
also crystallinity of the polymer product [7]. The fragmentation behavior, as typically
studied with cross-sectional electron microscopy techniques, is considered to be a mixture
of two limiting modes of fragmentation as shown schematically in Figure 2.1. The first
fragmentation model is called shrinking core or layer-by-layer, with fragmentation starting
at the outer particle surface by peeling off framework species until the core is reached . The
second fragmentation model is called continuous bisection where the break-up of the
particle occurs through internal cleavage at the particle’s core into successively smaller
fragments [7-9]. These two fragmentation models are shown schematically in Figure 2.1.
However, a powerful experimental toolbox for a full 3-D study on the fragmentation
behavior is lacking whilst this stage in the polymerization reaction has direct consequences
on the polymerization rate and more importantly the evolution of the particle morphology
[7-16].
Pioneering work on the use of synchrotron radiation for the imaging of both polyethylene
and polypropylene particles was done with X-ray computed microtomography (XCMT) [1722]. However, these studies have focused on the polymer phases with 3-D voxel sizes of
several microns therefore neglecting the role of the catalyst fragmentation stage occurring
at significantly smaller size-scales, i.e. on the order of sub-micron to a few tens of microns.
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Figure 2.1 Schematic representation of the two limiting modes of fragmentation of the catalyst support matrix:
shrinking core or layer-by-layer and continuous bisection. Adapted from Horácková et al. [8].

To tackle this length-scale gap we have focused in this Chapter on the combination of two
powerful X-ray nano-tomography microscopy techniques, namely ptychographic X-ray
computed tomography (PXCT) and X-ray fluorescence (XRF) nano-tomography to correlate
the elemental distribution of Ti, comprising the active site species, to the fragmentation
behavior of an individual Ziegler-Natta propylene polymerized catalyst particle in the early
stages of polymerization. Significant progress has been made over the past years in the field
of X-ray imaging full catalyst particles such as for Fluid Catalytic Cracking and FischerTropsch Synthesis processes by pushing the spatial resolution into the nanometer regime.
Furthermore, besides absorption-contrast based X-ray microscopy there is now also the
possibility for (correlated-) 3-D chemical, elemental and diffraction imaging [23-38]. X-ray
ptychography is a coherent diffraction imaging technique that can provide quantitative
information about the phase changes introduced by the object [39], whereas XRF gives the
spatial distribution of elements of interest, such as the Ti (Kα1 4510 eV) and Cl (Kα1 2622
eV) species for a Ziegler-Natta catalyst.
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2.2 Experimental
2.2.1 Synthesis of the Ziegler-Natta Catalyst
A fourth generation Ziegler-Natta catalyst, representative for industrial propylene
polymerization was prepared analogous to the procedure as described in patent EP2027164
[40]. The material made has a final catalyst formulation of MgCl 2/TiCl4/Dibutyl phthalate
with a Ti weight loading of 2%, as measured with inductively coupled plasma - atom
emission spectroscopy (ICP-AES). Analysis of the average particle size (D50), using Static
Laser Scattering (SLS) and measured with a Mastersizer 3000 laser diffraction particle size
analyzer instrument, showed a D50 of 18 µm. scanning electron microscopy (SEM) images,
taken with a Phenom Pro at 15 kV accelerating voltage, of the pristine Ziegler-Natta catalyst
are shown in Figure 2.2. The final catalyst has a surface area (S BET) of 355 m2/g, and pore
volume (Vpore) of 0.279 cm3/g with a pore size distribution mainly between 2-10 nm as
determined with N2 physisorption. The large cracks observed throughout the pristine
catalyst particle, which are almost reminiscent of a smiley-face, are introduced
unintentionally during the final drying step of the catalyst material.

Figure 2.2 Scanning electron microscopy (SEM) images of the pristine Ziegler-Natta catalyst particles under study.
A portion of the pristine catalyst particles show large cracks in the absence of α-olefin polymerization and is
introduced during the final drying step of the catalyst material. SEM images were taken with a Phenom Pro SEM
instrument using an accelerating voltage of 15 kV inside a N2 filled glovebox operating at <1 ppm of H2O and O2.
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2.2.2 Slurry-Phase Propylene Polymerization
All catalyst handling and polymerization reactions were performed under inert conditions
of nitrogen at room temperature. In a dried 500 mL three-necked round-bottom flask,
connected to a mechanical stirrer, 200 mL purified hexane was added. To the flask, 1 mL of
a 2M solution of tri-ethyl-aluminum (TEAL) in hexane was added. Under stirring conditions
subsequently using a Thermal Mass Flow meter (from Brooks) propylene and hydrogen
were added at volumetric rates of respectively, 20 L/h and 5 L/h. After saturating the slurry
mixture with the gasses, 900 mg of catalyst was dosed as a suspension in hexane. After 5
min, the gas feed was switched to nitrogen, which was passed through the slurry mixture
for 3 min followed by stopping the mechanical stirring. After settling of the solid
constituents, the top part of the clear solvent was siphoned off and replaced by hexane until
a volume of 200 mL was reached. The polymerized catalyst particles were stored as a slurry
in hexane. Analysis of the average particle size using SLS showed a D 50 of ~39 µm and a
𝐷 −𝐷
relative span 90 10 of 0,9.
𝐷50

The polymer yield (PY), determined to be 9.2 g iPP per g cat, was calculated indirectly based
on Equation (Eq.) 2.1:
3

𝐷50−𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 𝐷50−𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∙ 𝑅𝑓 ∙ √𝑃𝑌 + 1

Eq. 2.1

Where D50-polymer is the average particle size of the polymerized catalyst particles and D 50catalyst that of the pristine catalyst particles, R f relates to the porosity of the catalyst and
polymer particles and the number of polymer particles that originate from a single catalyst
particle and is assumed to be 1 here. Finally, PY is defined as the polymer yield in terms of
g PP per g catalyst [41].
SEM images showing the morphology of the propylene polymerized Ziegler-Natta catalyst
are shown in Figure 2.3. The particle replica effect is evident with the polymer particle taking
over the shape of the pristine catalyst particle, including the still-present cracks from the
catalyst drying procedure [42].
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Figure 2.3 Scanning electron microscopy (SEM) images of the propylene polymerized Ziegler-Natta catalyst particles. The
morphology of the cracks and the pristine catalyst particles in general is observed to be maintained as isotactic
polypropylene is being formed at yields on the order of several g iPP per g cat. SEM images were taken with a Phenom
Pro SEM unit and an accelerating voltage of 15 kV inside a N2 filled glovebox operating at <1 ppm of H2O and O2.

2.2.3 Sample Capillary Loading
The polymerized catalyst particles, which were stored in a hexane slurry, were first allowed
to settle down after which the majority of the solvent was removed followed by drying the
catalyst particles under mild vacuum conditions for 30 min without applying external heat.
The polymerized catalyst particles were then loaded into polyimide capillaries purchased
from MicroLumen with an outer diameter of 120 µm and walls of 10 µm thick. After loading
the capillaries, the ends were dipped into a two-component, low-outgassing and nearhermetic sealing epoxy, code H74, from Epotek. The epoxy was then cured at 80 °C on a
hotplate for 30 min. All above mentioned actions were performed in a N 2-filled glovebox
operating under 1 ppm of H 2 and O2. After sealing of the capillaries, they were placed in
glass vials sealed with Teflon tape and placed in steel vacuum tubes, sealed off with Viton
O-rings suitable for transport.

46

2.2.4 The Correlated X-ray Nano-Tomography Setup
The PXCT and XRF datasets were collected with respectively an Eiger X 4M hybrid pixel
detector (Dectris Ltd.) and a Maia 384-C X-ray fluorescence detector [43] at the Hard X-ray
Micro/Nano-Probe beamline P06 at the PETRA III synchrotron facility, which is part of DESY.
This correlated X-ray nanotomography setup is shown schematically in Figure 2.4. Using a
golden angle collection approach, subsequent 2-D projections were collected with a
constant projection angle increment of 147.5 degrees over multiple full rotations, which
increases the number of different projection angles in the range from 0 to 360 degrees with
every full rotation. The full range of 360 degrees (instead of just 180, which is sufficient for
absorption tomography) was used to check for any possible self-absorption effects in the
XRF data. Projection images were collected at 12 keV with a beam size of 160 x 140 nm 2 (h
x v) focused using KB mirrors. The polymerized catalyst particle was raster-scanned over an
area of 73 x 61 micron2 using a 150 nm step-size. The elemental distribution images were
obtained by fitting the obtained single pixel XRF spectra using the GeoPIXE software
package [44]. For XRF the 2-D pixel size is equal to the step-size of 150 nm, which was also
used for the 3-D voxel size of 150 x 150 x 150 nm3 after reconstruction. The PXCT data-sets
were reconstructed using in-house developed software. For PXCT the 2-D pixel size
obtained was 43.2 nm, which was then used for the 3-D voxel size of 43.2x43.2x43.2 nm3
after reconstruction.

Figure 2.4 Schematic lay-out of the correlated ptychographic X-ray computed tomography (PXCT) and X-ray
fluorescence (XRF) nano-tomography setup at the P06 beamline at PETRA III. The 2-D projections of electron
density (E.D.) in greyscale and elemental distribution of Ti (red) and Cl (green) are obtained from respectively the
X-ray ptychographic and fluorescence imaging at different angles by mounting a single polymerized Ziegler-Natta
catalyst particle on a rotation stage. The white arrow indicates a region, rich in Cl and poor in Ti signal, on the
particles external surface.
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However, due to X-ray beam-induced morphology changes, as shown in Figure 2.5, only a
limited number of 70 2-D projections collected with an average angular interval of 4.3
degrees were used for subsequent tomographic reconstructions of both the PXCT and XRF
data-sets. In particular the electron density (PXCT) and chlorine (XRF) projections show
severe morphology changes over time whereas the titanium (XRF) is considerably more
stable. These morphology changes seem to be correlated to the presence of chlorine-rich
but titanium-poor bubbles or spheres protruding the external surface of the composite
particle. These bubbles are observed to collapse and spread within the composite particle
as a function of X-ray beam exposure.
Our hypothesis is that these bubbles originate either from hydration of the MgCl 2
framework, which is highly sensitive towards any H 2O impurities, or residual slurry-phase
components from an insufficient drying process. The framework hydration seems less likely
due to the careful handling of both the catalyst both before and after polymerization using
at all times either Schlenk-line techniques or handling inside a N2-filled glovebox operating
at <1 ppm O2 and H2O. Furthermore, the capillaries, which were loaded with the catalyst
particles inside an inert atmosphere, were sealed with a low-outgassing and near-hermetic
epoxy as discussed in sub-Chapter 2.2.3. The second hypothesis suggests that a residual
phase of liquid and dissolved components such as ethyl-aluminium-chloride compounds,
originating from the reaction of the triethylaluminium co-catalyst with TiCl4, heptane
diluent molecules and the donor molecules (a phthalate-based internal donor compound)
had not been removed successfully, i.e. completely, from the composite particles during the
mild vacuum drying method applied. In this scenario the chlorinated aluminium species
would then be the origin of the Cl present in the bubbles and explain the absence of Ti.
Unfortunately, Al XRF is not feasible with the instrumental setup used due to the low energy
of the Al Kα1 emission lines (1.48 keV), which causes strong photon attenuation through air,
that is, along the path between polyimide capillary wall and the XRF detector; therefore we
could not proof this hypothesis at this stage.
To mitigate these X-ray beam-induced morphology changes and therefore collect more 2-D
projections and improve the achieved 3-D spatial resolution (see sub-Chapter 2.2.4) either
an improvement of the drying methodology of the slurry-phase polymerized catalyst
particles is required to remove residual diluent molecules from the reactor before X-ray
beam exposure or through the use of cryogenic measuring conditions as demonstrated by
Carzaniga et al. [45].
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Figure 2.5 Raw 2-D projections, taken at different angles and time intervals, showing the X-ray beam-induced
morphology changes as a function of exposure time. After 8 h of scanning, the Cl XRF signal is observed to be
the main contributor to morphology changes, whereas the Ti XRF signal is considerably more stable. At 11.5 h of
scanning (projection #100) the overall particle morphology has considerably changed in all three data-sets: the
particle appears to have shrunk and the chlorine signal to have been redistributed within the composite particles
volume.
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2.2.5 Reconstruction of the Ptychographic X-ray Computed Tomography
and X-ray Fluorescence Nano-Tomography Data-Sets

For the reconstruction of the collected PXCT and XRF tomographs the TXM-Wizard software
package was used [46]. Each stack of 2-D projection images of the PXCT and XRF datasets
were aligned manually to correct for motor jitter and sample movement. The 3-D
tomographic slices were reconstructed with an iterative algebraic reconstruction technique
(iART). The reconstruction of the above 2-D projections from both the PXCT and XRF datasets as well as calculations based on in-house developed MATLAB scripts from subsequent
sections were all performed on a consumer laptop with 16 GB of RAM and a 6 core CPU
running at 2.20 GHz.
Afterwards the AvizoTM software package was used for volume rendering and subsequent
analysis of the obtained 3-D tomographic slices. All three data-sets (Cl XRF, Ti XRF, PXCT)
were thresholded and masked to remove low intensity voxels considered to be either
intrinsic noise from the raw 2-D projections or artefacts from the 3-D tomographic
reconstruction. Then the data-sets were cropped in size to remove any voxels attributed to
the reconstructed capillary wall. Table 2.1 and Figure 2.6 show respectively the volume,
calculated spherical diameter, and histograms of the segmented images of the three datasets before and after performing thresholding, masking and cropping operations. The
correctness of the thresholding and masking was checked by comparing the diameter of
virtual particle obtained after thresholding and masking of the ptychographic volume. This
diameter was calculated to be 40.6 µm, i.e. very close to the experimentally found D50 of
the polymerized particles of 39 µm. Furthermore, the calculated diameter of a sphere of
the thresholded Ti XRF data volume is 21.9 µm, which is close to the D50 of the pristine
catalyst of 18 µm, in turn confirming the applied thresholding. The larger calculated
diameter for the thresholded Cl XRF volume compared to that of Ti is due to the presence
of the Cl-rich bubbles on the particles external surface, which is absent in Ti signal.
Based on the following two observations this measured polymerized catalyst particle seems
to be representative of the polymerized batch as a whole: 1) The close match of the
equivalent spherical diameter of our measured polymer-catalyst composite particle, 40.6
μm, with that of the D50 of the bulk polymer batch as measured with static light scattering
data, 39 μm, see sub-Chapter 2.2.2. 2) The similar morphology of the reconstructed particle
with respect to those observed with SEM in Figure 2.3, where the same large cracks are
observed throughout multiple polymerized catalyst particles. In future works one could
establish a set of metrics as has been shown for the FCC particles with X-ray tomography
[28].
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Table 2.1 Volume and diameter* of the segmented ptychographic X-ray computed tomography (PXCT), Ti and Cl
X-ray Fluorescence (XRF) data-sets before and after thresholding.

Data-set
PXCT
Cl XRF
Ti XRF
PXCT
Cl XRF
Ti XRF

Volume (μm3)
Raw data-set
52925
59666
56406
Thresholded data-set

Diameter* (μm)

34956
9460
5524

40.6
26.2
21.9

46.6
48.5
47.6

* The calculated diameter here is that of a sphere with the corresponding volume given in the table.

Figure 2.6 Histograms of (a) electron density obtained from ptychographic X-ray computed tomography (PXCT), (b)
Cl X-ray fluorescence (XRF) intensities and (c) Ti XRF intensities of the raw data-sets in red and the thresholded
data-sets in green. With the thresholding, the lowest intensity voxels are filtered out, which are considered to be
noise from either the raw 2-D projections or artefacts introduced during the 3D tomographic reconstruction.

Afterwards, the thresholded XRF data-sets were aligned separately with respect to the PXCT
data-set in AvizoTM using image registration via an iterative optimization algorithm that
computes a transformation for the co-registration of two image data-sets [47].
For the volume rendering and subsequent operations using the Avizo TM software package,
a workstation with a Nvidia® Quadro K5000, 128 GB of RAM and two Intel® XEON E5-2687W
CPU units with 8 cores running at 3.10 GHz were utilized.
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2.2.6 Estimation of the Achieved 3-D Resolution from Reconstructed DataSets
The 3-D spatial resolution of the PXCT and Ti XRF data-sets was estimated by measuring line
profiles on the 2-D generated slices from the reconstructed particle [48,49]. The intensity
obtained from the line profiles across the edge of the composite particle (PXCT) or clusters
(Ti) were fitted with a Gaussian profile, see Eq. 2.2-2.4. Here a is the height of the fitted
peak, b is the center position of the peak, and c is the standard deviation, related to the full
width at half maximum (FWHM). The half width at half maximum value (HWHM) when
corrected for the voxel size is taken as an estimate of the resolution at which this edge
feature is resolved, as shown in Figures 2.7 and 2.8. Using this approach, for PXCT the 3-D
resolution was estimated to be around 400 nm whereas for the Ti XRF data-set it was
estimated to be around 600 nm. For the Ti XRF data-set determining the 3-D resolution with
the line profile method is more difficult due to the observed layer-by-layer fragmentation
of the cluster’s surface as discussed in the main text, which therefore would cause
broadening of the edge in a line profile.

𝑓(𝑥) = 𝑎𝑒

(𝑥−𝑏)2
−
𝑐2

𝐹𝐻𝑊𝑀 (𝑣𝑜𝑥𝑒𝑙𝑠) = 2√2𝑙𝑛2 𝑐
𝐻𝑊𝐻𝑀 (𝑛𝑚) =

𝐹𝐻𝑊𝑀
× 𝑉𝑜𝑥𝑒𝑙 𝑠𝑖𝑧𝑒
2

Eq. 2.2
Eq. 2.3
Eq. 2.4

A more routinely used technique to estimate the 3-D resolution is Fourier Shell Correlation
(FSC), where the original data-set is split into two half data-sets of typically alternating
projection angles that are separately reconstructed and then compared after a Fourier
transform [50,51]. However, in this Chapter due to X-ray beam-induced morphology
changes as shown in Figure 2.8 a limited amount of 2-D projections, 70, was used for the
reconstruction of both PXCT and X-ray fluorescence data-sets. This would then split the two
half data-sets in a mere 35 projections with a 8.6 degree angular step and resulted in a sever
underestimation of the achieved 3-D spatial resolution when using the FSC approach (order
of several microns as opposed to the sub-micron resolution assessed by the 2-D line scans).
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Figure 2.7 Reconstructed slice in the YZ plane of the ptychographic X-ray computed tomography data-set (Left).
The orange and blue boxes show two edges where a line profile was measured, which gives the intensity as
function of the length of the line (Right). The half width at half maximum value of the Gaussian fit of these line
profiles is taken as an estimate of the achieved resolution at which this edge is resolved.

Figure 2.8 Reconstructed slice in the YZ plane of the Ti X-ray fluorescence nano-tomography data-set (Left). The
orange and blue boxes show two edges where a line profile was measured, which gives the intensity as function
of the length of the line (Right). The half width at half maximum value of the Gaussian fit of these line profiles was
taken as an estimate of the resolution at which this edge is resolved.
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2.2.7 Calculating the Radial Distribution of Titanium
The following steps were performed to calculate the radial distribution of all the spatiallyresolved titanium clusters based on the Ti XRF data-set.
First, the PXCT data-set was segmented (i.e. create binarized volume) and then resampled
from its own voxel size of 43.2 x 43.2 x 43.2 nm3 to that of the Ti XRF data-set of 150 x 150
x 150 nm3. This step makes it easier to directly compare distance values between both datasets and since the PXCT achieved 3-D resolution is estimated to be on the order of 400 nm,
the resampling has no consequences for the data-analysis itself.
Then, the center of the polymer-catalyst composite particle was determined based on the
segmented PXCT data-set by measuring the Euclidian distance of each voxel with a 1 value
(since it’s a binarized volume) from the surface of this composite particle. The voxel(s) with
the largest distance was then taken as the center of the entire composite particle’s volume.
For the Ti XRF data-set, again a segmentation step was performed followed by a labelling
operating in the AvizoTM software. Here labels are unique segmented volumes, which don’t
overlap with each other e.g. they are separated by voxels with a 0 value assigned in the
original segmented Ti XRF data-set. Therefore, each label gets a unique identity value and
can then be used to study the position of the label itself with respect to the center of the
composite particle, the size of the label and the radial distribution of Ti within this label.
The center of each Ti label was then calculated in the same way as done for the composite
particle’s volume. This was done by measuring the Euclidian distance of each voxel within
the label’s volume towards the surface of this specific label. The voxel(s) with the largest
distance was then taken as the center of this label’s volume.
Now that the center of the composite particle and that of each Ti label has been calculated
the following two parameters were calculated namely; The distance between the center,
dc, and surface, ds, of each Ti label with respect to the center of the composite particle. In
this case we only considered Ti labels, which were larger than 4 voxels in size due to the
achieved Ti XRF 3-D resolution of 600 nm, leading to the analysis of 5571 Ti XRF labels. For
small clusters the dc and ds values will be similar but for the largest clusters there will be a
significant difference, hence why both values are provided. The distance between the
surface of each label and the center of the composite particle, d s, was calculated by
expanding the volume of the label by one voxel layer until the center of the ptychographic
data-set was reached. Then the shortest distance in this expanded layer was used as the
distance between the label’s surface and the center of the composite particle, ds. To
calculate the distance of the center of each Ti label towards the center of the composite
particle, dc, the shortest path between these two points was used.
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Now that the position of each Ti label has been calculated with respect to the center of the
composite particle, we can extend on this by calculating the radial distribution of titanium
within such labels. In Table 2.2 the volume of the total titanium XRF segmented is given
together with that of the six largest labels (with a color-coding for the name, same as used
for the visualization in Figures 2.12 & 2.13). These six largest labels account for 85% of the
total segmented volume with the next largest, seventh label only contributing 1.8% of the
total volume (the sixth largest label contributes 6.9%). Hence, the radial distribution of
titanium within the labels is only applied to the six largest labels (and therefore clusters or
catalyst fragments) in this Chapter.
Table 2.2 Volume and box dimensions of the entire Ti XRF segmented volume and the sixth largest labels.

Data-set
Total Ti segmented volume
Pink label
Green label
Blue label
Orange label
Cyan label
Red label

Volume (μm3)
5524
1449
1155
794
486
411
380

Bounding box dimensions X,Y,Z (μm)
54,60,60
19,19,19
19,19,19
19,19,19
12,14,15
15,13,15
19,19,19

To calculated the radial distribution of titanium within these six largest labels the following
steps were performed. First, the distance maps were calculated for the 3-D volumes within
each individual label. which provide the distance of each voxel (with a value of 1 ) in the
label from its surface. The mean Ti intensity in a shell of one voxel thickness was then
calculated for each label was then calculated going from the surface of the label towards its
center.
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2.3 Results and Discussion
2.3.1 Reconstructed Volume of the Isotactic Polypropylene-Catalyst
Composite Particle
In Figure 2.9, the reconstructed 3-D volume rendering of the electron density showing the
polymer-catalyst composite phase (a), Ti and Cl elemental distributions (b and c) and an
overlay of all three (d) are visualized. The electron density tomograph shows two major
cracks through the center of the catalyst particle. Complementary Scanning Electron
Microscopy (SEM) data, given in Figures 2.2 and 2.3, shows that these cracks are present in
both the pristine and polymerized catalyst particles, and originate from the final drying step
in the catalyst synthesis. The combination of PXCT and XRF shows that there are isolated
large clusters (fragments) rich in Ti and Cl, which are encapsulated by the formed iPP. The
mis-match in the overlay of the Ti and Cl elemental distributions is most likely due to strong
beam-induced morphology changes in the Cl signal, whereas the Ti signal is significantly
more stable. For this reason, the focus for the fragmentation behavior is centered on the Ti
species, which are epitaxially chemisorbed on the unsaturated lateral surfaces of the MgCl 2
primary crystals.
The presence of these large Ti clusters, clearly visible in Figure 2.9c, which are many microns
separated from each other throughout the polymer phase visible in the PXCT electron
density phase is a strong sign for the presence of the continuous bisection fragmentation
model. Additionally, in Figure 2.9b, the cross-section of the large Ti cluster in the top-left
shows that the core is significantly lower in Ti XRF intensity, whereas the electron density
signal shows it has to be filled with i-PP (otherwise, the electron density should be dark or
empty if the core of the cluster isn’t filled with i-PP). This gives another strong sign that
besides the presence of the continuous bisection for the catalyst particle as a whole, it is
also occurring as a fragmentation pathway within this specific cluster.
However, the diffuse clouds of Ti signal that can be observed in Figure 2.9c both around this
large cluster on the top-left but also around all of the other larger clusters, show that the
shrinking core or layer-by-layer fragmentation model has to be occurring as well. That is to
say, that this shrinking core fragmentation model would lead to the peeling off small
catalyst fragments from these larger clusters and therefore leads to the formation of these
observed diffuse clouds.
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Figure 2.9 Reconstructed 3-D volume rendering of a propylene polymerized Ziegler-Natta catalyst particle, ~41 μm
in diameter. (a) Electron density reconstruction (grey-scale) with a voxel size of 43.2 x 43.2 x 43.2 nm3. (b) Extracted
volume showing the position of the Ti species (in red) within the polymer-catalyst composite particle. (c) Elemental
distribution of the Ti species (red colormap) with a voxel size of 150 x 150 x 150 nm3. (d) Elemental distribution of
Ti and Cl ( in green) within the composite particle (only external surface rendered).

2.3.2 Radial Distribution of the Titanium Clusters Throughout the
Composite Particle
As the polymerization of propylene starts, the framework begins to break up and these
catalyst fragments or clusters will expand radially in conjunction with the growing polymerphase [16]. The visualization of the PXCT and Ti XRF reconstructed volumes in sub-Chapter
2.3.1 provided strong evidence that both fragmentation models, namely the shrinking core
and continuous bisection are occurring simultaneously within the composite particle. To
build further upon this visualization, the radial distribution of all labelled Ti XRF clusters
within the composite particle as a whole as well as the radial distribution of the Ti XRF
intensities within the six largest labelled clusters were calculated as described in subChapter 2.2.5.
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In Figure 2.10 the histograms for both the Ti XRF label’s center and surface distance to the
composite particle’s center called respectively, dc and ds, are given. The high average
distance of all Ti labels from the center of the particle, 18.6 micron average from d c and ds,
which is close to the radius of the composite particle of 20.3 micron shows that the Ti active
sites are being pushed away from the center of the expanding composite particle’s center
due to the growth of the polymer.

Figure 2.10 Histograms showing the frequency of the distance between the centre of the segmented Ti clusters,
dc, and that of the composite particle (a) and the frequency of the distance between the surface of the segmented
Ti clusters, ds, and that of the composite particle with a voxel size threshold 4, corresponding roughly to the
estimated 3-D resolution of the Ti XRF data-set.

In Table 2.3, the distance of the six largest labels, visualized in Figure 2.10 using the same
color-coding, with respect to the center of the composite particle are given. The average
distances of the center, dc, and surface, ds, of these six labels with respect to the center of
the composite particles are respectively 14.6 and 7.7 μm with the latter value correcting for
the irregular size and shape of each label. These six largest Ti cluster labels are considerably
closer to the core of the composite catalyst than the average dc and ds values given in Figure
2.10 based on all the Ti XRF labels. The separation of these six largest clusters from each
other and subsequently being pushed away from the center of the composite particle, is
due to the internal cleavage of the catalyst particle caused by the formed polymer as
described by the continuous bisection model.
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Table 2.3 The volume, V, and the distance from the center, dc, and surface, ds, of the six largest Ti cluster labels
with respect to the center of the composite particle.

Ti cluster label

V (μm3)

dc (μm)

ds (μm)

1. Pink

1449

15.7

8.5

2. Green

1155

16.8

10.0

3. Blue

794

16.9

9.4

4. Orange

486

12.4

4.9

5. Cyan

411

11.6

5.3

6. Red

380

14.4

8.0

Both the large number of Ti labels smaller than 0.135 μm3 or 40 voxels in size (5443 out of
5571 meaning 97.7% of all labels) and the presence of six Ti labels larger than 380 µm 3 as
shown in Figure 2.11 gives additional proof that both the shrinking core and continuous
bisection fragmentation models are occurring simultaneously. However, since these six
largest labels correspond to the majority of the Ti segmented volume and that these labels
are clearly well-separated from each other, the continuous bisection fragmentation model
has to dominate the overall catalyst fragmentation behavior within the entire composite
particle.

Figure 2.11 Histogram showing the frequency of the volume of all Ti labels larger than 4 voxels in size. From the
5571 Ti labels, 97.7% or 5443 Ti labels are smaller than 0.135 μm3, which corresponds to 40 voxels in size.
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2.3.3 Radial Distribution of the Titanium Inside the Six Largest Cluster
Labels
Now that both fragmentation models have been shown to occur in the composite particle
as a whole based on the Ti XRF data-set, this can be expanded to study fragmentation
behavior inside of the six largest Ti labels, which represent 85% of the total Ti segmented
volume.
In Figure 2.12a these six largest labels are visualized within the isosurface volume rendering
of the PXCT electron density according to their color-coding as used in Tables 2.2 and 2.3.
Additionally, the radial distribution of the Ti clusters within these six largest labels are
provided in Figure 2.12b. All labels, with the exception of the red label, show a similar
behavior with a maximum in the mean Ti intensity at ~1 micron distance from the label’s
surface followed by a decay in the intensity as we go towards the center voxels. The
visualized volume renderings of the Ti clusters in these six largest labels together with cutthroughs and the corresponding extracted 2-D slices are provided in Figure 2.13. For the
pink label, first a diffuse cloud of Ti is observed at the label’s surface followed by a clear and
highly intense edge of the Ti cluster within the label and finally a lower intensity of Ti inside
the core of these clusters where even clear cracks can be observed. Interestingly, there isn’t
one single larger cluster inside the blue label but instead two sub-clusters that are likely to
have been separated from each other through internal cleavage at an earlier polymerization
stage than what we captured here. The red label shows the presence of even more subclusters that have been pushed away from each other, due to the formation of i-PP within
this cluster and subsequent internal cleavage of the framework. The reason for the increase
of the mean intensity for the red label is most likely due to the calculated center of this label
overlapping with one of the sub-clusters. The green, cyan and orange labels show the same
behavior as the pink label. That is to say that again a lower intensity is observed at the core
of the labels followed by a higher intensity at the surface and a the presence of a (but
smaller, especially for orange) diffuse cloud of Ti intensity.
Both the visualized and calculated depletion of Ti at the core of these largest labels shows
that also within these clusters themselves, internal cleavage of the catalyst framework is
playing a significant role in the overall fragmentation behavior. The diffuse Ti clouds
observed are due to the peeling-off framework species from the external surface according
to the shrinking core fragmentation model.
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Figure 2.12 (a) The six largest Ti cluster labels (Table 2.2 color-coding) shown within the composite particle surface
rendering. (b) The radial distribution of Ti within the six largest labels is calculated as a function of the mean Ti
intensity from the surface of each corresponding label towards the center voxels.

Figure 2.13 Zoom-in of the titanium clusters with and without a clipping plane shown in 3-D and the corresponding
2-D slice belonging to the six following labels from Figure 3. (a) the pink label (b) the green label (c) the cyan label
(d) the red label (e) the orange label (f) the blue label with two cuts corresponding to the two sub-clusters or
fragments. The dimensions of each bounding box and volume of the corresponding labels are given in Table 2.2.
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The heterogeneity in the fragmentation rate observed between the different Ti clusters,
especially for the blue and red labels with respect to the other labels, is likely due to a nonuniform distribution of cracks and macroporosity within the pristine catalyst particle as
shown by SEM in Figure 2.2. Another explanation would be that of internal heat limitations
and mass transfer limitations, however these are not expected to play a significant role in
this specific situation due to the mild reaction conditions utilized as has been shown
experimentally by Noristi et al., for a series of propylene polymerized Ziegler-Natta catalysts
at different polymer yields52.
The lower intensity of Ti at the core of each label with respect to the edge of the label could
also be due to self-absorption effects. Self-absorption occurs if significant absorption of Xrays along the pathway out of the sample takes place 22,23. This can be the case if the
pathway becomes very long for large samples or if the material through which the emitted
X-ray photons have to pass is strongly absorbing at the energy of the X-ray emission line.
This absorption is a function of energy, atomic number, and density and the effect is called
self-absorption because the fluorescence of a part of the sample is absorbed by other parts
of the sample itself.
To proof that this is not an issue in the present case to any significant extent, in Figure 2.14
the region used for the pink label is compared for both the Ti XRF and Cl XRF data. Since the
fluorescent X-rays from the K shell of Cl are emitted at a much lower energy of ~2.6 keV
with respect to Ti at ~4.5 keV, any self-absorption effect should be considerably larger for
Cl due to the shorter penetration depth for a photon of lower energy through the same
material volume. As observed based on both visualization and the line-profile the intensity
of Cl is more or less constant from the edge of the cluster to the core (and even higher on
average than that of Ti as expected due to the lower wt% of Ti in the catalyst with respect
to Cl, which corresponds to roughly 75 wt% in pure MgCl2), whereas the Ti intensity drops
significantly in the core as compared to the edge. This therefore means that self-absorption
effects can be ruled out as the reason for the drop of Ti intensity in the core as the same
behavior should then have been observed (and even stronger) for Cl.
However, this observation is also interesting from a different perspective: the more or less
constant intensity of Cl in the core of the cluster with respect to the edge would disagree
with the statements made earlier that the Ti clusters are fragmenting through the core as
is expected in the continuous bisection fragmentation model. This is because the same
trend for the Cl intensity would then be expected. However, as mentioned in sub-Chapter
2.2.4, the bubbles observed to be rich in Cl and poor in Ti on the external particle’s surface
are likely residual slurry-phase components like the chlorinated Al co-catalyst, heptane
diluent and silane external donor molecules. These same components are then also
expected to be present within these Ti rich clusters close to the active sites and where the
polymer is being formed. Thus our observation does not imply that the core of these clusters
was rich in MgCl2 framework species but instead of residual slurry-phase components.
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Figure 2.14 Comparison of the intensities of Ti XRF and Cl XRF in the interior of the same cluster. A line profile
was obtained at the same positions and compared. It clearly shows that the Cl intensity is more or less constant
throughout the centre of the cluster whereas the Ti intensity is significantly higher at the two edges than the
centre of the cluster.
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2.4 Conclusions
In this Chapter the strength of correlated ptychographic X-ray computed tomography and
X-ray fluorescence nano-tomography to investigate the fragmentation behavior of
individual polyolefin catalyst particles in the early stages of α-olefin polymerization with
sub-micron 3-D spatial resolution has been shown. Both the experimental and analytical
toolboxes shown here on the highly air and moisture sensitive Ziegler-Natta catalysts are
directly applicable to all olefin polymerization catalyst types such as the immobilized
metallocenes and provide a route for researchers to find structure-activity-polymer product
relationships that could ultimately lead to rational catalyst designing for specific polymer
grades. The calculated expansion of the Ti clusters from the center of the polymer-catalyst
composite particle as well as the radial distribution of Ti within the six Ti largest clusters
show that whilst both fragmentation models, shrinking core and continuous bisection, are
present, the continuous bisection is dominating under these specific experimental
conditions3-5,7-9. Therefore, to the best knowledge of the authors it was demonstrated for
the first time in 3-D whilst directly obtaining the elemental distribution of all Ti species how
this Ziegler-Natta catalyst-type behaves in the early stages of α-olefin polymerization.
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Chapter 3. Heterogeneity in the Fragmentation of
Ziegler Catalyst Particles during Ethylene
Polymerization Quantified by X-ray Nano-Tomography

Ziegler-type catalysts are the grand old workhorses of the polyolefin industry, yet their
hierarchically complex nature complicates polymerization activity-catalyst structure
relationships. In this Chapter, the degree of catalyst framework fragmentation of a highdensity polyethylene (HDPE) Ziegler-type catalyst was studied using ptychography X-ray
computed nano-tomography (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 per 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 with-out 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 towards 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.
This Chapter is based on: Bossers*, K.W., Valadian*, R., J. Garrevoet, van Malderen, S., Chan, R.,
Friederichs, N., Severn, J., Wilbers, A., Zanoni, S., Jongkind, M.K., Weckhuysen, B.M., Meirer, F., JACS
Au, 2021, 1, 852-864.
* These authors contributed equally to this work.
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3.1 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 1930’s by Gibson and
Fawcett, two different catalyst systems, based on respectively Chromium and Titanium
active sites, were developed in the 1950’s 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 pre-catalyst with a
dialkylchloro-aluminium co-catalyst 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 an 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), mediumdensity (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 gasses and liquids, to medical appliances and protective equipment [7].
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. It typically consists of a TiCl4 pre-active site species epitaxially
chemisorbed on a mechanically or chemically activated MgCl2 support matrix and
subsequently reduced and alkylated with a trialkylaluminium co-catalyst [2]. This MgCl2
matrix is build-up 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 [1619]. 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 [2228]. Typically, this is referred to as the early stage of olefin polymerization. As the α-olefin
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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 internal pore structure of
the polyolefin catalysts. As these polymer chains start to grow inside the pores of the
catalyst particle there is a build-up 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 pre-polymerization 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 inwards 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 operating 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 the continuous bisection fragmentation 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 [53-56]. These unique
polymerization reactors achieved reaction times as low as 40 milliseconds at industrially
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relevant reaction conditions, such as 0.8 MPa ethylene. Pater et al., on the contrary
developed a reactor setup that allowed the pre-polymerization of a Ziegler-Natta catalyst
with propylene under extremely low reaction rates to obtain well-defined polymerization
conditions, which allowed studying the intra- and inter-particle morphologies with crosssectional 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 tuneability 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 reforming of methane [65,66]. Due to the stateof-the art photon detector and advanced on-line data-analysis the collection of each X-ray
diffraction computed tomography (XRD-CT) dataset only took 117 seconds with a pixel size
close to 3 microns [65]. They further demonstrated the use of a multi-modal μ-X-ray
fluorescence /absorption/XRD CT toolbox [66]. Another exciting development, performed
by the Grunwaldt group, has shown the strengths of correlative multimodal spectroscopy
and 3D imaging techniques bridging the fields of electron, ion, and X-ray tomography [6769]. 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 30-40 nm for the
sub-volume of several fluid catalytic cracking (FCC) catalyst particles using Ptychographic Xray 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 nano-tomography 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 1990’s at Brookhaven National Laboratory
and subsequently in the late 2000’s [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 summarizes the field of X-ray
imaging of solid catalysts, including some future perspectives [64].
In Chapter 2, we have introduced a powerful correlated 3-D X-ray ptychography and
fluorescence microscopy 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 polymerized catalyst particle
both fragmentation models were present within the same particle but furthermore that the
71

continuous bisection model was dominating the overall fragmentation behavior. In this
Chapter, we build further upon the use of this powerful correlated 3-D X-ray microscopy
toolbox, with a strong focus on the ptychographic X-ray computed tomography (PXCT)
dataset 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.

3.2 Experimental
3.2.1 Synthesis of the Ziegler Catalyst
A Ziegler catalyst, industrially relevant for the production of high molecular weight and highdensity polyethylene without the addition of co-monomers was synthesized in accordance
with the description in patent WO2009112254 [90]. The as-synthesized catalyst formulation
resembles that of a typical MgCl2/TiCl4 Ziegler-type catalyst with a Ti weight loading of 4%
obtained from Inductively Coupled Plasma- Atom Emission Spectroscopy (ICP-AES). The
𝐷 −𝐷
median particle size (D50) and particle size distribution (span, defined as 90 10) using Static
𝐷50

Laser Scattering (SLS) were obtained using a Mastersizer 3000 laser diffraction particle size
analyzer instrument. The D10,50,90 values of the pristine catalyst are respectively 2.23, 3.64
and 6.01 µm giving a span of 1.04. Scanning electron microscopy (SEM) images of the
pristine catalyst, transferred under inert conditions using a transfer module from Kammrath
& Weiss, to a ThermoFischer FEI Versa 3D FEG SEM were obtained at a 2 kV accelerating
voltage and are shown in Figure 3.1. Based on SEM, the pristine catalyst particles are
observed to be elongated. N2 physisorption on a typical batch of this Ziegler catalyst shows
a BET surface area of 6.3 m2/g and a pore volume of 0.026 cm3/g. Only mesoporosity is
observed for the catalyst with a pore size distribution mainly between 20 to 50 nm.

Figure 3.1 Scanning electron microscopy (SEM) images of the Ziegler catalyst used. The catalyst particles are
observed to have a cauli-flower type of shape with a rough surface and cracks can be observed on the external
surface, likely due to the agglomeration of smaller sub-units. A majority of the catalyst particles seems to be slightly
elongated.
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3.2.2 Slurry-Phase Ethylene Polymerization
Due to the high sensitivity of the as-synthesized Ziegler catalyst to moisture and oxygen all
further procedures were performed inside a glovebox operating under inert conditions of
N2 with <0.3 ppm H2O and <1 ppm O2. A low-pressure, room-temperature polymerization
set-up was designed to run from inside the glovebox, with a schematic drawing given in
Figure 3.2. A cylindrical glass reactor of circa 100 mL internal volume with a single inlet can
be either set under vacuo to remove the gas atmosphere inside the reactor or be filled with
ethylene at a set pressure of 1.2 barg. A typical polymerization reaction was performed as
follows. First, 10 mL of anhydrous (99.9% purity, dried and stored over 3Å molecular sieves,
Across Organics) heptane was introduced in the open glass reactor equipped with a
magnetic stirring bar. A 500 µL solution of triethylaluminium co-catalyst (1M in heptane,
Sigma-Aldrich) was then added whilst stirring at 400 rpm with a ratio with regards to the
catalyst of [Al]/[Ti]= 72. The co-catalyst serves two purposes here, to further purify the
diluent as well as the monomer gas-feed and to activate the Ziegler pre-catalyst. Meanwhile
the catalyst that was kept in a hexane slurry was dried at room temperature inside the
glovebox after which 50 mg was added to the diluent mixture in the reactor whilst stirring
at 400 rpm. The reactor chamber was then closed and the evacuation/feed tubing attached.
The reactor was first evacuated slowly to several tens of mbar pressure to remove the N 2
atmosphere after which the ethylene (3.5N purity, Linde) was fed to the reactor. During the
entire duration of the polymerization reaction the gas-feed was kept open as to ensure a
constant pressure of ethylene. After five minutes of polymerization, the ethylene feed was
quickly removed by switching the reactor to the vacuum pump followed by introducing N 2.
The slurry was then filter dried inside the glovebox using the same vacuum pump set-up
and washed successively three times with heptane and three times with pentane.
Afterwards, the powder was dried for 60 minutes at room temperature followed by drying
at 80 °C overnight on a hotplate inside the glovebox. The next day, the resulting dried
polymer powder was weighed and gave a yield of 3.4 g HDPE per g catalyst after which it
was stored until further use in a glass vial in the glovebox. The reactor set-up was designed
for its simplicity in use inside a glovebox, however it should be noted that a model reactor
for low polymer yields such as designed by the group of McKenna et al., would allow
industrially relevant polymerization conditions whilst having high control over the polymer
yield [53-55].
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Figure 3.2 Schematic representation of the lab-based model reactor for ethylene polymerization under mild
conditions (pressure up to 1.6barg and room temperature)

The polymer yield can also be estimated based on the median of the particle size
distribution, D50, as shown in Equation (Eq.) 3.1:
3

𝐷50−𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 𝐷50−𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∙ 𝑅𝑓 ∙ √𝑃𝑌 + 1

Eq. 3.1

Here D50-polymer and D50-catalyst are the D50 values of respectively the obtained polymer
particles and the pristine catalyst used. Rf is a constant, which is assumed to be 1, and
relates to the physical nature of the polymer and catalyst particles and that one catalyst
particle is converted into one polymer particle. The polymer yield, PY, gives the yield of
polymer in terms of g polymer per g catalyst and can be deduced from Eq. 3.1 if one knows
the D50 values of polymer and catalyst [91].
The particle size distribution (D10,50,90 and span) of the product was measured with SLS. The
SLS results on these composite polymer-catalyst particles gave a D50 value starting at 371
µm that would decrease to 172 µm during 20 consecutive runs. The decrease in D 50 based
on the run-time is due to the constant mechanical stirring inside the SLS machine, which
therefore indicates that the HDPE-Ziegler catalyst composite particles are highly
agglomerated and break up due to the induced mechanical forces. SLS is able to measure
such agglomerations since the working principle of SLS is based on the scattering of the laser
light induced by any objects through its path towards the detector.
To confirm this agglomeration, SEM analysis was also performed of the polymerized catalyst
sample and is shown below in Figure 3.3. Clearly HDPE fibers can be observed bridging
multiple particles together in the right side of Figure 3.3. Whereas this catalyst yielded
agglomerations at low yields, at industrially relevant yields on the order of several kg HDPE
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per g catalyst spherical and isolated HDPE particles are obtained. This indicates that at some
point during the polymerization process, the mechanical forces induced by the stirring in
addition to the ever-increasing diameter of the particles seem to overcome the strength of
the fibers bridging two or more particles together and cause a deagglomeration process.

Figure 3.3 Scanning electron microscopy (SEM) images of the ethylene polymerized Ziegler catalyst. The
agglomeration of the composite polymer-catalyst particles is evident in the top left and bottom left images.
Furthermore, the zoom-in SEM image in the right shows the presence of polymer fibrils below 100 nm thickness
bridging particles together and is likely the reason of the agglomeration of the composite particles. Furthermore,
the zoom-in shows the roughness of the particle surface is maintained.

Since, the D50 of the composite polymer-catalyst particles from SLS are unreliable due to
the strong agglomeration, the theoretical D50 value was calculated based on Eq. 3.1. Here
the polymer yield of 3.4 g HDPE per g cat was used, which was found simply by weighing
the final polymer product and correcting for the amount of catalyst injected in the reactor.
With the D50-catalyst value of 3.6 µm, that was found reliably with SLS for the pristine catalyst,
the D50-polymer value is estimated to be 5.9 µm.

3.2.3 Sample Capillary Loading
The sample loading inside a polyimide capillary was similar to that performed in Chapter 2
and all actions were performed inside a N2-filled glovebox operating at <0.3 ppm H2O and
<1 ppm O2 unless otherwise stated [89]. Polyimide capillaries obtained from MicroLumen
with an inside diameter of 120 µm and wall thickness of 10 µm were used. To load the
agglomerated powder, which looks like small flakes, the capillary was gently inserted into a
flake and turned up-side down so that the composite powder is now at the top of the
capillary. The capillary is then mildly agitated by tapping it gently from the outside with a
tweezer so that the agglomerated particles drop towards the center of the capillary. Care
was taken not to squeeze the center of the capillary or hit the agglomerated particles
directly with the tweezer as this could cause any unwanted morphological changes to the
sample unrelated to the actual polymerization process. Finally, a two-component, lowoutgassing and near-hermetic sealing epoxy from Epotek©, product label H74, was used to
seal the two ends of the capillary. The epoxy had to be cured at 80 °C for 30 minutes to
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ensure the desired sealing effect. This was performed by placing the capillaries on a
hotplate. To make sure the capillaries don’t get stuck on a hotplate, small aluminium foil
pieces were attached to the ends of each tubing where the epoxy was applied. Transport
from the glovebox environment to the synchrotron beamline was performed by placing the
loaded capillaries inside glass vials sealed with Teflon tape and placing them in steel vacuum
tubes fitted with Viton O-rings and a closing ring.

3.2.4 The Correlated X-ray Nano-Tomography Setup
The correlated ptychography X-ray computed tomography (PXCT) and X-ray fluorescence
(XRF) tomography experiment, see Figure 3.4, was performed at the Hard X-ray
Micro/Nano-Probe beamline, P06, at the PETRA III synchrotron facility, DESY. The PXCT raw
data was collected using an Eiger X 4M hybrid pixel detector (Dectris Ltd.). The main
difference with respect to Chapter 2 is that the Ti XRF data-set was collected with two SII
Vortex EM Si-drift detectors (internally collimated to a 50 mm 2 area) instead of the now
inoperable MAIA detector. The field-of-view (FOV) of 120x20 µm (H x V) was raster-scanned
with a coherent and monochromatic X-ray beam focused down to 170 x 160 nm (H x V) at
12 keV using KB mirrors with a step size of 200 nm and a dwell time of 2 ms. A total of 360
projections were obtained from 0-360°, thus a 1° interval, with a half degree off-set after
180° as to correct for any self-absorption events that might happen with XRF without
duplicating collection angles. The acquisition time (including motor movement and
initialization) for a single projection was 220 seconds and the total acquisition time of all
projections was 22 hours. The Ti XRF raw data was fitted according to Solé et al., using
PyMCA [92]. The raw data collected with PXCT consists of a far-field Fraunhofer diffraction
pattern collected at each scanning point [93]. Using an in-house developed iterative
reconstruction algorithm the real part of the refractive index, δ(r), is then reconstructed for
the object measured. Due to the absence of a stable reference in this Chapter with a known
refractive index (air) in the FOV, the normalization was performed using the beam intensity
without any rescaling of the real and imaginary part of the refractive index. This means that
the real part of the refractive index, δ(r), measured here and therefore the local electron
density, ρe, is in this case not quantitative. Future improvements such as upgrading to a 4th
generation synchrotron leading to a higher and more coherent photon flux, e.g. Max IV,
ESRF EBS or the planned Petra IV, as well as detector improvements with higher scan-rates
will allow the dwell-time per pixel to be reduced to sub-ms [94-96]. This would allow for
larger FOV’s to be scanned without sacrificing precious allocated beam-time and thus
incorporate a stable air reference for quantitative X-ray phase nano-tomography on
polyolefin catalysts that require a large FOV (>140 µm in width if using these polyimide
capillaries).
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Figure 3.4 Schematic representation of the correlated ptychographic X-ray computed tomography (PXCT) and Xray fluorescence nano-tomography set-up 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 (SDDs). An Eiger X 4M detector behind the sample was used to record the diffraction data for PXCT.

In Chapter 2 significant X-ray beam-induced morphology changes were observed during the
duration of the measurement and attributed to the presence of residual diluent molecules
from the slurry-phase polymerization process. As described in sub-Chapter 3.2.2, this time
the drying of the post-polymerization powder was done at 80 °C overnight in N2. This
proofed to be rather successful as seen in the comparison of the first and 362 nd PXCT
projections in Figure 3.5, which are taken 22 hours of continuous scanning and therefore
exposure to the X-ray beam apart. No significant beam-damage was observed in this
Chapter. It should be noted here that there is a 0.5° degree off-set between the two
projections (0-180° and 180.5-360.5°).

Figure 3.5 Comparison of the first and 362nd horizontally aligned PXCT projections taken respectively at the
collection angles of 0° and 360.5° (constant increment of 1° with a 0.5° off-set after 180°). No significant beamdamage is observed during the 22 hours total scanning time.
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3.2.5 Reconstruction of the Ptychographic X-ray Computed Tomography
and X-ray Fluorescence Nano-Tomography Data-Sets
All subsequent analytical and reconstruction procedures were performed on a workstation
equipped with a Intel® Xeon® Gold 6242 CPU running at 2.80 GHz with 16 cores, 256 GB of
DDR4 RAM memory running at 2933 MHz and a Nvidia® Quadra GV100 GPU. Typically
around 20-50 GB of memory was occupied due to the size of the non-binned PXCT data-set
and any subsequent 3-D operations. Reconstructions of the 3-D volumes of the PXCT and
XRF 2-D projections were performed inside the TXM-Wizard software package [97].
After the collection of the first 180 projections a slight drift of the capillary was noticed due
to mounting the capillary on the sample holder using clay and could be optimized further
by switching to an epoxy glue instead. To obtain a high resolution 3-D reconstruction of the
obtained data-sets, this drift together with any motor position inaccuracies has to be
corrected for. Normally, in the ideal case of measuring an isolated spherical object with
ample of empty space measured at all sides of the object, correcting for any movement is
relatively simple. Strategies involve manually tracking the same feature(s) at each
subsequent 2-D projection and using this as the center of rotation as well as the use of a
registration algorithm to automatically find any displacement in both horizontal and vertical
(or even tilting angle corrections) directions of the region of interest. A combination of both
where at first a feature is tracked manually for a rough alignment followed by a registration
algorithm for sub-pixel accuracy can be highly effective [99,998]. In this particular situation,
the manual tracking isn’t feasible due to the difficulty of tracking the same feature(s) over
the large FOV scanned consisting of many particles.
Instead the following combination was used for the alignment of the ROI to the rotation
axis (horizontal alignment) of both the PXCT and XRF data-sets. No significant drift was
observed in the vertical direction. Steps B to E are visualized in Figure 3.6:
A) The first step is to flip the 180.5 to 359.5° 2-D projections horizontally. This
effectively makes the second half of the data-set go from 0.5 ° to 179.5° with a 1°
increment. This step proved to be crucial for good results in the final alignment
used in step D. The reason to collect the angles from 0-360° was to mitigate any
possible self-absorption effects while collecting the Ti XRF data.
B) Inside the AvizoTM software package (due to its ease in visualization), the raw 2-D
projections of both PXCT and XRF data-sets were binarized at a threshold at 10%
of the grayscale values. This means that if the histogram of pixel intensities has a
theoretical range from 0-100 then all values below 10 are set equal to 0 and all
values above 10 are set equal to 1. This removes low-intensity noise from the first
rough alignment performed in step C. Furthermore, in the case of PXCT the
capillary wall is removed from each 2-D projection manually. It should be noted
here that for the Ti XRF data-sets the capillary walls are not observed.
C) A first rough alignment to bring all ROI’s towards the center of image is performed
as follows. For each horizontal line within the binarized image, the index of the
center of the filled voxels (voxel value is 1) is found using an in-house developed
Matlab© code. This is achieved by finding the index of the first and last value equal
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to 1 at each horizontal line and taking the average of these indexes as the center
of the respective horizontal line. The average of index of all horizontal lines is then
taken to be the horizontal center of that respective 2-D projection. This is then
repeated in a loop for all 2-D projections. These values give the difference of the
center of the horizontal dimension of a 2-D projection with regards to the center
of the ROI inside this 2-D projection. To illustrate this: for a typical PXCT 2-D
projection the horizontal center of the image is at a pixel value 1250 (total size is
2500 pixels in width) and if the center of the ROI is found to be at 1240 then a
horizontal translation of 1250-1240 pixels = +10 pixels within Matlab©. The
translation values necessary for each 2-D projections are then both applied to the
thresholded and masked 2-D projections for the subsequent fine alignment in step
D as well as saved in a text-file to perform later on the original and non-thresholded
2-D projections.
D) A registration algorithm between each thresholded and masked 2-D projection
with the previous projection is then used for the fine alignment of the horizontal
displacement. The Astra toolbox compatible with Matlab© was used for this
purpose [98,99]. The translation values of the fine alignment were also saved in a
text-file similar to step C.
E) The rough and fine alignment steps gave two text files of translation values. These
were applied sequentially to the original 2-D projections after which the original 2D projections were aligned successfully with respect to each other and still contain
the full range of data.
F) During a typical filtered back projection (FBP) reconstruction with a Shepp-Logan
filter of the central slice of each data-set, we noticed that the rotation center was
still slightly off for the PXCT data-set. Using a horizontal off-set value of -20 pixels
within the TXM-Wizard software package, the sharpest reconstructed central slice
was obtained. This off-set value is similar to step C in the sense that it performs a
horizontal translation but in this case the off-set value is equal for all 2-D
projections.
G) Finally, all slices of the PXCT data-set were then reconstructed using the SheppLogan filter with a FBP reconstruction algorithm. Due to the low signal-to-noise
ratio of the Ti XRF data-set, an iterative algebraic reconstruction algorithm (iART)
was used in the TXM-Wizard software package.
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Figure 3.6 Methodology used to align and correct for any horizontal drift of the sample. The 0° and 180° PXCT
projections are shown for illustration. In step 1 the raw 2-D PXCT projections are binarized with a 10% threshold
and the capillary wall is removed manually. In the second step, for each horizontal line the centre position is found
based on the mean value of the first and last 1-valued pixels in that horizontal line (background has a value of 0
for each pixel in a binarized image). Then the mean horizontal centre position is calculated for the entire 2-D
projection. In step 3 this mean value is used to perform a first rough translation on the masked images. These
translation values are meanwhile also saved in a text-file. In step 4 a registration algorithm is applied as a fine
refinement step, which aligns a 2-D projection to its previous 2-D projection and these translation values are again
saved in a separate text-file. In step 5, the rough and fine alignment translations are applied to the original nonmasked PXCT projections sequentially to finally obtain the PXCT projections aligned with respect to each other. In
a final step not shown here, corrections for the off-set of the centre of rotation are optimized within the TXMWizard software to yield the best reconstructed 3-D volume.

The voxel size of the reconstructed PXCT data-set is 45.4x45.4x45.4 nm3 and that of the XRF
data-set is 200x200x200 nm3. All subsequent volume rendering was performed in either the
AvizoTM software package or within Matlab©. To remove noise from the reconstruction a 3D non-local means (NLM) filter implemented within Avizo was used. One of the main
advantages of this filter is that it assumes the noise to be white-noise and preserves the
sharpness of strong edges. An example of the central slice in the XY plane before and after
the 3-D NLM filter is shown below in Figure 3.7. An image registration algorithm within Avizo
was used to align the XRF data-set to that of the PXCT. The reconstructed PXCT data-set is
originally in a 32-bit float format, which allows for storing the raw quantitative electron
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density data if obtained. However, since in this Chapter the electron density isn’t
quantitative, most of the subsequent data-analysis was performed on a 16-bit unsigned
converted data-set. This linearly scales all values into a format that can easily exported from
Avizo as 2-D tiffs to be opened in Matlab© when using in-house developed codes, without
losing information on the relative position of each chemical phase.

Figure 3.7 (a) In blue contour, the central slices in the XY plane are given for the PXCT data-set before (left) and
after (right) applying a non-local means (NLM) filter in 3-D to eliminate white-noise. (b) In red contour, the zoomins are given for a detailed comparison between the raw and NLM filtered data-sets.

3.2.6 Fourier Shell Correlation Estimation of the Achieved 3-D Spatial
Resolution
To estimate the achieved 3-D spatial resolution of the PXCT and XRF data-sets, the Fourier
Shell Correlation (FSC) technique was used [100,101]. The FSC estimated resolution was
calculated by separating the original 2-D projections (after the alignment steps from section
5) in odd and even angles and performing a FBP reconstruction on each half data-set. These
two reconstructed half data-sets should theoretically contain the same spatial information.
Using the Fourier transform of both 3-D reconstructed volumes, their statistical correlation
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is calculated for each shell of constant spatial frequency with varying magnitude. A FSC
curve plots this correlation going from low spatial frequency to high spatial frequency
(1/voxel size) and the spatial resolution is then estimated as the cross-section of the
correlation plot versus a chosen threshold value. Here the half-bit criterion is chosen as the
value above which point the collected information can be reliably used to interpret the 3-D
reconstructed volume.
In Figure 3.8 the FSC curves are given for the PXCT and XRF data-sets before any noisereduction steps (raw reconstructions) using a Matlab©code from the Astra toolbox [98,99].
Both the 1-bit (full-bit) and ½-bit (half-bit) criterion estimated 3-D spatial resolution are
given. When referred to the achieved 3-D spatial resolution in this Chapter, the ½-bit
criterion value is taken. For the PXCT data-set the achieved 3-D spatial resolution is 74 nm
whereas for the Ti XRF data-set this is 217 nm.

a)

b)

Figure 3.8 Fourier Shell Correlation (FSC) plots of (a) Ti XRF with 1/voxel size intersections of 0.74 for 1-bit and 0.92
for 1/2-bit giving estimated 3-D resolution values of respectively 270 and 217 nm and (b) PXCT with 1/voxel size
intersections intersection of 0.47 for 1-bit and 0.61 for 1/2-bit giving estimated 3-D resolution values of
respectively 97 and 74 nm.

3.2.7 Marker-based Watershed Segmentation
From the central slices in Figure 3.7, it becomes clear that many particles are present in the
scanned FOV, which opens the route to a statistical analysis of the state of fragmentation
of each individual particle. A common approach would be to first binarize the 3-D volume
based on a certain threshold and then use a labelling procedure to assign each particle a
unique identity. However a labelling procedure performed directly on a PXCT binarized 3-D
volume results in a severe underestimation of the number of composite particles imaged.
The reason for this is the high connectivity between the composite particles as evidenced
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also by the agglomeration of the composite particles with SEM images in Figure 3.3.
Morphological operations such as erosion or selective closing (dilation followed by erosion)
could be used in an attempt to remove the connectivity between adjacent particles but this
didn’t give satisfactory results for this PXCT data-set.
A different approach is to segment the 3-D reconstructed agglomeration into individual
particles. A common approach is the so-called watershed segmentation algorithm [102].
This algorithm is based on finding the watershed ridge lines that separate catchment basins
from each other. In this case, the catchment basin can be seen as the center of each particle
and the watershed ridge lines would be defined at regions where the transition of low
intensity voxels (background) to high intensity voxels (particle) is largest. The watershed
segmentation process works best when providing some a priori knowledge about the
position and number of particles expected through feeding the algorithm with markers. A
common strategy to create these markers automatically is as follows:
A) Transform the grayscale volume into a binarized volume.
B) Calculate the distance map of the binarized volume, which gives the Euclidian
distance between each voxel and the first non-zero voxel neighbors.
C) Use the inverted distance map to calculate the H-minima (ergo the position of each
catchment basin), where H is a chosen value of the depth of this catchment basin
from the watershed ridge lines where markers falling below this H-criterion are
merged together to prevent over-segmentation.
However, despite the use of this H-criterion the non-supervised watershed segmentation
algorithm is often plagued by either under-or-oversegmentation. Therefore, in this case we
chose for a more time-consuming approach by manually drawing the markers so as to have
a strong control over the amount of particles are generated and to prevent both under-andover-segmentation that could otherwise occur with different H-values for the H-minima
marker generation. To make a compromise between the time-consumption of drawing
markers and its accuracy the following strategy was chosen (all steps performed in Avizo
unless mentioned otherwise):
A) Resample the original data-set of 2500x2500x440 voxels to 625x625x110 voxels.
B) Draw the markers manually in the XY plane (110 instead of 440 slices due to the
resampling step) on the resampled grayscale PXCT data-set whilst having crosssectional views of the XZ and YZ planes open to confirm correct marker drawing.
During this step it is highly important that different markers should not overlap in
the 3-D volume or during the subsequent labelling procedure they will be assigned
the same identity.
C) Resample the manually drawn markers back to the original size of 2500x2500x440
voxels.
D) Label the upscaled markers.
E) Binarize the original PXCT reconstructed volume using a manually found 10%
threshold on the grayscale intensities. Using the near-full intensity histogram for
the watershed segmentation would add too much background and noise signal to
the labels and create unrealistically large particles.
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F)

However, the 10% thresholded binarized images underestimates the volume of
each particle as we remove not only voxels belonging to the background but also
part of each particle. To counter-act this, the binarized images are dilated in a ballexpansion mode (isotropic expansion). In Figure 3.9, the mean intensity of each
single voxel shell added on the PXCT NLM filtered grayscale images during dilation
is shown to find the dilation factor threshold that should be used. Based on these
values a turnover point was observed around a dilation factor of 5, which was
therefore used as the threshold for dilation. The dilation of the binarized PXCT
volume was performed using in-house developed code within Matlab© on a 16 bit
unsigned conversion of the original 32 bit float data-set.
G) The use of this dilation factor of 5 can potentially still add voxels to the binarized
volume with a mean grayscale intensity value low enough that it should be
assigned to a background voxel. In Figure 3.9, this background mean grayscale
intensity value was obtained by looking at the plateau achieved at very large
dilation factors. In this case, a plateau of a mean grayscale intensity value of 315
was found after 15 voxel dilation. All voxels from the PXCT grayscale data-set with
a value equal or lower than 315 were then removed from the 5x dilated binarized
volume to correct for background voxels added during dilation.
H) Create the distance map in 3-D from the corrected binarized PXCT volume in step
G.
I) Invert this generated distance map.
J) Perform a marker-based watershed algorithm on the inverted distance map from
step I using the upscaled labelled markers from step D. The chosen output of this
algorithm is the catchment basins (meaning the separated particles).
K) The created catchment basins are automatically labelled but are still separated
from each other through the calculated watershed ridge lines. The labels are
therefore expanded isotropically to fill the full volume.
L) Finally, these labels are then masked by the corrected binarized volume from step
G to give the separated composite polymer-catalyst particles with the entire
background successfully removed.
These separated composite particles, each with its own unique label identity, can then be
used for further analysis. However, from the 858 generated particles, 434 particles were
partially cut-off by the lower and upper borders in the XY plane (as found by calculating the
number of particles that have voxels interfacing any border). This means that these 434
particles, referred to as border particles, were not reconstructed completely due to the
chosen FOV. After removal of these 434 incomplete particles, 424 completely imaged
particles were obtained. These 424 separated particles were then saved as 16 bit unsigned
2-D tiff images to be opened in Matlab©. Then in Matlab© each of these 424 particles was
visualized in 3-D using the maximum intensity projection volume rendering from the
visualization toolbox. All particles were then inspected in terms of proper segmentation and
several particles were found to instead consist of multiple particles. After manually
correcting these faulty markers and redoing steps H-K, the final PXCT data-set was found to
contain 434 separated and completely imaged particles.
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Figure 3.9 A plot of the PXCT mean grayscale intensity of each single voxel shell generated after each dilation. After
15 times dilation applied to all labelled particles, a plateau is reached of the mean grayscale intensity value of 315
(for the 16 bit unsigned converted PXCT data-set). This value was then taken as the mean grayscale intensity value
of the background.

3.2.8 Calculation of the Geometrical Parameters of Each Individual
Ethylene Polymerized Catalyst Particle
After the marker-based watershed segmentation and subsequent removal of the
incompletely reconstructed border particles, 434 separated and completely reconstructed
ethylene polymerized catalyst particles remain. For each of these particles several
geometrical parameters can be calculated using the label of each particle (meaning a
binarized particle with an unique identity). A short explanation on the following geometrical
parameters as calculated within either the Avizo software package or Matlab© is given:
1) The volume (V, µm3) of each particle. This is calculated by simply counting the
number of non-zero voxels of each particle’s binarized image and multiplying this
by the volume of a single voxel (~9.4E-05 µm3).
2) The surface area (SA, µm2) of each particle. This is calculated in Matlab© using the
Crofton formula as described by Lehmann and Legland [103].
3) The particle’s equivalent spherical diameter (ESD in µm). This is calculated simply
by assuming the particle to be a perfect sphere and using the following Eq. 3.2
based on the volume calculated in 1):
6∗𝑉 1

𝐸𝑆𝐷 = (

𝜋

)3

Eq. 3.2
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4) The particle size distribution (PSD, µm) of each particle. Using the ESD values, the
10, 50 and 90 percentile distribution values referred to as respectively D10, D50 and
D90 can be calculated as well as the span (unitless, see Eq. 3.1). These values can
then be compared to other measurement techniques such as SLS or SEM as well
as to the theoretically expected D50 based on the polymer yield as discussed in
section S2.
The following particle metrics provide information about the shape of each particle and
in the case of non-perfect spherical (elongated, spheroidal) also the preferred
orientation of the elongation axis:
5) The sphericity (Ψ, unitless) of each particle. The sphericity is defined as the ratio of
the surface area of a perfect sphere that encloses the same volume as the surface
area of the particle, see Eq. 3.3. For a perfect sphere the ratio is therefore 1 and
any object deviating from a perfect sphere will have a value lower than 1
1

Ψ=

2

π3 ∗(6∗𝑉𝑝 )3
𝑆𝐴𝑝

Eq. 3.3

6) The elongation (unitless) of each particle. The elongation provides additional
information on the preferred orientation of a particle’s shape along a certain
direction. The elongation value is calculated based on the ratio of the medium and
largest eigenvalues of the covariance matrix of each particle, as explained by
Meirer et al. [77]. A perfect sphere will have an elongation value of 1 as all
eigenvalues are equal, whereas a highly elongated particle shape will have a value
close to 0. In the case of values below 1, the orientation of the largest or first
eigenvalue can be visualized in 3-D to show if there is any preferred orientation of
the elongation axis of all the particles within the agglomeration. To do so, the
classic Euler angles, i.e. yaw and pitch, were used to show the particle orientation
with respect to the same fixed coordinate system used for all ethylene
polymerization catalyst particles [104].
7) The flatness (unitless) of each particle. The flatness is calculated as the ratio of the
smallest to the medium eigenvalues of the covariance matrix of each particle.

3.2.9 k-Means Clustering Algorithm
A k-means clustering algorithm was used to classify four cluster regimes for the entire PXCT
data-set. This algorithm partitions each data-point, n, which is in this a PXCT grayscale
intensity value, to the nearest mean position of cluster Ki. The number of clusters is chosen
manually and the mean of each cluster, which is the centroid position, is initialized through
the K++-algorithm within Matlab© [105]. This initialization uses an heuristic method to find
the centroid seeds for the k-means clustering. Four clusters, referred to in this Chapter as
Ki where i=1-4, were chosen and will be discussed in sub-Chapter 3.3.4
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3.2.10 Radial and Disk Analysis to Study the Fragmentation Behavior
In Figure 3.16 both the radial distribution of the all k-means clusters as well as a disk analysis
on the mean grayscale intensity values is given along the XY plane. For both calculations the
PXCT grayscale, PXCT labelled and k-means clustered data-sets were imported as 2-D Tiffs
and analyzed with in-house developed Matlab© codes.
The radial distribution of the k-means clusters was calculated by starting at the surface of a
particle and measuring the volume fraction of each k-means cluster. Then an erosion
procedure of 1 voxel is initiated and the volume fraction of each k-means cluster is
recalculated at this newly exposed particle surface. This is repeated until finally the center
voxel(s) is reached. A detailed description of the radial distribution calculation is given by
Meirer et al. [77]
For the disk analysis, each particle is analyzed along the XY plane starting from one end of
the particle’s volume to the opposite. Along this XY plane, the particle is build up from
certain number of slices where the distance or step size between each slice is defined by
the size of a voxel, so 45.4 nm. Then at each slice the mean grayscale intensity is calculated
over all voxels present within that slice and tabulated. The final plot gives the grayscale
intensity at a slice number going from one end of the particle to the next. Therefore the
center of the plot corresponds to the center of the particle’s respective volume.

3.3 Results and Discussion
3.3.1 Limited Information from the Ti X-ray Fluorescence Data-Set
Despite the FSC estimated 3-D spatial resolution of 217 nm for the Ti XRF data-set,
assessment of the state of fragmentation within each catalyst particle didn’t work as done
in Chapter 2 where the system investigated was at a higher polymerization yield and
therefore exhibited more pronounced and stronger catalyst support fragmentation at larger
length-scales.
In Figure 3.10 a comparison of the central slice of the Ti XRF and PXCT data-sets is given as
well as a zoom-in for one randomly selected particle. It becomes clear that whereas PXCT
shows clear regions of different intensity values with high resolution, which are the cracks
of the catalyst framework due to ethylene polymerization, these features are not clearly
visible within the Ti XRF data-set. This could simply be due to the fact that the 3-D spatial
resolution of the Ti XRF data-set, albeit close to the 2-D pixel value, is about 3 times larger
than the PXCT data-set. Additionally to the spatial resolution gap, the Si drift XRF detectors
used in this Chapter provided us with less counts in the FOV than with the now inoperable
MAIA XRF detector used in Chapter 2. Nonetheless, high quality Ti and even Cl and Mg XRF
data-sets could be collected with improvements in the solid collection angles of the XRF
detectors, smaller X-ray beam-and-step-size and switching to a He-filled (or vacuum)
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measuring chamber. This would change the attenuation length of Ti and Cl Kα photons at
respectively ~4.5 keV and ~2.6 keV from several centimeters and millimeters in air towards
several tens of meters in He and could allow one to measure without a polyimide capillary
if transport chambers are included.

Figure 3.10 Visualizations of the reconstructed central slices in the XY plane of the Ti XRF data-set on
the top-left with 200 x 200x 200 nm3 voxel size and the PXCT data-set on the top-right with 45.4 x
45.4x 45.4 nm3 voxel size. A zoom-in of the same 30 x 30 µm2 area for both data-sets is given in the
bottom row, which shows the clear difference in quality between the Ti XRF and PXCT data-sets.
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3.3.2 Reconstructed Volume of the Polyethylene-Catalyst Particle
Ensemble
Therefore, the focus of this Chapter is on the careful analysis of the high-resolution PXCT
data-set, where the estimated 3-D spatial resolution has improved significantly from ~ 400
nm in Chapter 2 to 74 nm in this Chapter.
After performing the manual marker-based watershed segmentation as discussed in subChapter 3.2.7, 434 fully imaged and uniquely labelled particles were obtained out of 858
particles in total. The remaining particles, which weren’t fully reconstructed due to the
limiting FOV are disregarded from further analysis. The result of the manual marker-based
watershed segmentation in separating and classifying the particles is shown in Figure 3.11a.
In Figure 3.11b, 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 Figures 3.11c, the cross-section of the segmented particles is shown as an
overlay with the PXCT grayscale intensity values.

Figure 3.11 (a) 3-D volume rendering (45.4 x 45.4 x 45.4 nm3 voxel size) of the tomography data after manual
marker-based watershed segmentation resulting in 434 individually labelled particles. The black planes with red
outline depict the position for the visualization of the cross-sections in b-c. (b-c) Cut-out volumes showing
respectively, (b) the complete particle labels and (c) the overlay of the Ptychographic X-ray Computed Tomography
(PXCT) electron density grayscale intensity values within these labels.
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3.3.3 Statistical Particle Metrics of the Polyethylene-Catalyst Particle
Ensemble
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 metrics is described in sub-Chapter 3.2.8. The mean and
standard deviation values of these particle metrics are provided in Table 3.1. 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 [47,106]. 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 3.1, is also slightly elongated. In Figure
3.12a both the degree and orientation of the elongation of each particle are visualized in 3D. Additionally, in Figure 3.12b 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. Finally, the histograms showing the elongation and sphericity values within the
entire ensemble are given in respectively Figures 3.12c,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 3.1, the ESD and PSD (D10,50,90 and span) of the composite particles is 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 equation S1 (at a yield of 3.4 g HDPE per g catalyst).
Table 3.1 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 polymerizered catalyst particles.

V
(μm3)

SA
(μm2)

ESD
(μm)

D10
(μm)

D50
(μm)

D90
(μm)

Span

109.5
± 79.2

144.2 ±
67.0

5.69 ±
1.17

4.40

5.61

6.87

0.4
4

90

Sphericit
y

Elongation

Flatness

0.74
0.04

0.60 ± 0.16

0.67
0.13

±

±

Figure 3.12 (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) A 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) A histogram of the elongation values of all
particles where a value of 0 means highly elongated and value of 1 highly spherical. (d) A histogram of the sphericity
values of all particles where a value of 1 means a perfect sphere.

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 D 50 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.
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3.3.4 Classification of Mixed HDPE and Catalyst Chemical Phases into
Clusters
The grayscale values reported here are the real part of the refractive index, δ(r), which is
linearly related to the local electron density, ρe (e/Å3), as shown in Eq. 3.4, where r0 is the
Thompson scattering length (alternatively known as the classical electron radius, r e) and λ
is the wavelength of the X-ray probe used in angstroms. In quantitative X-ray phase
nanotomography, the local electron density measured can be directly compared to the
calculated total electron density of a mixture of compounds assuming the atomic
composition within a voxel is known. This formula is shown in Eq. 3.5, where NA is
Avogadro’s constant, ρm is the total mass density, Wj, Zj and Mj are respectively the weight
percentage, number of electrons and molar mass of the j-th compound [107].

𝜌𝑒 (𝑟) =

2𝜋𝛿(𝑟)

Eq. 3.4

𝑟0 𝜆2

𝜌𝑒 = 𝑁𝐴 𝜌𝑚 ∑𝑗 𝑊𝑗

𝑍𝑗
𝑀𝑗

Eq. 3.5

Since in this situation the obtained real part of the refractive index and therefore local
electron density are not properly scaled versus a stable reference, a comparison with a
calculated total electron density from Eq. 3.5 isn’t feasible. Furthermore, the histogram of
the grayscale intensity values in Figure 3.13 shows a broad distribution where it is difficult
to discriminate between a HDPE and Ziegler-catalyst phase. This is most likely the result of
the high degree of mixing of HDPE and Ziegler catalyst phases beyond the achieved 3-D
spatial resolution of 74 nm. For example, the Ziegler-catalyst shows exclusively
mesoporosity with pore sizes between 20-50 nm. This means that even at the earliest stages
of ethylene polymerization where HDPE is forming within the pore network but the stress
exerted on the framework hasn’t reach a threshold yet to cause fragmentation,
considerable sub-spatial resolution mixing of two chemical phases is expected. The mass
density of the HDPE and Ziegler-catalyst phases are assumed to be on the order of ~0.95
g/cm3 for HDPE and ~2.32 g/cm3 for anhydrous MgCl2 (the framework of a Ziegler-catalyst).
Therefore the high degree of mixing of both phases below the achieved spatial resolution
and with a high difference in the mass density and therefore the electron density of each
material is expected to be the reason for this broadening of the grayscale intensity values.
Applying a manual threshold on the grayscale intensities to what could be considered a
HDPE phase and a Ziegler-catalyst phase would be subjective and open for interpretation in
this difficult situation. However, the K-means clustering method provides an efficient way
to partition each data-point, n, in this case a grayscale intensity value, to the nearest mean
position of a cluster Ki. Alternatively, the conventional Otsu’s method is expected to give
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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 [108].
Four K-clusters were chosen, where each K-cluster is expected to represent the following
chemical phases in ascending order of mean electron density: K 1 should represent a
chemical phase dominant in HDPE since HDPE has the lowest mass density and therefore a
lower electron density according to Eq. 3.5 than the Ziegler catalyst. K2 and K3 both
represent highly mixed phases of HDPE and the Ziegler catalyst where in K2 and K3 the molar
fraction in a voxel are highest for respectively HDPE in K 2 and the Ziegler catalyst in K3.
Finally, K4 has the highest mean electron density of all k-means clusters and should
therefore represent a chemical phase dominant in the Ziegler catalyst. The result of the
partitioning of the PXCT grayscale intensity histogram in these four different K-means
clusters is shown in Figure 3.13. Furthermore, the geometrical parameters similar as to
those given in Table 3.1 for the full particles are given here for each K-means cluster within
each particle in Table 3.2.
The motivation for 4 k-means clusters instead of 3 k-means clusters where one could
rationalize only a close-to-pure HDPE cluster, highly mixed HDPE and catalyst cluster and
close-to-pure catalyst cluster is based on the calculated ESD of the clusters. As shown in
Table 3.2, the ESD for the close-to-pure catalyst K4 cluster is 3.10 µm, which is 14.8% smaller
than that of the pure pristine catalyst D50 of 3.64 µm. With 3 instead of 4 k-means clusters,
the calculated ESD of the close-to-pure catalyst cluster (K3 in that case, since there are only
3 clusters) would be 3.66 µm and is practically equal to that of the pristine catalyst.
Whereas, this might seem logical at first, this would mean that the K1 and K2 clusters should
both represent a pure HDPE phase since all catalyst is now contained in the K 3 cluster.
However, the histogram of the combined K1,2 in the case of 4 clusters is already too broad
and non-gaussian in peak-shape to describe a single chemical phase. Therefore, with 3 kmeans clusters, a good portion of the highly mixed HDPE-catalyst phase is wrongfully
assigned to the close-to-pure catalyst cluster K3 and therefore overestimates the spatiallyresolved catalyst.
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Figure 3.13 Histogram of the 16-bit unsigned converted PXCT grayscale intensity values after applying the 3-D nonlocal means filter. The color-coding from light blue to light green, orange and dark red correspond to the
partitioning of the grayscale intensity values to four clusters (K 1 to K4) using a k-means clustering algorithm. It
should be noted here that the PXCT grayscale intensity values of the x-axis are of a 16-bit unsigned converted dataset (original is 32-bit float). This has no consequences for the data-analysis applied here since the raw data obtained
doesn’t contain the quantitative mean electron density in each voxel.

Table 3.2 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 (Ψ) for the
four k-means clusters of all 434 ethylene polymerized catalyst particles.

Particle
Metrics
V (μm3)
SA (μm2)
ESD (μm)
D10 (μm)
D50 (μm)
D90 (μm)
Span
Ψ
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K-means cluster
K1
33.6 ± 18.7
265.3 ± 145.6
3.89 ± 0.65
3.20
3.85
4.62
0.37
0.20

K2
24.6 ± 17.7
304.5 ± 210.8
3.46 ± 0.71
2.69
3.40
4.25
0.46
0.026

K3
31.6 ± 27.3
291.9 ± 239.4
3.71 ± 0.89
2.67
3.66
4.63
0.53
0.04

K4
19.7 ± 20.4
129.2 ± 116.7
3.10 ± 0.88
2.09
3.02
4.15
0.68
0.08

In Figure 3.14 a visual comparison is provided of the electron density grayscale intensity
values and the results of the k-means clustering algorithm overlayed on the segmented
catalyst particles. The k-means clustering results provide an efficient way to visualize the
fragmentation behavior and will be subsequently used as the foundation to study this indepth for the entire polyethylene-catalyst particle ensemble.

Figure 3.14 Overlay of respectively (a) the Ptychographic X-ray Computed Tomography (PXCT) grayscale intensity
values and (b) the results of the k-means clustering algorithm performed on the PXCT data-set with 4 clusters on
the segmented and labelled composite particles.

3.3.5 Determining the Degree of Catalyst Framework Fragmentation
In this Chapter, to study the degree of catalyst fragmentation within each composite
particle a unitless fragmentation parameter (FP), referred to as V r, has been designed and
calculated that considers both the spatially resolved catalyst fragments (identified via K 4)
and the quantity of the formed HPDE phase (via clusters K 1-3) directly using the k-means
clusters
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 non-connected components (NCCs).
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In Table 3.3 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.
Table 3.3 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

Besides the here introduced fragmentation parameter, Vr, used to study the degree of
catalyst fragmentation, additional fragmentation parameters could be designed and tried.
These additional fragmentation parameters include standard image textural analysis
techniques such as calculating the entropy, which is a measurement of the distribution of
the greyscale intensity values within a particle, but also the calculation of the total number
of spatially resolved catalyst fragments in the K4 cluster, referred to as NNCC, and the sum
distance of these catalyst fragments to the particles center, referred to as D NCC-center.
Fundamentally speaking both a pure catalyst particle and a pure HDPE particle will have
similar low entropy and standard deviation values due to the presence of a narrow greyscale
intensity distribution. Therefore, such textural analysis techniques can’t distinguish
between extreme cases of very low and very high degrees of catalyst fragmentation due to
the complete lack of chemical information input.
Alternatively, the NNCC and DNCC-center fragmentation parameters are fundamentally more
straightforward than Vr as they directly and purely consider the catalyst fragments to study
the degree of catalyst fragmentation. However, since both of these fragmentation
parameters fully rely on being able to spatially resolve all catalyst fragments in the K 4 cluster
to quantify the fragmentation degree it can severely underestimate the catalyst
fragmentation degree in this study. The reason for this is that the smallest or also called
primary particle size of the MgCl2 support matrix is reported on the order of several to
several tens of nm whereas the achieved spatial resolution in this Chapter is 74 nm.
Therefore, both catalyst fragments smaller than 74 nm and catalyst fragments in close
proximity of each other can be either assigned to a lower k-means cluster and thus removed
from the fragmentation parameter or become assigned to a single larger fragment.
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3.3.6 Family Album of the Degree of Catalyst Framework Fragmentation
To visualize this heterogeneity the central slice along the XY plane of each of the 434
composite particles is displayed in Figure 3.15. Here, the distribution of the k-means clusters
is visualized 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 doesn’t 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 agglomeration. The particle agglomeration in turn could be caused
by the high concentration of the catalyst used in the model reactor (5 g cat/ L diluent) that
leads to a higher probability of catalyst particles undergoing ethylene polymerization to
stick together. These agglomerations would then limit the diffusion of ethylene to all the
otherwise avail-able 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 triethylaluminium co-catalyst, 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.
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Figure 3.15 ‘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 micron.
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3.3.7 In-Depth Fragmentation Behavior of Particles Exhibiting Different
Degrees of Catalyst Framework Fragmentation
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 4 k-means clusters and show how each particle is enveloped in a shell
of the HDPE-dominant K1 (blue) cluster. However, from the surface towards 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 the movies available on-line at the published manuscript
the 3-D volume rendering of these three particles is given for a full overview of the
distribution of the clusters [109]. To complement this visualization, the radial distribution
of the volume ratio of each cluster is reported in Figure 5b (see sub-Chapter 3.2.10). 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 towards 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 original catalysts
external surface that will become partitioned to the K 1,2,3 clusters depending on the volume
ratio of HDPE to catalyst in a voxel. Additionally, the increase of K3 at the core could point
towards 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 there
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 K 2 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
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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) towards the surface of the particle. The dispersion of large K 4 fragments
towards the surface of the particle and presence of the K 2,3 clusters at the core of the
particle is also observed in the visualization of the cross-section of this moderately
fragmented particle in Figure 3.16a. This shows that now besides 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 towards 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 towards 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 towards 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 3.15 we therefore observe
that the least fragmented particles mainly consist of a dense catalyst core of the K 4 cluster
followed by sequential shells of the K3,2,1 clusters. Alternatively, the moderately and strongly
fragmented particles show the presence of many K 4 fragments dispersed throughout the
composite particle’s volume. The combination of these findings, which is shown
schematically in Figure 3.17, shows that for particles exhibiting a weak degree of catalyst
fragmentation, the shrinking core fragmentation model is dominating whereas 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+ pre-active sites upon
addition of the α-olefin [38].
The disk analysis plots in Figure 3.16c 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
towards 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
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confirms why the K3 cluster shows a volume ratio of 1 at this first particle’s center voxels.
Going towards 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.

Figure 3.16 (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 towards 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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Figure 3.17 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 towards strong local mass and
heat transfer limitations.

3.3.8 Estimating the Distribution of Particles in Fragmentation State
In sub-Chapter 3.3.3 the degree of catalyst fragmentation for the entire ensemble was
assessed using the Vr fragmentation parameter and subsequently visualized for all the 434
polyethylene catalyst composite particles in sub-Chapter 3.3.4 followed by the in-depth
fragmentation behavior analysis of three selected particles showing either a weak,
moderate or strong degree of catalyst fragmentation in sub-Chapter 3.3.5. To build further
upon this, in this sub-Chapter 3.3.6, an estimation is made on how many of these
polyethylene catalyst composite particles portray either a weak, moderate or strong degree
of catalyst fragmentation.
The histogram of the Vr fragmentation parameter including the k-means clustering analysis
to partition the particles as either weak, moderate or strong degree of catalyst
fragmentation is given in Figure 3.18. The methodology of this k-means clustering algorithm
is identical to that as described in sub-Chapter 3.3.3 and here applied on the Vr
fragmentation parameter values. However, caution should be taken in interpretating these
values as this k-means clustering algorithm will define hard boundaries on whether a
particle is classified as weak, moderate or strong with regards to the fragmentation degree
and in reality one would rather expect a smooth transition. Keeping this in mind, the kmeans clustering algorithm with therefore 3 clusters, estimates that respectively 274, 123
and 37 polymerized catalyst particles show a weak, moderate and strong degree of catalyst
fragmentation.
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Figure 3.18 Histogram of the Vr fragmentation parameter including the partitioning of the polymerized catalyst
particles into either a weak (green), moderate (purple) or strong (red) degree of catalyst fragmentation through a
k-means clustering algorithm (3 k-clusters). The hard boundaries give here between these three fragmentation
classes are merely an estimation as one would expect a gradual transition from a weak to a strong degree of
catalyst fragmentation. 274 particles are assigned to the weak, 123 to the moderate and 37 to the strong
classification.

3.4 Conclusions
Using the strength of ptychography X-ray computed nano-tomography (PXCT) 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 x 120 x 20 µm3, the heterogeneity in the degree of
fragmentation of 434 ethylene 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 high-density polyethylene (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: i) the catalyst activity in terms of
HDPE formation, ii) the loss of any catalyst fragments that have become too small to
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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 HDPE per g catalyst were analyzed in depth. The
weakly fragmented composite particle showed mainly a dominating shrinking core
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 towards 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 4th generation synchrotron facilities [93-95], 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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Chapter 4. A Ziegler-type Spherical Cap Model Reveals
Early Stage Ethylene Polymerization Growth Versus
Catalyst Fragmentation Relationships

Polyolefin catalysts are characterized by their hierarchically complex nature, which
complicates studies on the interplay between the catalyst and formed polymer phases.
Here, the missing link in the morphology gap between planar model systems and industrially
relevant spherical catalyst particles is introduced through the use of a spherical cap Zieglertype catalyst model system for the polymerization of ethylene. Additionally, a moisture
stable LaOCl framework with enhanced imaging contrast has been synthesized to substitute
the highly hygroscopic and conventionally used MgCl2 framework to support the TiCl4 preactive site. As a function of polymerization time, a change in the fragmentation behavior of
the LaOCl framework was observed, which is linked to evolution of the estimated
polyethylene volume and fraction of crystalline polyethylene spectral vibrational
components. The combination of the spherical cap model system and the used advanced
micro-spectroscopy toolbox, opens the route for high-throughput screening of catalyst
functions with industrially relevant morphologies on the nano-scale.
This Chapter is based on: Bossers*, K.W., Mandemaker*, L.D.B., Nikolopoulos, N., Rohnke, M., de
Peinder, P., Terlingen, B.J.P., Liu, Y., Walther, F., Weckhuysen, B.M., submitted for publication, 2021.
* These authors contributed equally to this work.
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4.1 Introduction
The Ziegler-type (e.g. Ziegler and Ziegler-Natta) catalysts discovered in the 1950’s by Karl
Ziegler and Giulio Natta are the dominant α-olefin polymerization catalysts for the
production of different polyethylene grades, such as high-density polyethylene (HDPE) and
isotactic polypropylene (i-PP) [1]. The current generation Ziegler-type catalysts are based
on the chemisorption of a TiCl4 pre-active site species on an activated MgCl2 support matrix,
followed by the reduction and alkylation with a trialkylaluminium co-catalyst [2]. In the case
of propylene polymerization, additional Lewis base molecules are added either during the
synthesis, which are called internal donors, or the polymerization reaction, which are called
external donors, to provide local stereoregular control for the production of highly isotactic
polypropylene [3].
Ziegler-type catalysts are both hierarchically complex and highly sensitive towards polar
compounds, such as O2 and H2O, that complicate catalyst structure, polymerization activity
and polymer properties studies [4-5]. One strategy to bypass the hierarchically complex
nature of such a catalyst is through the design of simplified planar model systems [6]. These
model systems have the additional advantage of being compatible with surface-sensitive
spectroscopy and microscopy techniques, such as atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS) [7]. Somorjai and his group pioneered the field of using
surface science techniques on planar model systems of Ziegler-type catalysts [8-12]. In one
of their early works, they found experimental evidence for the TiCl4 activation mechanism
as proposed theoretically by Arlman and Cossee using an ultra-thin MgCl2 film on a gold
substrate [12,13]. Siokou and Ntais switched towards the use of a facile spin-coating
technique to produce a Ziegler-type planar model system based on tetrahydrofuran (THF)
adducts with MgCl2 and TiCl4, which is in close analogue to the chemical activation routes
of MgCl2 used industrially [14-18]. The effect of the type of internal donor on the
stabilization of the unsaturated (110) and (104) lattices for a Ziegler-Natta planar model
system was studied by the group of Niemantsverdriet by growing well-defined crystals on a
SiO2/Si(100) substrate using a combined spin-coated and solvent vapor annealing approach
[19-22].
For these conventional MgCl2 based Ziegler-type catalyst model systems however, technical
and experimental limitations are imposed due to the high moisture sensitivity of MgCl 2,
which will lead to morphology changes under ambient conditions. Recently, Piovano et al.,
reported a chlorinated δ-Al2O3 support matrix instead of MgCl2 to facilitate in-situ ethylene
oligomerization at Al3+ sites for the production of a linear low-density polyethylene grade
(LLDPE) [23,24]. The use of such non-conventional support matrixes for Ziegler-type
catalysis inspired us to design a model system for ethylene polymerization using a LaOCl
support matrix due to two reasons. First of all, LaOCl provides strong imaging contrast due
to the high atomic weight of the lanthanide and, secondly, exceptional moisture stability to
facilitate ambient measuring conditions for the selected advanced micro-spectroscopy
toolbox. Whereas LaOCl has been reported as a promising catalyst material for the selective
alkane activation, such as the conversion of methane to methyl chloride and ethane to vinyl
chloride as well as the destruction of chlorinated hydrocarbons, it has not been reported
112

yet to the best of our knowledge in the field of α-olefin polymerization [25-31]. Additionally,
to bridge the gap between planar model systems and the industrially relevant highly
spherical catalyst particles, a spherical cap model system is introduced here to the field of
catalytic α-olefin polymerization. This LaOCl-based spherical cap model system will be
studied with a versatile micro-spectroscopy toolbox consisting of photo-induced force
microscopy (PiFM), which provides infrared (IR) nano-spectroscopy with the spatial
resolution and additional topological information of atomic force microscopy (AFM) [32],
Raman microscopy, focused ion beam scanning electron microscopy energy dispersive Xray spectroscopy (FIB-SEM-EDX). X-ray photoelectron spectroscopy (XPS) and time-of-flight
secondary ion mass spectrometry (ToF-SIMS). By doing so, we were able to follow the
interplay between the formation of polyethylene and fragmentation of the catalyst support
matrix with high imaging contrast and under ambient ex-situ measuring conditions at
different ethylene polymerization times. Both fundamental fragmentation models, namely
the shrinking core and continuous bisection, were occurring simultaneously at early
polymerization times, and upon sufficient fragmentation of the LaOCl framework to
overcome initial mass transfer limitations, switched towards a dominating continuous
bisection behavior.

4.2 Experimental
4.2.1 Synthesis of the Spherical Cap Ziegler Model Catalyst
B-doped Si(100) wafers with a thickness of 525 µm and resistivity of 0.005 Ohm*cm were
purchased from Siegert Wafer. After cutting the wafers in suitable sizes (~5x5 mm 2 in size)
with a diamond knife, a procedure for the grafting of the self-assembled monolayer and
subsequent photo-patterning was followed as reported in literature [33]. First, the wafer
pieces were cleaned with a 1:1:1 volumetric ratio of demineralized water, ethanol and
acetone using an ultrasonicator for 15 min to remove surface contaminants. This step was
then repeated in demineralized water for again 15 min. Then, the wafer pieces were placed
in a beaker glass with a 5:1:1 volumetric ratio of demineralized water, ammonium hydroxide
(28-32 wt% in H2O, Sigma-Aldrich) and hydrogen peroxide (20 wt%, Sigma-Aldrich) and
placed on a hotplate set at 65 °C for 30 min. In this step, the native oxide surface layer on
the Si(100) substrate is partially etched away and converted into surface hydroxyl groups.
Afterwards, the wafers were first placed in a beaker of room-temperature demineralized
water to quench this etching step and then heated to around 95 °C in demineralized water
to remove any surface absorbed ammonium species for an additional 30 min. The wafer
pieces are blown-dry with a N2 line and then placed in an oven at 120 °C for 1 h. This is
followed by the transfer of the wafer pieces to a glovebox operating at <1 ppm O 2 and H2O,
where the wafer pieces were placed in a solution of 10 mM octadecyltrichlorosilane (99%,
Sigma-Aldrich) in anhydrous toluene (99.9% stored over 4Å molecular sieves, SigmaAldrich) for 10 min at room temperature. After the successful grafting of the self-assembled
monolayer to the Si(100) surface hydroxyl groups, the wafer pieces were washed with
anhydrous toluene and taken out of the glovebox. There they were blow-dried again with a
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N2 flow and placed at 120 °C for 5 min to anneal the ODTS layer. The wafer pieces were
then placed in a UV/Ozone cleaner from Osilla Ltd with a custom-made 20x20 mm2 copper
grid photomask with a 600 mesh size and circular holes from Agar scientific placed on top
of them. A piece of 5 mm thick quartz glass was finally placed on top of the photomask and
the UV/Ozone treatment is performed for 30 min.
Meanwhile, a 20 mM lanthanum chloride heptahydrate (99.9%, Sigma-Aldrich) solution in
ethanol (99.9%, Sigma-Aldrich) was prepared for the spin-coating step. With the wafers
patterned, they were transferred to a spin-coater from Ossila Ltd that uses a recessed spincoating chuck to hold the wafers in place. Spin-coating was performed at 3000 rpm for 30 s
with an injection volume of 10 µL on the wafer surface and a loading time of 5 s. After the
spin-coating, the wafer pieces were transferred into a quartz boat that was subsequently
placed inside a tube oven under dry N2 flow of 200 mL/min. The heat program consisted of
three steps. First with a ramp of 2 °C/min to a temperature of 250 °C and dwell time of 4 h,
followed by heating up to 600 °C with the same ramp and staying for an additional 4 h.
Finally, the oven was cooled down 200 °C where it remained until the wafers were brought
at this temperature into the glovebox.
The grafting of the TiCl4 pre-active site onto the LaOCl spherical cap system has to be
performed under stringent controls (<1 ppm O 2/H2O) to prevent decomposition of TiCl4 and
was done inside a glovebox. In a 20 mL glass vial, a 30 vol% solution of TiCl 4 (99.9%, SigmaAldrich) in anhydrous heptane (99.9% stored over 4Å molecular sieves, Sigma-Aldrich) was
prepared to which the wafer pieces were added. The vial was then closed, wrapped in
aluminium foil for better heat transfer, and put on a hotplate at 95 °C for 1 h. Afterwards,
the vial was cooled down to room temperature naturally, after which the wafer pieces were
transferred sequentially through three glass vials filled with pure heptane to remove excess
TiCl4. In the last of the three washing vials, the wafers were kept for 30 min until they were
transferred to a final fourth vial filled with heptane where they were kept for storage until
commencing ethylene polymerization.

4.2.2 Slurry-Phase Ethylene Polymerization
A custom-made low-pressure polymerization set-up was built to run inside the glovebox.
This set-up allows us to either evacuate a cylindrical glass reactor with an internal volume
of roughly 100 mL using an external vacuum pump or feed ethylene (4.5N purity, Linde) at
a pressure of 2 bar. The reactor was filled with a 10 mL anhydrous heptane solution
containing 1 mg/mL triethylaluminium (98%, Sigma-Aldrich). The reactor was then slowly
evacuated without stirring to remove the N2 atmosphere followed by feeding the ethylene
at 2 bar until the solution became saturated. Meanwhile, the wafer pieces that now have
the TiCl4 pre-active site grafted on the LaOCl surface were still stored in heptane. Two wafer
pieces per polymerization time were then taken out and dried for 1 minute under a N 2
atmosphere. After saturating the solvent with ethylene, the reactor was slowly evacuated
to atmospheric pressure, opened and quickly the two wafer pieces were placed inside the
reactor followed by closing the reactor again. The reactor was then repressurized with
ethylene in the absence of stirring and at this moment the timing of the polymerization
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reaction was commenced. The steps from placing the wafers in the ethylene saturated
solution to closing the reactor and repressurizing typically took about 10 s. Quenching of
the reaction was performed by quickly evacuating the reactor after the desired time, filling
the reactor with N2, opening the reactor and place the wafer pieces in a separate vial
containing several mL of pure heptane. These vials were then taken out of the glovebox and
placed inside an ultrasonicator for 90 s followed by drying under a mild N 2 flow. The
ultrasonicator step was found to be necessary to remove what would otherwise form a thick
film originating from the hydrolysis of the co-catalyst after exposure to air. Afterwards, the
polymerized wafers were dried overnight in a 60 °C oven and stored in a container labelled
with the polymerization time.

4.2.3 Focused Ion Beam – Scanning Electron Microscopy
Focused ion beam scanning electron microscopy (FIB-SEM) images were collected on a FEI
Helios NanoLab G3 UC scanning electron microscopy. The wafers of interest were placed on
aluminium SEM stubs using a conductive carbon tape on the backside of the wafer. For SEM
images, the accelerating voltage was set to 2 kV and the current to 0.10 nA and the
backscattered electron images were collected with a through-lens-detector to take full
advantage of the strong Z-contrast between LaOCl, the formed polyethylene and the Si(100)
background. EDX elemental mapping was performed with a Silicon Drift Detector (SDD) XMAX from Oxford Instruments. Prior to the milling of the region of interest with the focused
ion beam a 3 µm thick Pt layer was deposited on top of the region of interest. The focus ion
beam accelerating voltage was set at 30 kV and the current for both milling and cleaning at
0.43 nA. The milling was performed to create a trench perpendicularly to the surface and
roughly at the center of a spherical cap. After the milling step, the cross-section was cleaned
with Ga ions before collecting the backscattered electron images.

4.2.4 Photo-induced Force Microscopy
Photo-induced force microscopy (PiFM) micrographs, intensity maps and spectra were
collected on a Molecular Vista Vistascope microscope equipped with a block engineering
tunable quantum cascade laser (QCL), having a 1965-785 cm-1 range. Gold coated tips (F =
100-130 N/m, resonance frequency > 320 kHz) were used to obtain micrographs of the
patterns of interest in semi-contact mode. Then, either the same ROI was scanned
subsequently while changing the laser wavelength to 1471, 1461 and 1600 cm -1 to collect
individual intensity maps, or the tip was brought to a position of choice and a full spectrum
was recorded with 1 cm-1 resolution, 200 averages. As the signature PE peaks were found
to decrease with an increasing number of averages at higher laser powers, this was
prevented by setting the laser power to 2 V in all modes. The obtained height micrographs
were post-processed in Gwyddion [34]. A plane background was subtracted over the Sisubstrate background, and the data were treated with a line-by-line correction using a
“Trimmed mean of differences” function using a Trim faction of 0.5. The IR intensity maps
were only processed by a line-by-line correction, and the maps were binned using a 2 pixel
mean filter. To obtain a representative “average” PiF spectrum per PE time, 9 different
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patterns per time were partially mapped (~10 – 20 lines) and 2 point spectra were recorded
on both the thick, spherical polyethylene regions and the highly intertwined polyethylene
fiber network. These 18 spectra per time were pre-processed by applying a Whittaker
baseline correction and normalization with non-negativity constraints using the PLS Toolbox
of Eigenvector written in MatLab (Mathworks). Then, the individual spectra were fitted with
4 components obtained from a MCR analysis as shown in Figure 4.1.

Figure 4.1 Point spectra recorded on 9 different LaOCl spherical caps after 1 min ethylene polymerization and the
4 different spectral components used in a multivariate curve resolution (MCR) analysis. The different spectral
components represent the crystalline polyethylene phases (spectral components 1 and 4) as they consist purely
of the -CH2- bending vibrations of crystalline polyethylene in the orthorhombic phase, whereas spectral
component 3 consists of a broad amorphous polyethylene -CH2- bending vibration. Spectral component 2
represents interference caused by water vapor present in the system and hence on the LaOCl surface and the PiFM
scanning tip.

The resulting scores, representing the contribution of different components per spectra,
were then used to determine the percentage of crystalline (MCR) component present in all
individual spectra per polymerization time. Using the scores of these extracted spectral
components of MCR, the fraction of the crystalline components (1461 cm -1 and 1471 cm-1)
to that of the single amorphous component (1463 cm-1) was calculated as shown in Eq. 4.1.
Fraction of crystalline components =

∑ crystalline polyethylene component (#1+#4) scores
∑ all polyethylene component (#1+#3+#4) scores

× 100% Eq.

4.1

4.2.5 Atomic Force Microscopy
Atomic force microscopy (AFM) was recorded on a Bruker MultiMode 8 with J Scanner in
non-contact ScanAsyst HR mode, using silicon nitride ScanAsyst-HR tips (F = 0.4 N/m,
frequency = 130 kHz). Per polymerization time, 6 different patterned catalysts were
measured (Figure 4.12). The data was post-treated as explained before for the PiFM maps.
Furthermore, x and y cross-sections were then plotted through the middle-point of the
catalyst caps, and the resulting profiles were fitted using a power function on the exposed
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uncovered catalyst cap (Figure 4.13). Then, the height and cap-base diameter, or chord
length, were measured to obtain the catalyst volume, which could be subtracted of the total
measured volume (obtained using the Gwyddion “Statistics” function) to yield the net
polymer volume. More information can be found in sub-Chapter 4.3.4.

4.2.6 Raman Microscopy
Raman spectra were collected with the XploRATM PLUS Raman Spectrometer – Confocal
Raman Microscope from Horiba Scientific At all times a 532nm excitation laser and a 100x
objective with 0.9 NA was used together with a 1200 gr/mm grating and slit and hole sizes
of respectively 200 µm and 500 µm. Knowing the NA of the objective and the wavelength
of the laser, it is possible to calculate the diffraction limited lateral spatial resolution
according to Eq. 4.2, which would be ~360 nm for a λ =532 nm and NA =0.9 [35].
Spatial resolution =

0.61 × λ
𝑁𝐴

Eq. 4.2

To collect high resolution maps, a laser power of 25% maximum (15.55 mW) was used with
a 50 ms dwell time, 1 accumulation per spectrum and a step size of 0.25 µm and a scan
range of 2700-3100 cm-1. To collect full-range, single point spectra, a laser power of 10%
maximum (6.81 mW) was used with a 500 ms dwell time and 30 accumulations. Background
corrections were performed within the Fityk software. No smoothing function was applied
on the Raman spectra.

4.2.7 Time-of-Flight Secondary Ion Mass Spectrometry
Time-of-flight secondary ion mass spectrometry measurements (ToF-SIMS) were carried
out with a M6 Hybrid SIMS (IONTOF GmbH, Münster, Germany). The machine is equipped
with a 30 keV Bi nanoprobe primary ion gun, low energetic (2 kV) Cs and EI gas sputter guns
as well as a 20 keV Arx/(O2)x gas cluster source. The samples were mounted with a doublesided copper tape on an electrical insulating glass slide.
Depth profiles were carried out with 30 keV Bi3+ primary ions in non-bunched mode
(aperture 200 µm) in delayed extraction mode with topography option at negative polarity.
The Bi3+ primary ion current was about 0.18 pA at 100 µs cycle time. The low energetic
electron flood gun was used for charge compensation. Sputtering was done with a 10 keV
Ar2000+ sputter beam (I ≃ 8 nA). Areas of 175 x 175 µm were probed in non-interlaced
mode, with 512 x 512 pixels. The raster size of the sputter gun was 300 x 300 µm² centred
to the analysis area. For data evaluation Surface Lab 7.2 (ION-TOF GmbH, Münster,
Germany) was used. Mass calibration was carried out with the signals C -, OH-, C2-, Cl-, C3H5-,
C7H13-, and LaOCl-. calibration and comparison to literature HDPE ToF-SIMS spectra was
performed with respect to the work by Kern et al. [36]
The mass spectra obtained from the imaged region are the convolution of the spherical caps
and the Si(100) substrate. Therefore, to study if the charged mass fragments (called
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secondary ions) originating from the spherical caps, a region of interest (ROI) was drawn
inside the analysis software on top of the spherical caps. The resulting mass spectra of both
this spherical cap ROI and the inverse ROI that represents the Si(100) substrate, are given
in Figure 4.2a as well as the insets that show the drawn ROIs. Additionally, the first few
sputter seconds were typically disregarded from the analysis, as shown in Figure 4.2b, due
to the presence of adsorbed carbon species from the air that are removed in these first few
sputter cycles. The cut-off was based on reaching a stable intensity profile for the m/z
species.

Figure 4.2 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) data and sputter profile explaining the
chosen ROIs. (a) Mass spectra of the spherical cap model catalyst after 20 min polymerization time (inset map)
recorded with ToF-SIMS. A ROI was picked selecting only the spherical caps, removing non-relevant mass
fragments from the analysis. The ROI (top spectrum, all unmarked area in the inset map) contains the majority of
the catalyst (LaOCl2- indicated) and PE (repeating unit) compared to the substrate (bottom spectrum). (b) To avoid
the interference of surface adsorbed species from the analysis, a z-ROI was chosen after the initial exponential
increase/decrease of the organic fragments passed.
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4.2.8 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) measurements were performed on a PHI5000
Versa Probe II system from Physical Electronics. The X-ray source was monochromatic Al Kα
radiation (1486.6 eV). The pass energy for detailed spectra in the analyzer was 23.50 eV.
Data evaluation was performed with CasaXPS (version 2.3.22, Casa Software Ltd.). Energy
calibration was performed based on the signal of the adventitious carbon at 284.8 eV. The
following three bulk reference La powders were measured: La 2O3 (99.9%, anhydrous
powder, Sigma-Aldrich), LaCl3 (99.9+%, anhydrous powder, Sigma-Aldrich), LaOCl
(synthesized as described by Peringer et al. [37]). The XPS samples measured are based on
the synthesis of LaOCl spherical caps with a 20 mM LaCl3 *7 H2O in ethanol solution as
described earlier. These samples were measured as both pristine and after reaction with
TiCl4 at 95 °C ex-situ. The in a N2-glovebox prepared samples were stored in heptane and
transported in a sealed, steel vacuum tube to an Ar-filled glovebox. There they were
opened, dried under Ar atmosphere and transferred into the XPS system using a transfer
vessel under Ar atmosphere.

4.3 Results and Discussion
4.3.1 Design of the Spherical Cap Model System
To bridge the morphology gap between conventional planar film model systems and the
industrially relevant spherical catalyst particles, a combined photomasking and spin-coating
technique was used for the synthesis of spherical caps on a suitable substrate, such as
Si(100). An outline of these synthesis steps is given in Figure 4.3, starting from the
hydroxylation of the Si(100) wafer towards the grafting of an octadecyltrichlorosilane
(ODTS) self-assembled monolayer (SAM). This SAM is then selectively etched away using a
large area (20x20 mm2) TEM copper grid photo-mask with UV/ozone, followed by the spincoating and calcination of the hydrated LaCl3 precursor salt to finally yield the LaOCl
spherical caps. The selective etching of surface anchored SAMs and subsequent coating with
different metal oxides was demonstrated for the fabrication of flat square patches of TiO2
by Masuda et al., growth of zeolite domains by Ha et al., and the synthesis of well-defined
KCl single crystals by van Delft et al.[33,38,39]. In this Chapter, a LaOCl phase is chosen over
a LaCl3 phase to support the Ti3+ active site due to the high stability of LaOCl against
hydration which facilitates ambient measuring conditions when applicable, whereas LaCl 3
is highly hygroscopic analogous to the conventional MgCl 2 support matrix. It should be
noted that LaOCl has a tetragonal crystal structure, whereas the conventional δ-MgCl2
phase, which resembles the δ-TiCl3 phase, has a hexagonal crystal structure. However, all of
these materials are layered with successive layers of M x+ and Cl- anions (in the case of LaOCl,
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LaO+ layers alternating with double Cl- layers), and the primary particles of these
compounds are built of platelets loosely bound together through ionic interactions [40-42].
After grafting the TiCl4 active site precursor on the LaOCl spherical caps followed by the
activation with a triethylaluminium (TEAL) co-catalyst and ethylene polymerization under
mild conditions, e.g. 2 bar ethylene, slurry-phase at room temperature, the polyethyleneLaOCl composite spherical caps are studied in detail using a toolbox consisting of both
surface-sensitive (micro)-spectroscopic and conventional micro-spectroscopic techniques.

Figure 4.3 Schematic representation of the synthesis route of LaOCl spherical caps on a surface modified Si(100)
wafer. Chemical modification of the Si(100) wafer surface, to generate hydrophilic circular patches (about 40 μm
in diameter) separated by hydrophobic bars, is achieved through sequential grafting of the hydrophobic
octadecyltrichlorosilane (ODTS) on a hydroxylated surface and selective etching with a photomask and UV/O 3.
Subsequent spin-coating and calcination of a LaCl3 * 7 H2O solution in ethanol leads to the formation of LaOCl
spherical caps exclusively inside the hydrophilic regions. After grafting of TiCl4 on the LaOCl spherical caps, ethylene
polymerization was performed in slurry phase under mild conditions with a triethylaluminium co-catalyst at
different reaction times. A toolbox, consisting of advanced micro-and-spectroscopic techniques, was used to
follow the ethylene polymerization process ex-situ.
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4.3.2 Confirmation of the LaOCl Chemical Phase
The surface-sensitive techniques, XPS and ToF-SIMS (see sub-Chapter 4.3.3) and the bulk
material probing Raman microscopy were used to confirm the LaOCl chemical phase on the
as-synthesized LaOCl spherical caps confirms.
Starting with XPS in Figures 4.4 and 4.5 and Table 4.1 the results are given of the pristine
and TiCl4 grafted spherical caps called respectively, SC-P and SC-Ti, a Si(100) reference wafer
treated with TiCl4 and triethylaluminium (Si-Ti/Al), and three reference powders of pure
La2O3, LaOCl and anhydrous LaCl3 chemical phases.
It should be noted here that XPS of La is not trivial for the following two reasons: i) Li et al.,
have shown in an in-situ study on the energy calibration of Lanthanum compounds with XPS
that the component splitting (ΔE) of the La 3d5/2 signal, which in principle can be used for
chemical diagnostics, is highly prone to the measurement conditions and surface chemistry
[43]. They found, for instance, that the ΔE value of an as-prepared La2O3 material changed
from 3.6 eV to 4.3 eV after vacuum treatment at 800 °C, which basically removes carbon
and oxygen adsorbates. Furthermore, they provide a literature summary of reported ΔE
values for La2O3, La(OH)3 and La2O2(CO)3 where differences up to 0.7 eV are reported within
the same materials. Therefore, although the ΔE values of the three reference materials are
provided in Figure 4.4 and a trend is observed showing a decrease in the splitting value with
increasing degree of surface chlorination from 4.05 eV for La 2O3 to 3.99 eV for LaOCl and
finally 3.72 eV for LaCl3 the absolute values should be taken with caution. ii) Additionally,
the use of the La 4p and Cl 2p XPS signals to follow the surface chemistry of the LaOCl
spherical caps before and after reaction with TiCl4 is highly challenging due to massive signal
interference (strong overlap) of the La 4p and the Cl 2p XP signals. This prevents the
determination of an accurate fitting model for the LaOCl spherical cap samples, since the
individual signal features of the La 4p signal (e.g., the position of the high binding energy
shoulder), which depend on the exact chemical environment (e.g., the degree of surface
chlorination), cannot be properly determined. However, to provide rough trends on the
degree of surface chlorination, Table 4.1 summarizes the results of a simplified fitting
approach, neglecting the La 4p signal shoulder at high binding energies. Assuming that this
leads to a systematic error (a systematic underestimation of the La 4p signal contribution),
it should still be possible to derive trends related to the Cl fraction. Again, it should be noted
here that the absolute values should be considered with caution due to the aforementioned
fitting issues.
The La 3d5/2, La 4p and Cl 2p XPS results on the LaOCl spherical caps before (SC-P) and after
(SC-Ti) treatment with TiCl4 at 95 °C are given in Figure 4.5. As discussed earlier, the ΔE
splitting value is highly sensitive to the local chemical environment and the sample
preparation steps. Since ΔE is approximately the same before and after the reaction of the
LaOCl spherical cap with TiCl4 (4.32 eV vs. 4.30 eV respectively) and significantly lower than
the multiplet split difference between the LaOCl and the LaCl3 reference powders (Δ(ΔE) =
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0.27 eV) and therefore the LaOCl surface of the spherical cap doesn’t seem to be
chlorinated further towards LaCl3 upon treatment with TiCl4 at 95 °C.
The areas of the XPS signal contributions assigned to Cl, La and Ti of the spherical cap
samples are summarized in Table 4.1. As expected, the Ti 2p XP signal is only observed after
the reaction of the LaOCl spherical caps with TiCl4. The broadening of the Ti 2p3/2 signal
towards lower binding energies (~456-457 eV) hints clearly towards the presence of
reduced Ti3+ species [12]. This could be due to a similar mechanism reported for the
dissociative chemisorption of CCl4 on the LaOCl surface, which gives rise to a CClδ+-Clδ- pair
coordinated to respectively the Lewis acid La3+ and Lewis basic O2- surface groups [29,30].
However, it should be mentioned here that the majority of the Ti species remains in the +4
oxidation state in the absence of the co-catalyst, triethylaluminium. To exclude a
dominating detrimental influence by the uncovered silicon areas on the LaOCl spherical cap
sample in this context, a Si(100) substrate reference was treated with both TiCl 4 and the
reducing triethylaluminium co-catalyst and subsequently analyzed with XPS. The
corresponding Ti 2p signal is shown in blue in Figure 4.5c (denoted as Si-Ti/Al). For the SiTi/Al reference, the presence of reduced Ti species can also be observed, which can be
attributed to the interaction with the reducing co-catalyst. However, the fraction of the
reduced signal contributions is 3.4 times for the LaOCl SC-Ti sample than for the Si-Ti/Al
reference. Therefore, the reduced Ti species can be mainly attributed to interactions with
the LaOCl spherical caps.
a

b

Figure 4.4 X-ray photo-electron spectroscopy (XPS) results of three Lanthanum reference materials. (a) The
multiplet split of the La 3d5/2 signals are shown for the anhydrous reference materials (La2O3, LaOCl and LaCl3)
together with the split energy, ΔE, in electron volts. (b) The La 4p and Cl 2p signals of the three reference materials.
The blue arrow indicates the La 4p signal shoulder at high binding energies for La2O3 that overlaps with the Cl 2p
signals for the chlorinated samples.
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a

b

c

Figure 4.5 X-ray photo-electron spectroscopy (XPS) results of the LaOCl spherical cap model system before and
after reaction with TiCl4. (a) The multiplet split of the La 3d5/2 spectrum is given for the LaOCl spherical cap model
system before (SC-P, red) and after (SC-Ti, green) reaction with TiCl4. (b) The La 4p and Cl 2p spectra of SC-P and
SC-Ti. (c) The Ti 2p spectrum of SC-P, SC-Ti and Si-Ti/Al (blue).

The ratios of Cl:La-related signals (Cl 2p:La 3d5/2 and Cl 2p:La 4p) of the pristine SC-P sample
are slightly higher than those of the LaOCl reference, but considerably lower than those of
the pure LaCl3 reference. The slight deviation from the LaOCl reference might be caused by
topography-related effects and the different sample geometry (spherical caps versus
powder references). However, after reaction with TiCl4 the Cl:La ratios increase significantly.
Here, due to massive signal interference, it is not entirely clear, whether this is due to a
further chlorination of LaOCl towards LaCl3 with TiCl4 acting as the chlorination reagent or
simply due to the chemisorption of TiClx species on the external surface of LaOCl. Since the
La 3d5/2 splitting value is not affected by the reaction with TiCl 4 as mentioned earlier, it
seems more likely that the increased ratio of the Cl:La peaks is due to the chemisorption of
TiClx species.
Table 4.1 The area under the selected La, Cl and Ti XP signals and the respective signal ratios. Values are given for
the three reference materials La2O3, LaOCl and LaCl3 as well as the pristine and TiCl4 treated LaOCl spherical cap
systems called SC-P and SC-Ti, respectively.

Sample

La2O3
LaOCl
LaCl3
SC-P
SC-Ti

Area
La
3d5/2
232.3
269.2
168.3
65.7
38.2

Area
La
4p*
364.2
406.1
185.0
103.6
61.2

Area
Cl 2p
337.5
525.1
104.4
79.9

Area
Ti
2p
0.0
81.8

Ratio
Cl 2p : La
3d5/2
1.3
3.1
1.6
2.1

Ratio
Cl 2p : La
4p
0.8
2.8
1.0
1.3

Ratio
Cl 2p : Ti 2p
1.0

* The area under the La 4p is obtained using a single signal (GL(30) line shape) and doesn’t take the high binding
energy shoulder observed around 200 eV into account.
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Conventional Raman micro-spectroscopy (e.g. in the absence of surface-enhancement
techniques) is a bulk-probing technique that nicely complements the surface-sensitivity of
XPS analysis in this scenario to study the spherical cap model system. In Figure 4.6, the
Raman spectra are given for the pristine LaOCl spherical cap, the Si (100) wafer background
and the LaOCl powder reference material also used as the XPS reference. For the spherical
cap model system, only the LaOCl chemical phase is detected. Conventional Raman microspectroscopy (e.g. in the absence of surface-enhancement techniques) is a bulk-probing
technique that nicely complements the surface-sensitivity of XPS analysis in this scenario to
study the spherical cap model system.

Figure 4.6 Raman micro-spectroscopy to determine the bulk chemical phase of the LaOCl spherical cap model
system. In blue and black, the Raman spectra are given for respectively the LaOCl powder reference that was also
used for XPS studies and a clean Si(100) wafer substrate. In red, the Raman spectrum is given for the LaOCl
spherical cap model system, where the stars denote peaks belonging to the LaOCl chemical phase based on the
blue spectrum and the octothorp denotes peaks belonging to the Si(100) wafer substrate.
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4.3.3 The Micro-Spectroscopic Toolbox to Study the
Polymerization Versus Catalyst Fragmentation Relationships

Ethylene

In Figure 4.7, an overview of the utilized micro-spectroscopic toolbox is given on a 20 min
ethylene polymerized LaOCl spherical caps sample. Starting with ToF-SIMS, the composition
of both the surface chemistry as well as the interior through depth profiling can be
obtained. Here, a secondary electron image of an ethylene polymerized LaOCl spherical cap
is shown together with the distribution of the negatively charged fragments of LaOCl -, TiOCl(due to exposure to moisture), and the polyethylene characteristic C21H31 -. With the
vibrational micro-spectroscopy part of the toolbox, based on Raman microscopy and PiFM,
the polyethylene phase is studied in-depth as shown in Figures 4.7 and 4.9. Raman
microscopy provides a time-efficient method to map the distribution of the -CH stretching
vibrations in the region of 2700-3100 cm-1 to visualize local thickness differences of the
formed polyethylene phase within the spherical caps. However, even in the best-case
scenario, the diffraction-limited spatial resolution of the Raman microscope setup utilized
here would be on the order of 360 nm (see Eq. 2). On the other hand, with PiFM, IR spectra
with the spatial resolution of the AFM tip’s apex (~ 20 nm) are obtained. This allows for the
mapping and correlation of the -CH2- bending vibrations of crystalline polyethylene at
respectively 1461 cm-1,δ(b1u), and 1471 cm-1, δ(b2u) to the topological information obtained
from the AFM part [44]. Finally, FIB-SEM images collected provide strong Z-contrast
between the low atomic weight polyethylene, the intermediate atomic weight Si(100)
substrate and the high atomic weight LaOCl framework with the collected backscattered
electrons. Using both top-view and cross-sectional SEM images, the fragmentation of the
LaOCl spherical cap as initiated by the induced stress of the polyethylene on the catalysts
framework at respectively the spherical cap’s exterior surface and interior volume can be
observed. An in-depth study on this fragmentation behavior of the LaOCl spherical caps at
different ethylene polymerization times will be given around Figures 4.19.
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Figure 4.7 An overview of the micro-spectroscopic toolbox utilized in this Chapter to study the interplay between
the formed polyethylene and the LaOCl spherical cap model system demonstrated after 20 min of ethylene
polymerization. (a) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) that provides a distribution of the
negatively charged mass species present on the surface, such as the selected LaOCl-, TiOCl- and polyethylene
characteristic C21H31- fragments. (b) Raman microscopy map of the 2700-3100 cm-1 region shows the -CH
stretching modes of polyethylene on a different LaOCl spherical cap. (c-d) Combined photo-induced force
microscopy (PiFM) results that give both topological and morphological information in (c) and distribution of the
summed δ(b1u) peak at 1461 cm-1 with the δ(b2u) peak at 1471 cm-1 of the IR spectra in (d) of the same spherical
cap. (e) Top-view Scanning electron microscopy (SEM) image showing backscattered electrons that provides Zcontrast. In dark grey, polyethylene fibers are observed to grow from the LaOCl spherical cap (in bright white). (f)
Focused ion beam (FIB)-SEM image of the same spherical cap, which shows a cross-section of the internal structure
of the LaOCl spherical cap and the formed polyethylene phase. Zoom-ins are given in the red and yellow insets. All
scale bars represent a width of 5 µm.
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4.3.4 On the Formation and Characterization of the Polyethylene Phase
With the advanced micro-spectroscopy toolbox introduced for a 20 min ethylene
polymerized LaOCl spherical cap, the formation and characterization of polyethylene will
now be studied in-depth. In Figure 4.8, the Raman spectra are given for the LaOCl spherical
caps after specified (0,1,2,5,10,20 and 60) min of ethylene polymerization, as well as the Si
(100) wafer background on the 20 min ethylene polymerized sample and a HDPE reference
film. All Raman spectra are normalized to the 521 cm-1 peak of the Si (100) substrate, which
can be regarded as an internal standard. For all samples, the measured spot was optimized
based on that part of the spherical cap that gave the most intense polyethylene signal. For
all ethylene polymerized samples, Raman micro-spectroscopy confirms that polyethylene is
formed mainly on the LaOCl spherical caps, with no observable amount detected on the
background substrate and no polyethylene or other carbon phases are found on the pristine
sample (0 min PE).

Figure 4.8 Raman spectra taken after different ethylene polymerization times on the LaOCl spherical caps as well
as a HDPE reference film. Raman spectra are given from the pristine up to 60 min of ethylene polymerization on
the LaOCl spherical cap model system (labelled as x min PE) as well as the Si (100) background of the 20 min
ethylene polymerized sample (background 20 min PE) and a HDPE reference film. In all cases, normalization was
performed using the Si (100) background 521 cm-1 peak as an internal standard.
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To complement the 20 min ethylene polymerized sample showcased in Figure 4.7, in-depth
Raman microscopy and PiFM analysis of three additional ethylene polymerization times of
2, 5 and 60 min are given in Figure 4.9. Additional Raman microscopy and PiFM results on
the 0,1,2,5,10,20 and 60 min samples are given in Figures 4.11 and 4.11. In Figure 9a, Raman
microscopy results of the -CH stretch region at 2700-3100 cm-1 are given to map the
distribution and thickness fluctuations of the formed polyethylene. Starting at the 2 min of
ethylene polymerization, two polyethylene phases are observed, namely (i) the formation
of a large number of highly intertwined polyethylene fibers that create a porous
polyethylene network laying on top of the spherical cap and (ii) highly intense, more
spherical polyethylene regions located mainly at the edge of the spherical cap. Upon
increasing the polymerization time to 5 min, both polyethylene phases increase in intensity
as well as total surface coverage. At 20 min ethylene polymerization, the formation of a
thicker and spheroidal polyethylene region is now also observed around the center of the
spherical cap whereas at shorter polymerization times, it was observed exclusively at the
outer rim. Finally, after 60 min of ethylene polymerization, the spherical cap’s surface from
outer rim to center is covered almost entirely in a single dense polyethylene phase, yet
polyethylene fibers are still visible bridging these thicker regions together. In Figure 9b, the
IR spectra obtained from PiFM are given for all the polymerization times studied. The signalto-noise-ratio for the 1 and 2 min ethylene polymerization time are quite low, which could
be explained either by the formation of the highly porous and thin polyethylene fibers at
such low polymerization times or that the crystallinity of the polyethylene fibers is lower at
these earlier polymerization times, leading to a higher contribution of an amorphous
polyethylene phase. As the polymerization time increases, the clear doublet peaks of
crystalline polyethylene appear after roughly 5 min of polymerization.
Using multivariate curve resolution (MCR), the contribution of the -CH2- bending vibrations
at 1461 cm-1 and 1471 cm-1 belonging to crystalline polyethylene in the orthorhombic phase
and a broad amorphous band at 1463 cm-1 as well as an interference component due to
adsorption of water vapor were assessed [45,46]. The scores of this MCR, which can be
thought of as the concentration of a spectral component in the sum spectrum, were
subsequently used to calculate the fraction of crystalline components to the overall
intensity of the 1400-1500 cm-1 region (that is the two crystalline and one amorphous
bands). This fraction as a function of ethylene polymerization time is shown in Figure 9b.
Initially, this fraction increases with polymerization time up to 10 min and then decreases
and stabilizes for the 20 and 60 min samples. The increase of the fraction of crystalline
bands as a function of polymerization time could be related to the polymerization rate
where AFM and ToF-SIMS analysis in Figures 4.12-4.16 show a decay in the increase of the
estimated polyethylene on the external surface after roughly 2-5 minutes. This decrease of
the polymerization rate, most likely due to internal mass transfer limitations within the
LaOCl spherical caps, could then lead to a higher ratio of the rate of crystallization versus
polymerization, since α-olefin polymerization is highly exothermic and can delay the
crystallization of the formed polyolefin fibers. This would finally result in a higher fraction
of crystalline components estimated with PiFM and subsequent MCR analysis with respect
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to the amorphous component. The decrease of the crystalline fractions for the 20 and 60
min polyethylene samples as compared to the 10 min polyethylene sample could be due to
the increase of the chain length of the polyethylene phase as no chain-terminating reagent,
such as H2, is employed. The increased polyethylene chain length leads to a decrease in the
crystallization rate due to the increased viscosity of these longer polyolefin chains [47].
However, it should be emphasized here that no claims are made to the actual value of the
crystallinity of the formed polyethylene phase, which is more conventionally assessed with
bulk techniques such as differential scanning calorimetry (DSC) [48].

Figure 4.9 Raman microscopy and photo-induced force microscopy (PiFM) to study the crystallization of the
formed polyethylene after 2, 5 and 60 min of ethylene polymerization. (a) Raman microscopy maps of the
asymmetric and symmetric -CH2- stretching vibrations in the 2700-3100 cm-1 region. (b) The photo-induced force
(PiF) spectra that give the -CH2- symmetric bending mode peaks of crystalline polyethylene in an orthorhombic
phase are shown after different polymerization times, aver-aged of 18 spectra measured on 9 different patterned
catalysts per time. Multivariate curve resolution (MCR) analysis was per-formed to fit the individual spectra on 4
different spectral components. The fraction of the two crystalline components (1461 cm -1 and 1471 cm-1 bands)
versus the single amorphous component (broad band at 1463 cm-1) is plotted in terms of the mean and 95% CI per
time, showing a steep increase in crystallinity up until 10 min, and then a saturation as the polymer layer is grown
thicker and ordered to form HDPE like PE, as seen in the spectral resemblance. (c) the topological (top) and PiF
(bottom) images of zoom-ins on the spherical caps. The PiF images show the distribution of the -CH2- symmetric
bending mode peaks in magenta and LaOCl surface adsorbed carbonate species acting as markers for LaOCl in
cyan. The green (Raman microscopy) and white (PiFM topology) scale bars represent a width of respectively, 10
µm and 2 µm.
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Figure 4.10 Raman micro-spectroscopy maps of the 2700-3100 cm-1 region on different ethylene polymerization
times. The 2700-3100 cm-1 region imaged for each ethylene polymerization time shows the distribution of the
asymmetric and symmetric -CH2- stretching modes of polyethylene on a LaOCl spherical cap. The inset images
show the correlated optical microscopy overview of the pristine and ethylene polymerized LaOCl spherical caps.
The scale bars depict the size in microns.
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Figure 4.11 Individual Photo-induced Force micrographs of a full spherical cap, a zoom-in and the corresponding
intensity maps for the 1461 + 1471 cm-1 and 1600 cm-1 vibrations on different ethylene polymerization times. Per
polymerization time, the height micrographs are shown for a full spherical cap (top left) and a zoom-in (top right).
The corresponding PiFM intensity maps are shown for the 1461 + 1471 cm-1 vibrations (magenta), and the 1600
cm-1 vibration (cyan) representing the PE and catalyst support, respectively. Note that the z-scale for all height
micrographs is 1 µm, except for 60 min polymerization time, which has a z-scale of 5 µm. The pink inset scale bars
represent 5 µm while the white scale bars represent 1 µm.

Atomic Force Microscopy (AFM) was used to investigate the topological and morphological
evolution of the LaOCl spherical caps as a function of ethylene polymerization time. Figure
4.12 shows the topological images of 6 LaOCl spherical caps per ethylene polymerization
time. The height contrast is set to be identical for the 0 to 20 min of polymerization time at
a 0-1µm range. However, the ethylene polymerized LaOCl spherical caps of the 60 min
sample were considerably thicker on average and therefore required a different height
contrast as shown ranging from 0-4 µm. Purely based on the topological information
provided by AFM it becomes clear that these LaOCl spherical caps become covered with
polyethylene fibers of varying lengths already at ethylene polymerization times as early as
1 min. With an increase of polymerization times, thicker blobs of polyethylene start to
appear (dark purple in color). It should be noted here that due to the different height scale
bar in the 60 min sample, large features may appear to have a lighter (green-blue) color,
which would have appeared dark purple with the height contrast used for the 0-20 min
samples.
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Figure 4.12 Atomic Force Microscopy (AFM) on individual catalyst caps after different ethylene polymerization
times. Six LaOCl spherical caps were scanned per ethylene polymerization time, all shown using a z contrast of 1
µm, with the exception of 60 min, where only 3 viable micrographs could be obtained shown with a z contrast of
4 µm due to the excessive thickness of the polymer features which were too challenging for our scanning probe
microscopy system. A general trend shows that the coverage and thickness of the formed polymer increase with
increasing ethylene polymerization time. Furthermore, with the exception of 60 min, the edges of the patterned
catalyst caps remain fairly visible whereas the center part of the cap gets covered by PE strings and larger features.
Notes: i) At 2 min, top-right; the catalyst consisted of a non-spherical shape. ii) 5 min, bottom-left; the catalyst was
measured before by SEM analysis (explaining the grid-like background) iii) 10 min, top-left and bottom-right; some
noise was found only on the background, not on the formed PE. White scale bars are 5 µm.
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However, using purely the height of the polymer features itself isn’t accurate enough to
describe the polymer yield per polymerization time, as the patterns can vary in shape
(diameter or height) even within the same wafer substrate. Instead, our approach to
attempt to track the polymerization yield as a function of time is shown in Figure 4.13. The
individual micrographs were first flattened on the background (substrate) and then x and y
cross-sectional profiles were taken from the background through the center of the spherical
caps. From the resulting line profiles, the height (h) and cap base radius (a) were measured
by fitting the visible parts of uncovered catalyst with a power function. From these values
the catalyst caps volume were approximated with the following Eq 4.3:
1

1

𝑉 = 𝜋. ℎ (𝑎 4 + ℎ 3 )

Eq. 4.3

where V is the cap volume in µm3, h is the height of the cap in µm and a is the cap base
radius, or chord length, in µm [49]. It should be said here that this approach does not allow
us the quantify the amount of polyethylene present within the spherical cap. For such an
approach, X-ray nanotomography techniques, such as ptychography X-ray computed
tomography as done in Chapters 2 and 3 could offer a solution [50,51].

Figure 4.13 Estimation of the LaOCl spherical cap volume after ethylene polymerization. The individual
micrographs shown in Figure 4.12 were each flattened on their background (substrate) around the LaOCl spherical
cap and polyethylene (left). Then, a x and y cross-section was taken and the resulting height profiles were fitted
with a power function over the exposed polymer-free catalyst surface. Using the software measurement tools, the
cap base radius or chord length and catalyst height were measured. These were then used to estimate the volume
of the catalyst, which could subsequently be subtracted from the total volume obtained in the micrograph (above
the background height) to result in a net volume of polyethylene.
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The total volume of all features measured, which represents the LaOCl spherical cap and
polyethylene phases, minus the estimated volume of the sole LaOCl spherical cap as
described above, results in the estimated volume of polyethylene (per micrograph). This
volume was plotted in Figure 4.14 for all micrographs recorded as shown in Figure 4.12, and
for all full micrographs recorded with PiFM as shown in Figure 4.11 (vide infra), to visualize
the increase of polyethylene over time ignoring the initial pore volume of the catalyst which
might be filled up at the early stages.
Going from 0-20 min ethylene polymerization a saturation effect of the polyethylene
volume growing on the external surface of the LaOCl spherical cap is observed. This could
be explained by first the formation of many extruded polyethylene fibers at early
polymerization times as well as the filling of the internal pore network of the LaOCl spherical
cap. As the internal pore network becomes filled with a polyethylene phase that can’t be
assessed with this approach (since AFM only measured topological information and not
internal), these extruded polyethylene fibers will show a non-linear decaying growth rate
due to mass transfer limitations. This is because new ethylene monomers will now have to
diffuse through a dense polyethylene phase within the internal pore network to reach the
active sites. However, at 60 min of ethylene polymerization a drastic change is observed
with a considerably higher average external polyethylene volume when compared to the 520 min samples.

Figure 4.14 Mean volume of the polyethylene phase (PE) measured on the external LaOCl spherical caps as a
function of ethylene polymerization time. The mean volume of the polyethylene phase growing on the external
LaOCl spherical cap surface was calculated using the micrographs of Figure 4.12 and correction for the estimated
volume of the LaOCl catalyst framework as discussed in Figure 4.13.
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To complement the topological information obtained from AFM, ToF-SIMS was employed
to track the surface coverage of polyethylene characteristic mass fragments such as C9H13-.
A selection of mass fragments is shown in Figure 4.15. Based on the ion generated SE
images, the polyethylene phase can be clearly distinguished from the LaOCl spherical caps.
It should be mentioned here that the ion counts for the LaOCl- fragment is typically orders
of magnitude higher than for polyethylene fragments such as C9H13-. This may be related to
charging effects and the low ionization probability of polyolefins, making them particularly
challenging to be measured with ToF-SIMS. Additionally, the sample geometry (spherical
caps with rough surfaces after polymerization instead of planar systems) could also cause
adverse effects here. The C9H13- mass fragment was chosen here to represent the
polyethylene phase as based on the work by Kern et al. [36]. This polyethylene mass
fragment is also found for the pristine sample, but with considerably lower ion counts or
intensity and is thus more likely to be from adventitious carbon due to air exposure of the
samples. Nevertheless, as is mostly visible for the 2 and 10 min maps, the C9H13- mass charge
fragment shows strong correlation with the polyethylene phase visible in the SE images.
The integrated intensity for this fragment, found in the different mass spectra, is plotted in
Figure 4.16. As the polymerization time increases, more of this fragment is found (note that
all measurement points have the same sputter time) until after 10 min a saturation effect
starts to appear. This is in line with the AFM analysis performed in Figures 4.12-4.14, where
the polyethylene volume on the external surface of the LaOCl spherical caps was estimated
for different ethylene polymerization times and showed a saturation of the estimated
polyethylene volume at intermediate polymerization times. This could be explained by a
mass transfer limitation effect occurring at such intermediate polymerization times, where
the fragmentation rate is not sufficiently high yet to facilitate high enough diffusion of
ethylene monomers to the active sites within the spherical cap composite phase and hence
a decline in the polymerization rate is observed.
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Figure 4.15 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) secondary electron (SE) images,
complemented by a selection of mass fragments, for different times of ethylene polymerization. The LaOClfragment is chosen to represent the polymerization catalyst, while the C9H13- fragment is representing the
polyethylene. The Si- fragment is shown to highlight the substrate on which the spherical caps were synthesized,
and emphasizes that the LaOCl is only present in the patterned area as intended during the synthesis.
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Figure 4.16 Integrated area of the C9H13- mass fragment. Representing polyethylene, the integrated area of the
C9H13- mass fragment (m/z = 121 u), also shown in the mass images in Figure 4.15, is shown after increasing times
of ethylene polymerization. Whereas first a linear increase is found, the integrated intensity starts to flatten out
after roughly 20 min of ethylene polymerization. This indicates that the surface coverage of each island increases
until a nearly full surface coverage is obtained.
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4.3.5 On the Fragmentation Behavior of the LaOCl Spherical Cap
Using vibrational microscopy, AFM and ToF-SIMS the formation and evolution of the
polyethylene crystallinity as a result of the ethylene polymerization reaction was studied.
Additionally, two morphologically different polyethylene phases were observed, namely a
highly intertwined polyethylene fiber network covering the spherical caps as well as the
thick and spheroidal polyethylene regions that are initially formed at the outer rim of the
spherical caps and gradually start to appear and cover most of the spherical cap. To unravel
the origin of these two morphologically different polyethylene phases, top-view and crosssectional FIB-SEM is utilized.
In Figure 4.17, an overview is given of the SEM results of all ethylene polymerization times,
starting at the top with a pristine LaOCl spherical cap sample up to 60 min of ethylene
polymerization at the bottom. From left to right first, an overview of multiple LaOCl
spherical caps at a specific ethylene polymerization is provided, followed by a single
spherical cap and finally a zoom-in on this spherical cap. Starting at the 1 min ethylene
polymerized sample, it becomes clear that the polyethylene fibers that are extruded out of
the spherical caps contain large amounts of small LaOCl fragments. The extrusion of the
polyolefin fibers has been reported for immobilized single-site catalysts in well-defined
microporous and mesoporous support matrixes for polyolefin catalysts, such as the silicabased MCM-41 and SBA-15 with pore diameters in the range of 2-25 nm [52-57]. The small
LaOCl fragments must have been peeled off the internal and possibly external surface of
the catalyst. This indicates the presence of the shrinking core or also called layer-by-layer
fragmentation model, as illustrated in Figure 4.21. After ten min of ethylene polymerization,
the external surface of the center of the spherical caps are observed to be fully covered in
a polyethylene fiber network. Additionally, starting at this polymerization time, large LaOCl
fragments are observed to lay intertwined with and on top of this polyethylene fiber
network. The zoom-in on the 10 min ethylene polymerized sample shows one such large
LaOCl fragment laying on top of the center of the spherical cap and is actually observed to
already have been cleaved into several smaller fragments that are being pushed away from
each other by the growing polyethylene fibers. This internal cleavage shows the presence
of the continuous bisection fragmentation model, as illustrated in Figure 4.21, occurring
even at the external surface of the spherical cap.
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Figure 4.17 Secondary Electron Microscopy (SEM) results on the LaOCl spherical caps after different ethylene
polymerization times. From left to right first, an overview consisting of multiple LaOCl spherical caps at a certain
polymerization time are given followed by a single spherical cap and finally a zoom-in on that specific spherical
cap. From top to bottom, an increase of ethylene polymerization time is given, starting at a pristine nonpolymerized sample and going up to 60 min of ethylene polymerization. The yellow, orange and red scalebars
represent a width of respectively 20, 5 and 2 microns.
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EDX maps of the pristine and 20 min ethylene polymerized sample in Figure 4.18, show the
presence of La, O and Cl, the constituents of LaOCl both before and after ethylene
polymerization. The high photon energies of especially La at 4651 eV for the Lα 1 emission
line means that the formed polyethylene phase (carbon binding energy is ~284 eV) will
barely lead to attenuation of these photons and therefore cause the La phase to be easily
observable through the polymer phase. For the pristine LaOCl spherical cap, only a small
contribution of carbon is found, most likely due to the adsorption of carbonate species due
to exposure to air during sample transfer. However, after 20 min of ethylene
polymerization, the carbon signal of the formed polyethylene phase becomes clear.

Figure 4.18 Top-view Secondary Electron Microscopy Energy Dispersive X-ray spectroscopy (SEM-EDX) results on
the LaOCl spherical caps before and after ethylene polymerization. On the left and right side, the top-view backscattered electron images of respectively the pristine and 20 min ethylene polymerized spherical caps are given
alongside the EDX maps of La, Cl, O, C, Ti and Si. The scalebars depict a width of 10 microns.
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The FIB-SEM results of the 20 min ethylene polymerized LaOCl spherical cap sample are
extended towards pristine, 2, 5 and 60 min in Figure 4.19. The observed fragmentation
behavior of these spherical caps consists of three stages as drawn schematically in Figure
4.20.
In the first stage, roughly 1 to 5 min of ethylene polymerization, the macroporous and
surface-cracked LaOCl spherical cap comes in contact with ethylene that is transformed into
polyethylene. Two different polymerization phenomena are observed in this first stage
depending on the location within the spherical cap. Namely, i) around the center of the
spherical cap, the first polyethylene fibers are extruded out of the surface exposed cracks
and locally start to peel off the LaOCl framework, which becomes infused with the
expanding polyethylene fibers. This peeling of small catalyst fragments belongs to the
shrinking core fragmentation model (see Figure 4.21). ii) The formation of polyethylene
within the internal macroporous cavities that leads to the rapid filling of such cavities. At
the outer rim of the spherical caps this cavity filling is observed to lead to a significant
degree of internal catalyst fragmentation already at this first stage. This type of catalyst
fragmentation as described by the internal cleavage of the framework into successively
smaller fragments belongs to the continuous bisection fragmentation model (see Figure
4.21) [58].
The second stage, roughly 10 to 20 min of ethylene polymerization, expands on the first
phase through the steady growth of both formed polyethylene phenomena observed. That
is, the porous polyethylene network formed due to the extrusion of polyethylene fibers
from the exposed surface cracks increases both in total surface coverage as well as thickness
and the thicker polyethylene regions observed at the outer rim, which cause a heavy local
degree of framework fragmentation, increase further in thickness. Additionally, these
thicker spheroidal regions, leading to a high degree of internal catalyst fragmentation, start
to appear now also around the center of the spherical cap as the build-up of stress exerted
on the locally thicker LaOCl framework region has now surpassed the required threshold.
Finally, in the third stage, at 60 min of ethylene polymerization, the polymerization activity
has been sufficiently high to cause a full disintegration of the original spherical cap
morphology in both small and large LaOCl fragments, which however still show additional
internal crack lines, dispersed uniformly throughout the formed polymer stage. The
presence of these small and large LaOCl fragments with internal cleavage lines that are
homogeneously dispersed throughout the formed polyethylene phase show that the
continuous bisection fragmentation model has become the dominant fragmentation
pathway for prolonged polymerization times.
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Figure 4.19 Cross-sectional scanning electron microscopy (SEM) to study the fragmentation behavior of the
ethylene polymerized LaOCl spherical caps. (a) Top-down overview of the full spherical caps at respectively 0
(pristine), 2, 5 and 60 min of ethylene polymerization. (b) A cross-section of the spherical caps that shows the
internal structure of the polyethylene-LaOCl spherical cap composites. (c) A zoom-in of these cross-sections to
provide enhanced view of the internal structure. The pink and blue dashed lines in respectively the pristine and 60
min ethylene polymerized samples show a thickness of 600 nm for the LaOCl spherical cap and 5.7 microns for the
polyethylene layer at those positions. The green circle refers to LaOCl fragments having been lifted up from the
spherical cap by the polyethylene formed within the porous catalyst framework. The orange circles indicate the
internal cleavage sites of the LaOCl framework. The yellow scale bars represent 10 µm, the white scale bars 5 µm
and the orange scale bars 2 µm.
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Figure 4.20 A schematic representation of the fragmentation behavior of the LaOCl spherical cap model system
during ethylene polymerization. Three different polymerization stages are drawn, starting from the pristine
spherical cap. In the first stage (i) the internal macroporous cavities and externally accessible cracks of the LaOCl
spherical cap starts to be filled with polyethylene and leads to both the extrusion of polyethylene fibers from these
cracks, as well as a locally heavy degree of framework fragmentation at the outer rim of the spherical caps,
indicating the occurrence of both the shrinking core and continuous bisection fragmentation models in Figure 4.21.
In the second stage (ii) both polymer phases, that is the extruded polyethylene fibers and the thick internal
polyethylene regions at the outer rims of the spherical caps, keep growing steadily and cause the formation of
additional cracking lines on the framework. Finally, in the third stage (iii) the original morphology of the spherical
caps has disintegrated into both large and small LaOCl fragments that are dispersed uniformly throughout the
polymer phase, showing that the continuous bisection fragmentation model has become dominant.

Figure 4.21 Schematic representation of the shrinking core and continuous bisection limiting modes of catalyst
framework fragmentation. The shrinking core fragmentation mode starts at the surface of the catalyst particle
whereas the continuous bisection fragmentation mode starts at the core outwards.
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The SEM and EDX images, shown in Figure 4.22, belong to the cross-sectional regions of the
pristine, 2 min and 60 min of ethylene polymerization, as shown in Figure 4.19. The crosssections are taken around the center of each spherical cap. For the pristine LaOCl spherical
cap, no carbon phase is observed within the cross-section, as expected, whereas for the 2
min ethylene polymerized sample a faint carbon signal can be seen, albeit difficult due to
the deposition of carbon on the platinum coating above the spherical cap during the
sputtering process. For the 60 min ethylene polymerization, a clear carbon phase can be
observed now, as well as the LaOCl fragments dispersed within the carbon phase.

Figure 4.22 Cross-sectional Secondary Electron Microscopy Energy Dispersive X-ray spectroscopy (SEM-EDX)
results on the LaOCl spherical caps before and after ethylene polymerization. The cross-sectional back-scattered
electron images alongside the EDX maps of La, Cl, O, C, Ti and Si are given for the pristine, 2 min and 60 min of
ethylene polymerization. The red boxes in the SEM images portray the area of the EDX maps in case it is smaller
than the SEM image shown. The scalebars depict a width of 2 microns.
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4.4 Conclusions
In this Chapter, a spherical cap model system has been introduced to bridge the gap
between conventional planar model catalyst systems and the industrially used spherical
catalyst particles in the field of α-olefin polymerization. Additionally, for this model system,
LaOCl was chosen as a support matrix instead of the conventional MgCl2 support matrix to
support the TiCl4 pre-active site. This provided both enhanced imaging contrast due to the
high atomic weight of the lanthanum-based matrix and excellent moisture stability to
enable the use of advanced micro-spectroscopy techniques under ambient conditions in
contrast to the low atomic weight and highly hygroscopic MgCl2. X-ray photoelectron
spectroscopy (XPS) gave evidence for the coordination of Ti4+ and even a minor presence of
Ti3+ species on the LaOCl surface before contact with the triethylaluminium co-catalyst.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) and Raman microscopy
confirmed the LaOCl chemical phase on the spherical cap model as well as the formation of
polyethylene after ethylene polymerization. Raman microscopy and photo-induced force
microscopy (PiFM) show the presence of two morphologically distinct polyethylene phases
formed with i) discrete and thicker polyethylene regions starting to be formed at the outer
rim of the spherical cap at early polymerization times that gradually start to cover also the
center of the spherical caps and ii) a network of highly intertwined polyethylene fibers
distributed more uniformly over the spherical cap. Cross-sectional scanning electron
microscopy (SEM) shows that the polyethylene fibers are extruded out of crack lines already
present on the pristine catalyst’s surface, which are subsequently expanding further due to
the stress of the polymer induced on the framework. These extruded polyethylene fibers
peel off small LaOCl fragments from the surface. At the outer rim of the spherical caps, large
LaOCl fragments are lifted up from the framework due to the polymerization of ethylene
within the LaOCl porous framework and confirms the observations made with Raman
microscopy and PiFM of locally thicker and spheroidal polyethylene regions. These findings
show that both limiting modes of fragmentation, namely the shrinking core (peeling off
small fragments at the surface) and continuous bisection (internal cleavage of the
framework) are occurring simultaneously throughout the polymerization process at early
polymerization times. However, at 60 min ethylene polymerization, a full disintegration of
the spherical cap morphology is observed according to a dominating continuous bisection
fragmentation model. The use of this industrially relevant spherical cap model system can
be expanded further for the high-throughput testing of support matrix formulations in the
field of α-olefin polymerization when combined with highly tunable deposition techniques
such as inkjet printing [59].
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Chapter 5. Summary and Future Perspectives
5.1 Summary
The aims of this PhD Thesis were threefold: (1) To gain a better understanding of the
fragmentation behavior of industrially relevant Ziegler-type polyolefin catalysts. (2) To
achieve this first aim, a methodology had to be designed and optimized to use X-ray
nanotomography techniques for the highly moisture sensitive and relatively low Z-contrast
polyolefin catalyst particles. (3) To fully utilize the potentials of X-ray nanotomography
techniques, create a relevant Ziegler-type support matrix that provides enhanced imaging
contrast with respect to the polyolefin phase.
In Chapter 1, the field of polyolefin catalysis is introduced with a short historic summary on
the discovery and development of the non-catalytic low-density polyethylene route and
subsequently the catalytic routes towards other grades of polyethylene as well as isotactic
polypropylene (iPP). The Ziegler-type catalyst family is then introduced with an emphasis
on the necessity of catalyst fragmentation during the α-olefin polymerization process to
ensure a sufficient polymerization rate as well as the need to have good control over this
process to prevent reactor fouling. A short summary is then given on several studies
performed to study this catalyst fragmentation behavior with mainly scanning electron
microscopy (SEM) as well as some initial results of X-ray microtomography on polyolefin
(catalyst) particles. Then X-ray nanotomography techniques are introduced with an
emphasis on ptychography X-ray compute tomography (PXCT) and X-ray fluorescence (XRF)
nanotomography to bridge the spatial resolution gap from the initial X-ray
microtomography studies into that of the field of electron microscopy.
In Chapter 2, X-ray nanotomography is introduced to study the fragmentation behavior
polyolefin catalysts. Here the focus was on studying a ~40 micron in diameter iPP ZieglerNatta composite particle with a polymer yield of 9.2 g iPP per g catalyst. A correlated PXCT
and X-ray fluorescence nanotomography setup at the DESY p06 beamline was utilized to
provide both 3-D electron density contrast from PXCT and 3-D elemental mapping from XRF
nanotomography. Loading of the Ziegler-Natta propylene polymerized catalyst particles in
polyimide capillaries inside a glovebox and subsequently sealing them with near-hermetic
sealing epoxy glue was found crucial to prevent hydration of the MgCl 2 framework and
therefore disintegration of the particle morphology even before exposure to the X-ray
beam. Yet, severe beam-damage was observed as a function of scanning time that limited
the amount of useable 2-D projections for tomographic reconstruction. Nonetheless, the 3D volumes of the PXCT and XRF nanotomography data-sets were successfully reconstructed,
albeit at non-optimal estimated 3-D spatial resolutions on the order of 500 nm. Subsequent
analysis into the distribution of the Ti species, acting as markers for the catalyst phase,
showed for the first time in 3-D direct evidence of the presence of both the shrinking core,
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also called layer-by-layer, and continuous bisection fragmentation models. These two
fundamental models describe how the catalyst particle fragments respectively, mainly at
the surface due to the peeling of catalyst species due to the stress induced by the locally
formed polyolefin (shrinking core) or throughout the core into successively smaller
fragments (continuous bisection). Ultimately, it was found that the continuous bisection
fragmentation model was dominating the overall fragmentation behavior of this specific
catalyst particle studied after mild polymerization conditions. A small summary of these
findings is given in Figure 5.1

Figure 5.1 The radial distribution as well as their volume renderings using a clipping plane to visualize the interior
of three selected Ti clusters in red (XRF nanotomography data-set) and the total volume showing the composite
isotactic polypropylene and catalyst phases (greyscale). The radial distribution both within the largest Ti clusters
as well as that of all Ti species throughout the composite particle was used to understand the fragmentation
behavior of this Ziegler-Natta catalyst particle at a polymerization yield of 9.2 g iPP per g catalyst.

In Chapter 3, the methodology of Chapter 2 is improved upon in two ways to gain a better
understanding of the fragmentation behavior of polyolefin catalyst particles. First of all, the
beam-damage observed in Chapter 2 was mitigated by successfully removing residual
diluent molecules that were present within the formed polyolefin shell due to carrying out
the α-olefin polymerization experiments under slurry-phase conditions. This allowed the
collection of 360 2-D projections with a 0.5 ° rotation angle leading to an estimated 3-D
spatial resolution of 74 nm for the PXCT data-set. Additionally, by carefully selecting the
Ziegler catalyst system with an average particle size around 3 microns, over 434 ethylene
polymerized catalyst particles (at 3.4 g high-density polyethylene (HDPE) per g catalyst)
were fully imaged and reconstructed. This opened up a route for the statistically relevant
analysis of the fragmentation behavior of a large ensemble of particles. Using a markerbased watershed segmentation these 434 composite particles were successfully separated
in the 3-D volume as individually labelled particles. Subsequent k-means clustering analysis
allowed to discriminate between HDPE-rich, catalyst-rich and highly mixed HDPE-catalyst
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phases and therefore study the degree of catalyst fragmentation within the ensemble. It
was found that there was a large heterogeneity in the overall degree of catalyst
fragmentation. Particles with a low degree of catalyst fragmentation mainly exhibited a
shrinking core type of fragmentation behavior whereas for particles with a high degree of
catalyst fragmentation the continuous bisection was found to be dominating the
fragmentation behavior. In Figure 5.2, the volume rendering of the successfully separated
434 composite particles using the marker-based watershed segmentation algorithm as well
as the results of the k-means clustering analysis with a zoom-in on the interior of a single
composite particle are given.

Figure 5.2 Volume rendering of the 434 ethylene polymerized catalyst particles after using a marker-based
watershed segmentation algorithm to separate and label each particle. Subsequently, a k-means clustering
algorithm was used to identify high-density polyethylene (HDPE, K1) and catalyst (K4) rich phases as well as mixed
phases of HDPE and catalyst (K2,3) to study the degree of catalyst fragmentation within the entire ensemble. Finally
the distribution of these K-clusters are given for the interior of a single composite particle to visualize the
fragmentation behavior of the catalyst particle.

In Chapter 4, LaOCl is introduced as a support matrix to provide enhanced imaging contrast
with polyethylene as opposed to that of the conventionally used MgCl 2 support matrix.
Additionally, whereas MgCl2 is highly hygroscopic, which puts stringent limits on the
measurement conditions with any imaging technique, LaOCl shows exceptional moisture
stability. However, the chemistry of LaOCl and its possible precursors (chloride and nitrate
salts) is vastly different from MgCl2 and therefore the conventional synthesis routes for
highly spherical MgCl2 particles can’t be directly translated to form highly spherical LaOCl
particles. Instead, a new spherical cap model system is introduced that allows us to mimic
the shape of a spherical particle whilst directly obtaining LaOCl from the calcination of a
spin-coated LaCl3 solution on a hydrophilic/hydrophobic patterned Si(100) substrate.
Therefore, the introduction of this spherical cap model system for polyolefin catalysis
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bridges the gap between the conventional planar thin film model systems and that of the
industrially relevant spherical catalyst particles. Using a toolbox of advanced chemical
imaging and spectroscopy techniques, the interplay between the formation of polyethylene
within the interior porous network of the LaOCl spherical caps and the resulting
fragmentation behavior of these LaOCl spherical caps is studied in detail. Using vibrational
microscopy based on Raman microscopy and photo-induced force microscopy (a correlated
nano-IR spectroscopy with atomic force microscopy technique), focused-ion beam scanning
electron microscopy, X-ray photoelectron spectroscopy and time-of-flight secondary ion
mass spectrometry, the presence of both polyethylene fibers extruded from cracks on the
external surface and formation of dense polyethylene phases within the internal pore
network of the LaOCl spherical caps are observed. These are then correlated to the
fragmentation behavior of the LaOCl framework that shows that both the shrinking core
and continuous bisection fragmentation models are occurring at early polymerization
times. At prolonged polymerization times and upon the full disintegration of the original
spherical cap morphology, the continuous bisection fragmentation model has become the
dominating fragmentation pathway, which most likely showed that mass transfer
limitations caused by a low initial fragmentation rate were overcome. In Figure 5.3, this
LaOCl spherical cap model system and the advanced chemical imaging and spectroscopy
toolbox utilized to study the ethylene polymerization are visualized.

Figure 5.3 A Schematic representation of the spherical cap model system on a Si(100) wafer (dark brown) utilizing
a LaOCl framework (the light brown spherical caps) as a support matrix to fabricate a Ziegler-type catalyst for the
polymerization of ethylene (monomers and polyethylene fibers shown in transparent grey). The advanced
chemical imaging and spectroscopy toolbox “captures” the interplay and relation between polyethylene growth
and LaOCl framework fragmentation as depicted with the camera-roll.
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5.2 Future Perspectives
5.2.1 A Better Understanding of the Fragmentation Behavior of Polyolefin
Catalysts
Throughout this PhD Thesis, the main focus has been to study the fragmentation behavior
of Ziegler-type catalysts. However, in Chapters 2, 3 and 4 the polymerization reaction
conditions were performed under (very) mild reaction conditions of typically 2 bar α-olefin
pressure, room temperature and without the addition of either hydrogen as a chainterminating reagent to control the molecular weight (distribution) and co-monomers, such
as 1-hexene and 1-octene, that can significantly alter polymer properties. With the currently
employed reactor set-up operating inside a N2-controlled glovebox, industrially relevant
conditions such as 10 bar monomer pressure, uniform heating of the slurry to 60 °C and
higher or addition of external reagents was simply not possible. Therefore, to gain a better
understanding of the fragmentation behavior of polyolefin catalysts it would be beneficial
to employ so-called stopped-flow reactors and rapid quenched-flow devices, such as those
developed by the McKenna group [1-3]. These reactors and devices facilitate industrially
relevant conditions at high pressures and temperatures, addition of hydrogen and comonomers and low residence times of the catalyst particles down to 40 milliseconds before
coming in contact with a quenching bath. Thus, low polymerization yields can be obtained
at industrially relevant conditions that when paired with the in this PhD Thesis introduced
PXCT and X-ray fluorescence nanotomography techniques can provide better insights into
the fragmentation of polyolefin catalyst particles as they would behave inside an industrial
reactor.
Another improvement to be made in parallel is that of in-situ X-ray nanotomography during
α-olefin polymerization. Since PXCT and XRF nano-tomography are scanning techniques and
even though improvements have been made recently that require less 2-D projections for
instance for PXCT for high quality 3-D reconstructions, there are faster full-field alternatives
that can provide phase-contrast imaging such as Zernike phase contrast and
holotomography [4,5]. One should take into consideration though that one of the downsides of these lense-based techniques is typically that their achieved 3-D resolutions are
lower than that of PXCT, which is a lense-less based imaging technique. The design of such
in-situ X-ray nanotomography experiments are especially difficult for α-olefin
polymerization due to the high moisture and oxygen sensitivity even of the pre-activated
catalysts and the typically high reaction rates. This means that the catalyst particles have to
be transferred to the X-ray tomography set-up under inert conditions at all times as they
can’t be reactivated after exposure to air. Additionally, a pulsed system should be designed
with two regimes. In the first regime, N2 at a specified pressure will be flown through the
capillary containing the particle and a tomograph will be collected as the starting point of
the pristine catalyst morphology. In the second regime, α-olefin monomers mixed with co155

catalyst species (for Ziegler-based polyolefin catalysis) will be injected into the N2 stream at
a known concentration followed by switching back to the first regime of pure N 2 flow. In
this way, short polymerization times can be ensured to limit the polymerization yield (since
the concentration of monomer injected is known), whereas during the following N2 flow
regime the tomographs can be collected. This can then be repeated X number of times to
collect X tomographs as a function of polymer yield. By keeping the entire system
pressurized and potentially heating the capillary to 60-80 °C (can use borosilicate or quartz
capillaries to this end) it should theoretically be possible to achieve industrially relevant
polymerization conditions in-situ.
Finally, this PhD Thesis has been focused on MgCl2-based Ziegler-type polyolefin catalysts
for X-ray nanotomography studies. The methodologies developed in this PhD Thesis,
therefore had to take into account the extreme sensitivity of the MgCl 2 framework for
moisture, even for ex-situ measuring conditions (hence the motivation to develop LaOCl as
a framework in Chapter 4). With these methodologies developed for the X-ray imaging of
polyolefin catalyst particles (both single particle and ensembles), it would therefore be
interesting to expand this research field to that of the other polyolefin catalyst families. The
Phillips and immobilized metallocene based polyolefin catalysts are typically based on SiO 2
frameworks, which typically shows a lower friability than MgCl 2 and therefore a different
fragmentation behavior and polymerization profile [6-9]. The advantage for ex-situ
measurements on these SiO2-based polyolefin catalysts is that sample loading will also be
considerably easier. It should be mentioned here that Ziegler-type catalysts using a thin
layer of MgCl2 coated on SiO2 are also industrially used and would make for a great
comparison with pure MgCl2 support systems when performing identical polymerization
conditions [10]. Initial Cr XRF nanotomography results obtained at the Diamond Light
Source (DLS) synchrotron facility, I14 beamline on a Cr/SiO2 Phillips ethylene polymerized
catalyst particle at <10 g HDPE per g catalyst is shown in Figure 5.4. It shows both an eggyolk distribution of the Cr active site throughout the composite particle as well as a large
crack from the center of the particle towards the surface, indicating that both the shrinking
core and continuous bisection fragmentation models are occurring simultaneously also for
the Phillips catalyst. However, additional experiments including the Cr distribution of the
pristine catalyst are required to obtain a better overview.
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Figure 5.4 Cross-section of a reconstructed Phillips Cr/SiO2 catalyst particle after ethylene polymerization to a yield
of several g of polyethylene per g of catalyst. The reconstruction shown is of a Cr XRF data-set, therefore showing
the distribution of the Cr active-site throughout the polymerized catalyst particle. An egg-yolk distribution of Cr
with a major crack through the interior of the composite particle can be observed, showcasing most likely the
presence of both the shrinking core and continuous bisection fragmentation models. The field of view is 67 x 67 x
55 microns. Reconstruction was performed with a filtered back projection. Achieved spatial resolution hasn’t
assessed for this data-set.
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5.2.2 Synthesis of LaOCl Microspheres as a Ziegler-type Support Matrix
In Chapter 4, we introduced LaOCl as a moisture stable and high imaging contrast support
matrix for Ziegler-type catalysis together with a spherical cap model system. This spherical
cap model system had the advantage that a straightforward direct calcination of a hydrated
LaCl3 salt could be used to obtain the LaOCl phase whilst obtaining a model system
morphology relevant to the industrially used spherical catalyst particles.
However, direct calcination of a hydrated bulk LaCl3 salt will lead to large chunks of LaOCl
and typically La2O3 due to the immense amounts of H2O coming off that leads to further
hydrolysis, even under a flow of dry air. Alternatively, we initially tried the synthesis method
used by Peringer et al., where an amine-base such as NH4OH or tetraalkylaluminium
hydroxide (ethyl, propyl or butyl) was added dropwise to an aqueous solution of LaCl 3 [11
All though this provides relatively high surface areas on the order of 100 m 2/g, scanning
electron microscopy (SEM) results in Figure 5.5 show that both small and large particles are
present with a non-spherical, plate-like morphology, which are the two main requisites for
the development of a bulk LaOCl support matrix.

Figure 5.5 Scanning electron microscopy (SEM) image of a LaOCl batch synthesized according to the Peringer
method with triethylammonium hydroxide as the precipitation base [11]. The particle size distribution ranges from
particles of several microns in size to over a hundred microns as well as a rocky, non-spherical particle morphology.
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Understanding that aqueous LaCl3 solutions precipitate immensely fast upon the addition
of a base several other routes were explored such as precipitation with urea, where
hydrolysis of urea occurs above 60 °C in a homogeneous manner throughout the solvent,
sugar-templated hydrothermal synthesis and ultrasonic spray-pyrolysis. The urea method
yielded similar results as through the addition of the organic bases. The sugar-templated
hydrothermal synthesis (StHS) route with sucrose as the sacrificial template, did provide
highly spherical particles as shown in Figure 5.6 but the chemical phase obtained was either
a lanthanum (oxy)carbonate intermediate or when increasing the calcination temperature
to a La2O3 end-product instead of LaOCl.

Figure 5.6 Scanning electron microscopy (SEM) image of a LaOCl batch synthesized according to the sugartemplated hydrothermal synthesis (StHS) route using sucrose as the sacrificial template. A combination of highly
spherical particles of several microns in diameter as well as more hemoglobin-shaped particles were obtained
through this route. Unfortunately, the chemical phase after burning off the sacrificial template was either a
lanthanum (oxy)carbonate or La2O3.

The next step and final method developed for the synthesis of LaOCl microspheres is based
on ultrasonic spray pyrolysis. In this method, the ultrasonic probe acts as a nebulizing agent
to create a fine mist of H2O droplets on the order of a few microns in diameter that contain
the solute, in this case LaCl3 * 7H2O and cetrimonium bromide (CTAB) as a templating agent
to improve the porosity and surface area of the final powder. This fine mist is then pushed
into the tube oven set at a certain temperature high enough to cause the chemical
transformation of LaCl3 * 7H2O to LaOCl using a carrier gas such as synthetic air or pure N 2.
Finally, the products are collected in several flasks set in series containing solvents such as
ethanol or H2O and after filtration, washing steps and a drying or additional calcination
procedure (if using N2 flow to burn of the remaining and transformed CTAB template inside
the pore network) the LaOCl microspheres are obtained. In Figure 5.7 the ultrasonic spray
pyrolysis setup build in-house is shown.
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Figure 5.7 Lay-out of the ultrasonic spray-pyrolysis set-up utilized for the synthesis of LaOCl microspheres. On the
right side the ultrasonic nebulizer can be seen within the aqueous LaCl3 solution in the tubing for carrier gas in
(black tubing) and LaCl3 mist to the tube oven (transparent tubing). The tube oven is set at a temperature typically
between 500-900 °C and with either a synthetic air or pure N2 carrier gas. Finally, on the left side the LaOCl
microspheres and by-products such as HCl are collected in several washing flasks set in series mode. Depending
on the carrier gas, a final calcination step was utilized to burn off residual template (CTAB derived) molecules.

Several conditions can be played with to tune the final particle morphology as well as
porosity and surface area including temperature of the tube oven, flow-rate (thus residence
time), concentration of the LaCl3 salt and type of carrier gas (synthetic air versus N2). All
though a large screening of the effect of these synthesis parameters is still ongoing, below
in Figures 5.8 to 5.10 respectively SEM and TEM images as well as the X-ray diffractogram
and N2 physisorption derived pore size distribution are given for a LaOCl batch prepared at
the following conditions: tube oven temperature of 700 °C using a pure N2 carrier gas at
750 mL/min with a 10:1 molar ratio of LaCl3 (0.27M) to CTAB in demineralized H2O followed
by a final calcination step of 500 °C with 5 °C/min ramp and 4 h hold time after the filtration
and washing steps to remove the CTAB-derived template. The BET surface area and pore
volumes obtained from N 2 physisorption for a typical batch prepared under the abovementioned experimental conditions are on the order of 77 m2/g and 0.3 cm3/g, respectively.
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b)

a)

Figure 5.8 Focused-ion beam scanning electron microscopy (FIB-SEM) images showing in a) an overview of several
LaOCl microspheres ranging from sub-micron up to 5 microns in diameter and in b) the cross-section of several
microspheres where the highly porous interior structure can be observed.

a)

b)

Figure 5.9 Transmission electron microscopy (TEM) images showing in a) several LaOCl microspheres and in b)
zoom-in on a different single microsphere where LaOCl nano-platelets can be seen at the interior core of the
particle. These microspheres were imaged without any cross-sectional preparation techniques.

a)

b)

Figure 5.10 a) X-ray diffractogram showing the crystalline pure phase of LaOCl after ultrasonic spray pyrolysis (in
black, LaOCl USP) at the typical experimental conditions described above versus that of a LaOCl database
reference. b) N2 physisorption data of the pore size distribution of the same LaOCl batch.
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Initial SEM results of a ethylene polymerization performed on a LaOCl USP batch (without
CTAB as template) is given in Figure 5.11 and shows the superb imaging contrast obtained
between polymer and LaOCl phases when collecting backscattered electron signals. TiCl 4
grafting was performed under Schlenk-line conditions with a large excess of 30 v/v% TiCl4
in heptane at 100°C for 2 hours followed by extensive washing with toluene (since TiCl 4
obtains a dark orange colour in toluene, which makes it an useful indicator for washing).
Finally, the Ti/LaOCl catalyst was vacuum dried and stored in a N2-filled glovebox operating
at <1 ppm H2O and O2. Ethylene polymerization was performed at 10 bar ethylene pressure
and 80 °C for roughly ten minutes using 50 mg catalyst in 10 mL heptane and a large excess
of triethylaluminium (as Ti wt% isn’t determined yet). The determined yield of this batch
was about 30 g PE per g catalyst due to clogging of the small volume autoclave by the
formed polyethylene. Benchmark ethylene polymerization testing of these Ti/LaOCl USP
catalysts with conventional MgCl2-based Ziegler polyethylene catalysts is ongoing.
Considerable research efforts are required to both fully optimize the LaOCl USP method for
the fine-tuning of particle morphology, particle size distribution and improve the porosity
towards that of the Peringer et al., base precipitation method [11] and finally to study the
nature of the Ti3+ active site on the LaOCl surface to which important questions remain: to
which LaOCl crystal lattices does it preferentially coordinate? Is the nature of the active site
similar to that of Ti3+ supported on MgCl2? What is the activity of Ti/LaOCl as compared to
a conventional MgCl2-based Ziegler-type catalyst? Can Ti/LaOCl also polymerize propylene
into isotactic polypropylene (with or without donors added)?
However, based on the superb imaging contrast observed between LaOCl and polyethylene
and the excellent moisture stability, it would be highly interesting to use the ethylene
polymerized LaOCl frameworks for the X-ray nanotomography techniques introduced in this
PhD Thesis for α-olefin polymerization. Not only would it simplify the overall methodology
since the polymerized catalyst can simply be handled under ambient conditions, it will also
provide exceptional XRF data-quality due to the La Lα1 emission energy at 4651 eV. All
though this will overlap with the Ti active site, it’s not a problem since Ti was used as a
marker for the catalyst phase in Chapter 2 (at only a few wt% loading) and now the entire
catalyst support matrix becomes a marker for XRF! Additionally, it will also help for the PXCT
data-quality as the electron density of the LaOCl phase will be higher than that of MgCl 2 and
therefore provide a stronger contrast between catalyst and polyolefin phases.
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Figure 5.11 Scanning electron microscopy (SEM) images of initial ethylene polymerization results on a LaOCl USP
batch (without CTAB as template to improve porosity of pristine LaOCl) on a) overview of many polyethylenecatalyst composite particles and b) zoom-in on a single particle where the white bright dots represent the
fragmented catalyst phase and the long fibers observed are the formed polyethylene. The polyethylene (PE) yield
is ~30 g PE per g catalyst.
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5.2.3 Development of Fluorescently-Labelled Internal and External Donors
MgCl2 Crystals Grown on Si-based Substrates
The inspiration for Chapter 4 came from the works of Andoni et al., on the synthesis of welldefined MgCl2 crystals grown on SiO2/Si(100) substrates using different internal donor [1215]. They observed that diether-based donors yield exclusively 120° angles between the
exposed lateral facets of these crystals whereas mono-and-diester-based donors were able
to yield both 90° and 120° angles on the exposed lateral facets. This was a visual
confirmation that diether-based donors coordinated most likely exclusively to the (110)
lattices of MgCl2 whereas ester-based donors can coordinate to both the (110) and (104)
lattices as shown with theoretical calculations [16].
In parallel to the development of the LaOCl spherical cap model system to showcase a
moisture stable Ziegler-type support matrix, experiments were performed towards the
spin-coating and subsequent solvent vapor annealing (SVA) of a mixture of anhydrous MgCl2
and different fluorescently labelled internal donors dissolved in an anhydrous alcohol inside
a N2-controlled glovebox on a Si(100) substrate.
AFM images of MgCl2 crystals grown under varying experimental conditions with nonlabelled internal donors are given in Figure 5.12. As is shown, different reaction conditions
such as the SVA temperature and the use of pure or MgCl 2 saturated ethanol in the SVA
step can have significant influences on the morphological growth of the MgCl 2 crystals.
With the successful growth of well-defined MgCl2 crystals using non-labelled internal
donors, the next step was to synthesize these well-defined MgCl2 crystals with fluorescently
labelled internal donors. This would then allow us a route to provide direct evidence for the
coordination of fluorescently labelled diesters and diethers to the exposed lateral facets of
MgCl2 that exhibit a specific angle (90° versus 120°) using confocal fluorescence microscopy
(CFM). The chemical structure of these fluorescently labelled donors is shown in Figure 5.13.
Additionally, the interaction of these fluorescently labelled internal donors with the cocatalyst could then be studied in-situ with the CFM using specially adapted Linkam® cells.
This would then provide visual proof that diester donors are indeed extracted from the
MgCl2 surface due to coordination and reaction with trialkylaluminium co-catalyst species
whereas diethers are typically stable against the co-catalyst. By using mixed systems of
fluorescently labelled diesters and diethers, the preferential removal of the diester could
then be linked to the exposed lateral facets of the MgCl 2 crystal. Some initial CFM results
on the coordination of fluorescently labelled internal donors to MgCl 2 are shown in Figure
5.14. Due to the low solubility of these fluorescently labelled internal donors in ethanol, a
switch had to be made from pure ethanol as a spin-coating solvent to a 50/50 v% mixture
of ethanol and iso-propanol. As can be seen especially from the AFM image in Figure 5.14,
is that the morphology of these crystals are poorly defined as opposed to those shown in
Figure 5.12. The most likely reason is that at these donor concentrations, a significant
amount of pi-stacking occurs from the perylene tags that inhibits proper crystal growth. This
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is also evidenced by the red-shifted CFM emission spectrum where the emission band is
centered around 600 nm and in literature is around 474 nm (all though there it is measured
in MeCN) [17].
Therefore, whereas this model system shows great potential to study the interplay between
the internal donors and the exposed lateral facets of MgCl 2 crystals before (synthesis) and
during propylene polymerization significant improvements are required to obtain
fluorescently labelled internal donors – MgCl2 crystals with the quality as those fabricated
with non-labelled internal donors.

Figure 5.12 Atomic force microscopy (AFM) images of MgCl2 crystals grown on a Si(100) substrate with diisobutyl
phthalate (DIBP) as an internal donor from a subsequent spin-coating and solvent vapour annealing (SVA) based
on Andoni et al. [13,14]. A) Top-view & 3-D rendered AFM images and extracted line-profile of a MgCl2 crystal
showing exclusively 90 ° angles between exposed lateral facets and an internal stair-case growth mechanism.
Reaction conditions: 10 mM MgCl2, 1 mM DIBP in ethanol spin-coated at 2800 rpm for 30 s followed by SVA at 60
°C for 3 hours using MgCl2 saturated ethanol. B) Top-view & 3-D rendered AFM images and extracted line-profile
of a MgCl2 crystal showing exclusively 120 ° angles between exposed lateral facets. Reaction conditions: same as
for A but pure ethanol used during the SVA step. C) Top-view AFM image of a single MgCl2 crystal and optical
microscope image of several MgCl2 crystal showing different crystal morphologies. Reaction conditions: 10 mM
MgCl2, 1 mM DIBP in ethanol spin-coated at 2000 rpm for 30 s followed by SVA at 50 °C for 3 hours using MgCl2
saturated ethanol.
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Figure 5.13 Chemical structures of the fluorescently labelled donors interesting to study with the MgCl 2 welldefined crystal model system of Andoni et al. From left to right, the diester internal, silane external and diether
internal donors. The fluorescent tag is a perylene unit with a characteristic emission band typically around 400500 nm region. Based on [17].

Figure 5.14 From left to right: confocal fluorescence microscopy (CFM) image with a 405 nm excitation wavelength
of MgCl2 crystals grown with the fluorescently labelled diester internal donor from Figure X at a 10:1 molar ratio
(20 mM MgCl2) in a 50/50 v% ethanol/iso-propanol mixture at 2000 rpm for 30 seconds followed by solvent vapour
annealing at 60 °C for 3h using pure ethanol. Then the CFM emission spectrum is given, which shows a clear redshifted spectrum due to pi-stacking of the perylene tags as opposed to the emission spectra given by Guzeev et al.
[17]. Finally an atomic force microscopy image is given for one of the fluorescently labelled internal donor – MgCl2
crystals, which shows that as opposed to the use of non-labelled internal donors a poorly defined MgCl2 crystal is
obtained under these reaction conditions.
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5.3 Nederlandse Samenvatting
Het doel van deze PhD scriptie was drievoudig: (1) Het beter begrijpen van het
fragmentatiegedrag van industrieel relevante Ziegler-gebaseerde polyolefine
katalysatoren. (2) De ontwikkeling en optimalisatie van een methodologie voor het
hanteren en meten van de zeer water-gevoelige en relatief lage Z-contrast gevende
polyolefine katalysatoren met Röntgenstraling nanotomografie. (3) De ontwikkeling van
een relevante Ziegler-gebaseerde drager materiaal met een sterker Z-contrast ten opzicht
van het originele drager materiaal voor het beter in kaart brengen van het
fragmentatiegedrag met verschillende meettechnieken.
In Hoofdstuk 1 is het veld van polyolefine katalyse geïntroduceerd met een kort, historisch
overzicht over de ontdekking en ontwikkeling van de niet-katalytische lage-dichtheid
polyethylene route en daaropvolgende katalytische routes naar andere polyethyleen types
en isotactisch polypropyleen (iPP). Daaropvolgend wordt de Ziegler-gebaseerde
katalysatorfamilie
geïntroduceerd
met
de
nadruk
op
hoe
belangrijk
katalysatorfragmentatie is tijdens het α-olefine polymerisatieproces. Hiermee wordt zowel
een minimum polymerisatiesnelheid gegarandeerd als een goede controle verkregen over
het proces om reactor vervuiling te voorkomen. Een korte samenvatting is daarna gegeven
over meerdere literatuur studies betreffende het bestuderen van het
katalysatorfragmentatiegedrag met voornamelijk scannende elektronen microscopie (SEM)
en Röntgenstraling microtomografie op polyolefine (katalysator) deeltjes. Daarna worden
Röntgenstraling nanotomografie technieken geïntroduceerd met een nadruk op
ptychografie Röntgenstraling berekende tomografie (PXCT) en Röntgenstraling
fluorescentie (XRF) nanotomografie die de ruimtelijke resolutie tussen de reeds-gebruikte
Röntgenstraling microtomografie studies verbinden met die van elektronen microscopie.
In Hoofdstuk 2 wordt Röntgenstraling nanotomografie geïntroduceerd als analytische
techniek voor het bestuderen van het fragmentatiegedrag van polyolefine katalysatoren.
Hier wordt de focus gelegd op het bestuderen van een iPP Ziegler-Natta composietdeeltje
van 40 micron in diameter verkregen bij een polymeer opbrengst van 9.2 g iPP per g
katalysator. Een gecorreleerde PXCT en XRF nanotomografie opstelling bij de DESY P06
bundellijn werd gebruikt om zowel de elektronendichtheid (vanuit PXCT) en verschillende
chemische elementen (vanuit XRF nanotomografie) in 3-D in kaart te brengen. Het laden
van de Ziegler-Natta propyleen gepolymeriseerde katalysatordeeltjes in polyimide
capillairen binnen inerte omstandigheden en opeenvolgend verzegelen met een epoxy lijm
was cruciaal om het hydrateren van het MgCl 2 kader te voorkomen. Dit zou anders tot de
disintegratie van de katalysatorfase leiden. Toch werd stralingsschade geconstateerd als
een functie van de blootstellingstijd waardoor slechts een gelimiteerd aantal bruikbare 2-D
projecties beschikbaar was voor de tomografische reconstructie. Niettemin konden de 3-D
volumes van zowel de PXCT en XRF nanotomografie datasets succesvol gereconstrueerd
worden. De geschatte 3-D ruimtelijke resolutie is ter grootte van 500 nm voor de
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reconstructies. De daaropvolgende analyse naar de distributie van Ti soorten, die als
markeringen functioneren voor de katalysatorfase, lieten voor de eerste keer in 3-D direct
bewijs zien voor de aanwezigheid van zowel de krimpende kern, ook wel laag-bij-laag
genoemd, en de continu doorsnijdende fragmentatiemodellen. Deze twee fundamentele
fragmentatiemodellen beschrijven hoe het katalysatordeeltje kan fragmenteren. Dit
gebeurt of vooral aan het oppervlak door het pellen van de katalysatorsoorten als gevolg
van de stress geïnduceerd door de lokaal gevormde polyolefine (krimpende kern) of door
de gehele kern in opeenvolgende kleinere fragmenten (continu doorsnijdend). Uiteindelijk,
werd het continu doorsnijdende fragmentatiemodel als het dominerende model gevonden
voor het totale fragmentatiegedrag van dit specifieke katalysatordeeltje na milde
polymerisatie condities. Een korte samenvatting van deze bevindingen is geïllustreerd in
Figuur 5.4.

Figuur 5.4 De radiale distributie alsmede de volume weergave met een snijvlak om het binnenste te laten zien van
drie geselecteerde Ti clusters in rood (XRF nanotomografie dataset) en de totale volume in grijstinten die zowel
het composiet van de isotactisch polypropyleen en katalysatorfases weergeeft. De radiale distributies binnen
zowel de grootste Ti clusters als die van alle Ti soorten door het composiet deeltje heen, werden gebruikt om het
fragmentatiegedrag van dit Ziegler-Natta katalysatordeeltje te bestuderen.

In Hoofdstuk 3 is via twee manieren de methodologie van Hoofdstuk 2 verbeterd om een
beter begrip te krijgen van het fragmentatiegedrag van polyolefine katalysatordeeltjes. Ten
eerste, werden overgebleven oplosmiddelmoleculen succesvol verwijdert. Hierdoor
konden 360 2-D projecties met een 0.5 graad rotatie hoek bemachtigd worden. Dit leidde
tot een geschatte 3-D ruimtelijke resolutie van 74 nm voor de gehele PXCT dataset.
Bovendien kon door het zorgvuldig selecteren van het Ziegler katalysatorsysteem, met een
gemiddelde deeltjes grootte van circa 3 micron, een volledige reconstructie gemaakt
worden van meer dan 434 ethyleen gepolymeriseerde katalysatordeeltjes (bij een polymeer
opbrengst van 3.4 g HDPE per g katalysator). Dit opende een route voor de statistisch
relevante analyse van het fragmentatiegedrag van een grote groep deeltjes. Door het
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gebruikmaken van een markering-gebaseerd waterscheidingssegmentatie, konden deze
434 composiet deeltjes succesvol van elkaar gescheiden worden als individueel gelabelde
deeltjes in het 3-D volume. Opeenvolgende k-gemiddelde clusteringsanalyse stelde ons in
staat om een onderscheid te maken tussen HDPE-rijke, katalysator-rijke en zeer gemixte
HDPE-katalysatorfases. Hierdoor kon de mate van katalysatorfragmentatie bestudeerd
worden binnen deze groep deeltjes. Hieruit bleek dat er een grote heterogeniteit is in de
progressie van katalysatorfragmentatie binnen deze groep. Deeltjes met een lage
progressie van katalysatorfragmentatie lieten vooral een krimpende kern type van
fragmentatiegedrag zien, terwijl voor deeltjes met een hoge progressie van
katalysatorfragmentatie de continu doorsnijdende type als dominerend werd bevonden
voor het fragmentatiegedrag. In Figuur 5.5 zijn zowel de volume weergave van de succesvol
gescheiden 434 composietdeeltjes weergegeven na het gebruik van een markeringgebaseerde waterscheidingssegmentatie en de resultaten van de k-gemiddelde
clusteringsanalyse met een zoom-in in de interieur van een enkele composietdeeltje.

Figuur 5.5 Volume weergave van de 434 ethyleen gepolymeriseerde katalysatordeeltjes na het gebruik van een
markering-gebaseerde waterscheidingssegmentatie algoritme om elke deeltje te scheiden en te labelen.
Daaropvolgend, werd een k-gemiddelde clustering algoritme gebruikt om hoge-dichtheid polyethyleen (HDPE, K1)
en katalysator (K4)-rijke fases te identificeren alsmede gemixte fases van HDPE en katalysator (K2,3). Deze k-clusters
werden gebruikt om het fragmentatiegedrag binnen de gehele groep te bestuderen. Uiteindelijk wordt de
distributie van deze k-clusters weergegeven in het interieur van een enkele composietdeeltje om het
fragmentatiegedrag van het katalysatordeeltje te laten zien.
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In Hoofdstuk 4 wordt LaOCl geïntroduceerd als een dragermateriaal om een verbeterd Zcontrast te geven voor het bestuderen van het katalysatorfragmentatiegedrag ten opzichte
van het conventioneel gebruikte MgCl2 dragermateriaal. Terwijl MgCl2 zeer hygroscoop is,
wat grote beperkingen met zich meebrengt voor de meetcondities van vele
meettechnieken, laat LaOCl een betere stabiliteit zien tegen vocht. Echter, de chemie van
LaOCl en van de mogelijke voorlopers (chloride en nitraat zouten) is enorm verschillend van
MgCl2. Hierdoor kunnen de reeds ontwikkelde conventionele synthese routes voor zeer
sferische MgCl2 deeltjes niet direct gebruikt worden om sferische LaOCl deeltjes te vormen.
In plaats daarvan, is een nieuw bolkap modelsysteem door ons geïntroduceerd, die in staat
is om de vorm van een sferisch deeltje na te bootsen. Daarnaast wordt de LaOCl chemische
fase direct in één stap bemachtigd na het spin-coaten en calcineren van een LaCl3 oplossing
op een hydrofiel/hydrofoob patroonvormig Si(100) substraat. Daardoor vormt de
introductie van dit bolkap modelsysteem voor polyolefine katalyse een brug tussen de
conventioneel gebruikte planaire dunne laag modelsystemen en die van de industrieel
relevante sferische katalysatordeeltjes. Door het gebruikmaken van een gereedschapskist
van geavanceerde chemische meet-en-spectroscopie technieken, kon de wisselwerking
tussen de formatie van polyethyleen binnen het porienetwerk van de LaOCl bolkappen en
de daaropvolgende fragmentatiegedrag van deze LaOCl bolkappen in detail bestudeerd
worden. Vibrationele microscopie technieken gebaseerd op Raman microscopie en fotogeïnduceerde kracht microscopie (een gecorreleerde nano-IR spectroscopie techniek met
atoom kracht microscopie) alsmede gefocusseerde-ionen straal scannende elektronen
microscopie, Röntgen foto-elektron spectroscopie en time-of-flight secundaire ionen massa
spectrometrie, lieten de aanwezigheid zien van zowel polyethyleen fibers geëxtrudeerd
vanuit scheuren op het externe oppervlak en de vorming van dichte polyethyleen fases
binnen het poreuze netwerk van de LaOCl bolkappen. Deze bevindingen werden daarna
gecorreleerd aan het fragmentatiegedrag van het LaOCl kader dat liet zien dat zowel de
krimpende kern en continu doorsnijdende fragmentatiemodellen aanwezig zijn bij lagere
polymerisatietijden. Bij langdurige polymerisatietijden en volledige disintegratie van de
originele bolkappen morfologie, is de continu doorsnijden fragmentatiemodel dominerend
geworden voor het gehele fragmentatiegedrag, wat hoogstwaarschijnlijk laat zien dat
massatransport limitaties veroorzaakt door de initiële lage fragmentatiesnelheid,
overwonnen werden. In Figuur 5.6, is dit LaOCl bolkappen modelsysteem weergegeven
samen met de geavanceerde chemische meet-en-spectroscopie gereedschapskist, die werd
gebruikt om het ethyleen polymerisatiegedrag te bestuderen.
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Figuur 5.6 Een schematische weergave van het bolkap modelsysteem op een Si(100) substraat (donkerbruin) door
gebruikmakend van een LaOCl kader (lichtbruine bolkappen) als een drager materiaal voor een Ziegler-gebaseerde
katalysator voor de polymerisatie van ethyleen (monomeren en polyethyleen fibers zijn weergegeven als
donkergrijs). De geavanceerde gereedschapskist met verschillende meettechnieken “vangt” de wisselwerking en
relatie tussen polyethyleen groei en LaOCl kader fragmentatie zoals weergegeven in de camera-rol.
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Appendix A: List of Abbreviations
AFM
a-PP
ART
CDI
DESY
DLS
DSC
E.D.
EDX/ED
EPR
ESD
F
FBP
FCC
FIB
FOV
FP
FSC
FWHM
GL30
H
HDPE
Hit-PP
HWHM
I
I.I.
IART
ICP-AES
i-PP
K1
K2
K3
K4
KB
LDPE
LLDPE
MAO
MCR
MDPE
MWD
NCCs
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Atomic force microscopy
Atactic polypropylene
Algebraic reconstruction technique
Coherent diffraction imaging
Deutsches Elektronen-Synchrotron
Diamond Light Source
Differential scanning calorimetry
Electron density
Energy dispersive X-ray spectroscopy
Ethylene-propylene rubber
Equivalent spherical diameter
Force constant
Filtered back projection
Fluid catalytic cracking
Focused-ion beam
Field of view
Fragmentation parameter
Fourier shell correlation
Full width at half maximum
A line-shape definition where 70% is Gaussian and 30% is Lorentzian
Horizontal
High-density polyethylene
Hemi-isotactic polypropylene
Half width at half maximum
Current of the sputter beam
Isotacticity
Iterative algebraic reconstruction technique
Inductively coupled plasma atomic emission spectroscopy
Isotactic polypropylene
k-means cluster representing a HDPE-rich phase
k-means cluster representing a highly mixed phase of HDPE and catalyst with a
higher contribution of HDPE phase
k-means cluster representing a highly mixed phase of HDPE and catalyst with a
higher contribution of catalyst phase
k-means cluster representing a catalyst-rich phase
Kirkpatrick-Baez
Low-density polyethylene
Linear low-density polyethylene
Methylaluminoxane
Multivariate curve resolution
Medium-density polyethylene
Molecular weight distribution
Non-connected components

NLM
ODTS
PE
PiFM
PSD
PXCT
PY
QCL
ROI
SAM
SART
SDD
SE
SEM
SIRT
SLS
s-PP
StHS
TEAL
THF
ToF-SIMS
UHMwPE
USP
V
VLDPE
Vr

wt%
XCMT
XCNT
XPS
XRF
XRFT
ΔE
λ
φ
Ψ
ψ

Non-local means
Octadecyltrichlorosilane
Polyethylene
Photo-induced force microscopy
Particle size distribution
Ptychographic X-ray computed tomography
Polymer yield
Quantum cascade laser
Region of interest
Self-assembled monolayer
Simultaneous algebraic reconstruction technique
Silicon drift detector
Secondary electron(s)
Scanning electron microscopy
Simultaneous iterative reconstruction technique
Static laser scattering
Syndiotactic polypropylene
Sugar-templated hydrothermal synthesis
Triethylaluminium
Tetrahydrofuran
Time-of-flight secondary ion mass spectrometry
Ultra-high molecular weight polyethylene
Ultrasonic spray pyrolysis
Vertical
Very low-density polyethylene
A fragmentation parameter based on the ratio of the total volume of the first
three k-means clusters (K1,K2,K3) to the mean volume of the catalyst-rich K4
cluster.
Weight percentage
X-ray computed micro-tomography
X-ray computed nano-tomography
X-ray photoelectron spectroscopy
X-ray fluorescence
X-ray fluorescence tomography
Component splitting value
Wavelength of the X-ray probe
Pitch
Sphericity
Yaw
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