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Chapter 1
Introduction and scope
1.1 Catalysis
The dictionary defines a catalyst as a substance that, without itself undergoing any
permanent chemical change, increases the rate of a reaction. Catalysis is the
acceleration of a chemical reaction by using such a substance. While catalysis is most
well known in connection with automotive exhaust cleaning, it is in fact everywhere
around us. At least 80% of all chemical products are produced with the aid of
catalysis. Applications vary from the production of sulphuric acid and the refining of
crude oil to the production of medicines and high performance polymers. Traveling by
plane, watching television, wearing clothes and consuming food is all made possible
by the use of catalysts. Besides creating opportunities for producing new materials,
catalysis increases efficiency and decreases waste. Together catalytic processes
represent a total worth of $ 3,900 billion annually [1]. Even life itself would not be
possible without the existence of biological catalysts, called enzymes. These enzymes
control molecular shapes and accelerate processes in living cells that would otherwise
be too slow to sustain life.

Figure 1.1: Schematic representation of a catalytic cycle.
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Catalysis may sound like magic. How can a substance accelerate a reaction and
remain unaltered? The way a catalysts works is best explained by considering the socalled catalytic cycle of a certain reaction (say A2+B2→2AB). In an adsorption
reaction the catalysts forms a bond with the molecules from which the products have
to be formed. Upon adsorption internal bonds of the molecule are weakened or broken
which makes it more reactive. The molecule undergoes one or more reactions that
lead to the formation of the desired product which is then still bound to the catalyst.
The final step is desorption of the product and regeneration of the catalyst so that it is
ready to adsorb new reagents (Figure 1.1). As the definition of a catalyst already
implies, this regeneration step is important. Without this step there is no cycle and
hence, no catalysis. A catalyst cannot change the thermodynamics of a given reaction
which means that the equilibrium is unaltered. The rate of a reaction is increased by
introducing a more favorable reaction pathway, namely one of lower activation
energy (Figure 1.2). The result is that much milder reaction conditions can be chosen
(e.g., lower temperatures and pressures), which greatly enhances efficiency by
decreasing energy and plant costs. The efficiency is also increased by optimization of
the selectivity of a catalyst. A catalyst can be tuned in such a way that only reaction
pathways towards desired products are favorable. A decreasing chance of side
reactions means that fewer reagents are needed and less waste is produced.

potential energy

A
A

B
B
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barrier for gas
phase reaction

A
B
A A B B
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A
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Figure 1.2: Potential energy diagram of the reaction A2+B2→2AB, showing gas
phase and catalytic reaction pathways.
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Catalysts are usually divided in two main groups: homogeneous and heterogeneous
catalysts. In homogeneous catalysis the reaction mixture and the catalysts are all in
the same phase, usually the liquid phase. The catalyst can be a metal complex which
is dissolved in a solvent together with the reagents. Homogeneous catalysts are
characterized by a high activity and selectivity. A major drawback of this type of
catalysts is that they are difficult to separate from the reaction mixture after the
reaction is finished. In combination with high catalyst cost, this has made
homogeneous catalysis less popular in industry. Homogeneous catalysts are mostly
found in batch processes where volumes are small and the added value is high, e.g.,
pharmaceuticals. Another type of homogeneous catalysis – although it is also
considered as a class on its own – is biocatalysis. In biocatalysis natural catalysts,
called enzymes are used in chemical reactions.
In heterogeneous catalysis the catalyst is in a different phase than the reaction
mixture. Usually, the catalyst is a solid substance (e.g., a metal or a metal oxide) and
the reaction mixture can be a gas or a liquid. The success of this type of catalyst is due
to the ease at which it can be applied in all types of reactions, carried out in both
continuous and batch mode. It is relatively easy to separate the catalyst from the
reaction mixture and reuse it. Since the catalytic material is often expensive and can
only work if it is brought in contact with the reagents, heterogeneous catalysts are
usually dispersed on a high surface area carrier to obtain a high surface to weight
ratio.

1.2 Polyethylene
Polyethylene is the most intensively used polymer worldwide [2]. The annual
production exceeds 40 million metric tons [3]. Polyethylene is created with one of the
simplest building blocks used to make polymers: the monomer ethylene. After
polymerization of ethylene long chains of successive -CH2- units are formed. In some
cases short alfa-olefins are used as comonomers to introduce side groups (branches).
The properties of polyethylene are greatly affected by the distribution of various chain
lengths and the type and degree of chain branching.
Two types of chain branching can occur (Figure 1.3): short chain branching (SCB)
and long chain branching (LCB) [4]. In the case of SCB the branches are large in
number and short compared to the size of the entire polymer molecule. SCB is usually
characterized by a relatively high CH3/CH2 ratio. LCB on the other hand results in an
extremely small CH3/CH2 ratio because branches are small in number and large in
size (usually the same order of magnitude as the size of the entire molecule).
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Figure 1.3: Types of branching, top) short chain branching, bottom) long chain
branching.
The impact of branching on polymer properties is enormous; it is therefore no surprise
that the type and degree of branching forms the basis in dividing types of
polyethylene in different groups. The most important types are presented in Figure
1.4. Names are derived from differences in density, a physical property which is
strongly related to branching.
High Density Polyethylene (HDPE) consists of linear chains with no or a very low
degree of chain branching. Since the chains are not hindered by any side groups they
can approach each other very close in a dense packed crystal structure. The strong
intermolecular forces that exist in this structure result in a large tensile strength and a
relatively high density of 0.941 g/cm3 and higher. Applications of HDPE vary from
drums, bins and crates to bottles and children’s toys. Low Density Polyethylene
(LDPE) on the other hand, has a high degree of both long and short chain branching.
The result is that the polymer is less crystalline and chains are less closely packed
(density ranges from 0.910 to 0.940 g/cm3). The material has less hardness, stiffness
and strength than HDPE but a higher ductility. Wrapping foil, garbage bags,
packaging bags and tubes are LDPE applications. Linear Low Density polyethylene
(LLDPE) has a linear backbone with short branches of usually two to six carbon
atoms which are incorporated by using comonomers. As in the case of LDPE the
branching results in a lower density (0.915-0.925 g/cm3) and the properties and
applications are similar to LDPE.
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HDPE

LDPE

LLDPE

Figure 1.4: Chemical structures of the most common types of polyethylene.
A special type of HDPE is called Ultra High Molecular Weight polyethylene
(UHMW-PE). Due to its extremely long chains (molecular weight higher than 3⋅106
g/mol, ASTM standard) this polymer has the potency to be processed into an
extremely strong and tough material that is used in high performance applications as
bulletproof vests and specific parts in artificial hips and knees.
A polymer rarely consists of molecules with one single chain length. Usually a
distribution of chains with different molecular weights is present in a polymer sample.
The best way to present the size of chains which make up the sample is by means of a
molecular weight distribution plot. In such a plot the molecular weight (usually on a
logarithmic scale) is on the x-axis and the amount of polymer on the y-axis. A curve
indicates what part of the mass of the sample is represented by chains in a certain
mass range. Figure 1.5 shows an example of a molecular weight distribution plot of a
polyethylene sample.
Frequently numbers are given which represent an average molecular weight. A way to
do this is by using a number average molecular weight (Mn) which is simply the total
mass of all chains in the sample divided by the amount of chains present.
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Figure 1.5: A molecular weight distribution (MWD) plot of a polyethylene sample.
The calculated average molecular weight values in this particular example are: Mn=
37·103 g/mol and Mw= 670·103 g/mol.
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Here N and M are the number of moles and molecular weight respectively. The Mn
however puts a lot of emphasis on the low molecular weight part of the sample. Each
chain counts to the same extent in the average number but short chains make up for a
smaller amount of the sample than a large one, simply because it consists of less
material. To compensate for this, an extra weight factor is put in the calculation which
results in the weight average molecular weight (Mw).
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The ratio of Mw/Mn is called the poly dispersity index (PDI). It tells something about
how broad a molecular weight distribution is. The higher this ratio is, the larger the
number of different chain lengths in a sample. A polymer sample that would contain
chains with only one single molecular weight has a poly dispersity index of 1.
Monodispersity can only be obtained with biological polymers and approached with a
polymerization method called living polymerization [5,6]. Realistic values are
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anywhere between 1.1 and as high as 100. The use of average molecular weight and
poly dispersity index can of course never contain all the information that is in a MWD
plot.

1.3 Crystallization of polyethylene and nascent morphology
As already mentioned in the previous section polyethylene can crystallize to form
densely packed structures. In general, polymers can crystallize if they consist of
chains that posses a certain degree of chain regularity. Since the chain regularity of
branched polyethylene is usually low, its crystallinity is much lower than that of fully
linear polyethylene. However, polymers with a regular branching pattern can
crystallize to a certain extent. Syndiotactic and isotactic polypropylene for example
have a crystallinity that is intermediate between HDPE and LDPE, while the density
is lower. Atactic polypropylene on the other hand is completely amorphous.
Long chain polymers in the molten state are often compared to a plate of cooked
spaghetti. As a result of entropy, chains are in a random coil configuration and
entangled with other chains. Upon cooling below a certain temperature, the polymer
chains will reorganize in crystal structures to attain a state of minimum free energy.
This reorganization often results in the formation of spherulites. From the location
where the crystallization process starts (nucleus) so called folded chain crystals form
which organize to a supramolecular spherical entity (Figure 1.6) [7]. As the name
implies, folded chain crystals [8] consist of chains that are folded to form plate like
structures in which the chains are aligned (figure 1.7). A typical height of a folded
polyethylene crystal is about 10 nm, which is usually much less than the length of a
polyethylene chain.

Figure 1.6: Optical micrograph of
sperulite structures in a poly (ethylene
succinate) sample [9].

Chapter 1

8

Figure 1.7: Schematic side view
of a folded chain crystal.

Kinetics is the reason why the chains fold instead of forming crystals in which the
chains are fully extended. The extended chain crystal in which the chains are closely
packed in a parallel fashion is thermodynamically the most stable situation since it
possesses the lowest free energy. However, to reach this state the chains first have to
fully stretch which is accompanied with a very large loss in entropy. This entropy loss
results in a much larger activation energy than is needed for the formation of folded
chain crystals (Figure 1.8). Folded chain crystals are higher in energy but the
formation of short folds is much easier and the start of such a process thus has a much
lower activation energy barrier.

Gibbs free energy

The entanglement of polymer chains and the cooling rate have a large influence on the
crystallization process. Since crystallization takes time, a very fast cooling rate from
the melt can result in no crystallization at all which leads to a fully amorphous
material [10]. If however the cooling rate is slow enough, chains get the time to

Folded Chain

Extended Chain

Figure 1.8: Folded chain crystal versus extended chain crystal formation.
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rearrange themselves in a thermodynamically more favorable way. In the case of very
long chains (i.e. with UHMWPE and sometimes HDPE) the polymer molecules can
be so entangled that, due to the inherent decreased mobility, the crystallization
process is greatly affected, resulting in a less crystalline material.
The morphology that originates from a melt that is cooled is addressed as ‘meltcrystallized’. If, however, a linear polyethylene is formed from ethylene below the
melting temperature of the polymer, a situation exists in which polymerization and
crystallization take place simultaneously to form so called nascent polyethylene. The
morphology that results from this interplay of polymerization and crystallization
differs significantly from the same but melt-crystallized polyethylene [11]. As a result
physical properties of nascent polyethylene can be very different. An example is the
unusually high melting temperature that is generally attributed to the existence of
extended chain crystals [12-14] or metastable folded chain crystals [15-17]. An
important property of nascent polyethylene powders is that the flow characteristics,
and therefore the processibility, can be tuned by varying the polymer synthesis
conditions. Polymerization temperature, activity and the distribution and density of
active sites are important parameters which influence chain organization on a
molecular level and hence, determine the flow characteristics of the nascent powder.
Once brought in a molten state, the morphology of nascent polymer and its properties
are irreversibly changed. Upon cooling this molten polyethylene, a melt-crystallized
morphology develops.

1.4 Processing of polyethylene
Synthetic polymers are popular in everyday life because they can be processed in
different shapes to fulfill various applications. The processing of polymers almost
exclusively happens via the molten state using techniques such as blow molding,
injection molding, compression molding and extrusion. The ease and success with
which this processing happens is determined by the flow properties of the polymer.
These flow properties are greatly determined by the molecular weight, the molecular
weight distribution and the type and degree of branching of the polymer. The
viscosity of a molten polymer is shown as a function of molecular weight in Figure
1.9. Up to a certain value for the molecular weight (the critical molar mass Mc) the
viscosity increases linearly with molecular weight. Beyond this point the viscosity
increases rapidly due to the appearance and rise in the amount of entanglements. The
resulting poor flow properties greatly decrease the processibility of the polymer. In
the case of an extremely high molecular weight polymer like UHMWPE the viscosity
of the melt is so high that it is impossible to process it via the melt. Products and
product parts are made by compression molding and sintering of UHMWPE powders.
The strength of the final product depends on how successfully the powder grains are
fused together. In other words: how well the polymer chains can diffuse to cross the
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original grain boundaries. A high viscosity and therefore a low mobility of chains will
result in fusion defects and grain boundaries which weaken the structure of the
product.

η0~Mw3.4
log η0

η0~Mw
Mc
log Mw

Figure 1.9: Relation between viscosity and molecular weight [18].

1.5 Ethylene polymerization catalysis
In 1898 the German Pechmann was the first to synthesize polyethylene. It happened
by accident as he heated diazomethane [19]. The white, waxy solid was named
polymethylene because it was found to consist of long -CH2- chains. Fawcett and
Gibson at ICI Chemicals produced the same type of material in 1933 when they
applied a very high pressure to a mixture of ethylene and benzaldehyde. The basis for
the industrial production of polyethylene which began in 1939 was laid at ICI
Chemicals in 1935 by Michael Perrin who developed a reproducible high-pressure
synthesis for LDPE.
The 1950’s turned out to be a new era in polyethylene synthesis as two types of
heterogeneous catalysts were developed. In 1951 the Americans Hogan and Banks,
both working at Phillips Petroleum, discovered a catalyst active in ethylene
polymerization. The system consists of chromium oxide dispersed on a porous carrier
material (e.g., silica and alumina) and makes it possible to polymerize ethylene at
mild pressures and temperatures [20]. A little bit later, in 1953, the German Ziegler
developed a catalyst that was based on titanium halides and organo-aluminium
cocatalysts [21]. Not long thereafter both catalysts where used to produce HDPE and
they continue to do so in the present.
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Much later, in 1976, a third type of catalyst was added to the list. Kaminsky and Sinn
[22] from Germany developed a homogeneous catalyst based on metallocenes, which
are compounds consisting of aromatic ligands bound to a metal. The catalyst
combined a very high activity with small polydispersity. Due to the disadvantages of
the use of homogeneous catalysis in industrial processes, metallocene type catalysts
are only used for specific types of polyethylene, mainly VLDPE (Very Low Density
Polyethylene) and LLDPE.

1.6 The Phillips catalyst
Nowadays the Phillips catalyst is used for the production of over one third of all
polyethylenes produced worldwide. The success of this catalyst mainly arises from its
diversity. Polymerization processes using Phillips type catalysts have led to the
production of more than 50 types of commercial types of polyethylene. Via catalyst
design the polymer resin properties can be controlled and optimized towards specific
applications.
The preparation of the Phillips catalyst involves aqueous pore volume impregnation of
chromium salts on porous, high surface area carriers. In the early days, very water
soluble but highly toxic chromic acid (anhydrous form: CrO3) was used in the
impregnation process. Nowadays, for environmental and safety reasons, less
poisonous trivalent chromium salts are used like basic chromium acetate. Depending
on the polymerization process the catalyst chromium loading is chosen between 0.2
and 1.0 wt% chromium (based on total catalyst weight). Figure 1.10 schematically
depicts a silica surface after impregnation with the hygroscopic chromic acid. A twodimensional solution is formed on the silica surface. Equilibrium exists between
monochromate, dichromate and polychromate ions, depending on the surface acidity
and the chromate concentration. Heating the chromium loaded support in dry air in a
fluidized bed at temperatures between 500 and 900ºC activates the catalyst. In this
activation or calcination procedure the chromate is anchored to the support via an
esterfication reaction with the surface hydroxyls of the support. If lower valence
chromium salts are used for impregnation, they will be oxidized during calcination.
While the esterfication is already completed between 200 and 250ºC, a temperature of
at least 500ºC is needed to develop a decent polymerization activity. The activity
increases for increasing calcination temperature until sintering of the support occurs
(about 950ºC for silica). After calcination different chromium species may be present
depending on the exact preparation details. Figure 1.11 briefly summarizes some of
the proposed species. Upon contact of the calcined precursor with a reducing agent
and ethylene or ethylene alone the catalyst becomes active in polymerization. Two
important aspects of the Phillips catalyst distinguish it from other polymerization
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Figure 1.10: After impregnation with aqueous chromic acid the hydroxylized silica
surface is covered with an equilibrium mixture of chromates embedded in a water
matrix. [23].
catalysts. Firstly, the chromate is only active if it is anchored to the carrier, which
means that the support itself is a part of the active site. Secondly, after calcination, the
Phillips catalyst does not need an alkylating agent in order to be active.
The Phillips polymerization process can be divided in three different types, namely
the slurry, solution and gas phase process [24]. All these processes are carried out at
ethylene pressures varying from 20 to 30 bars. The slurry process is known as the
Phillips particle form® process (licensed by Phillips Petroleum) and is carried out in
loop reactors. In the slurry process a paraffinic (e.g., pentane) solvent is used and both
the catalyst and the formed polymer are kept in suspension during polymerization. To
achieve this, the polymerization temperature can be chosen to a maximum of about
110°C. During polymerization the catalyst particles break up and after the reaction
small catalyst fragments remain in the polymer particle. Due to the high catalyst
activity the catalyst residue can be neglected and is left in the polymer resin. In the
solution process a solvent (e.g., cyclohexane) is chosen that dissolves the polymer at
reaction temperatures between 125 and 175°C while the catalyst is kept in suspension
under continuous agitation. After the reaction the catalyst is removed by filtration and
the polymer is obtained as the monomer and the solvent is evaporated. The gas phase

Figure 1.11: Upon calcination water desorbs from the surface and the chromium
forms surface chromates in an esterification reaction with the surface silanol groups.
The molecular structure of the anchored chromium is still controversial:
monochromates, dichromates and polychromates have been proposed. Also
chromium(III)oxide clusters are encountered on industrial catalyst.
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process is known as the Unipol® process (licensed by Union Carbide). Gaseous
ethylene and catalyst are kept in a fluidized bed at 100°C. As in the slurry process
polymer particles are formed with insignificant fragments of catalyst embedded in the
polymer phase. The gas phase process is less efficient on reactor volume base, but has
the advantage that no solvent supply and costly solvent removal and recycling steps
are necessary. The Phillips catalyst is mainly used to produce HDPE from ethylene
and LLDPE from ethylene and C4 to C8 alkenes. All Phillips catalyst polymer resins
are characterized by a broad molecular weight distribution. This broad distribution
results in flow properties that are indispensable for certain processing techniques, e.g.,
blow molding.
As already mentioned the versatility of the Phillips catalyst is an important reason for
its commercial success. This versatility in polymerization properties originates from
the extreme sensitivity of the Phillips catalyst towards the preparation recipe
followed. Chromium loading, calcination temperature and variations in the oxidic
support (e.g., type, pore size, promoters) all influence the valences and coordination
environments of the chromium and hence the polymerization performance. While this
catalyst preparation sensitivity is greatly exploited in industry, it contributes a great
deal to the uncertainty surrounding the molecular level characterization of Phillips
catalysts. After fifty years of academic research no agreement has been reached on
fundamental aspects as the molecular structure of the active site and the
polymerization mechanism.

1.7 The flat model approach
Given the importance of catalysis in the chemical industry it is not surprising that
continuous research is conducted all over the world to design new and improve
existing catalyst systems. In industry, most research is focusing on exploiting the
catalyst system rather than understanding it. In most cases the use, development and
optimization of catalysts are based on empirical knowledge about the effect of
preparation methods, additives and different carriers on the reaction. The developed
catalysts based on this research are often complex mixtures of different phases and
wide varieties of compounds. Our knowledge about the nature of the active phase or
site and the mechanism of the catalytic reaction is often vague and based on indirect
evidence. It is self-evident that understanding the active site and the reaction
mechanism on a molecular level gives new ways and insights to develop and tune
catalysts. Gaining better understanding in these fundamentals requires the application
of spectroscopic and microscopic techniques on the (active) catalyst, coupled with
catalyst testing. The catalysts as used in industry, however, are often not suitable for
systematic fundamental studies for a few reasons. Firstly, the active surface of a
catalyst is often hidden in the pore structure of porous supports and the surface area
exposed for characterization is often too low. Secondly, as already mentioned,
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industrial catalyst systems are too complex. The active phase is only a small fraction
and hard to distinguish from inactive phases. This makes it hard to assign
macroscopic properties of the catalyst to the microscopic structure.
In order to partially overcome these problems model catalysts can be developed. A
model catalyst is an idealized version of an existing catalyst systems that has been
prepared to gain information on certain aspects of the catalyst that cannot be gained
from the conventional system. Simple is the keyword in designing a model catalyst:
the industrial support is removed or altered and the use of promoters is avoided
without changing the heart of the catalytic process of interest. Ideally only the phases
or sites that form the core active material are present. In this way it is easier to prepare
a well-defined catalyst and limit the amount of unknown parameters which complicate
the investigation. In a later stage complexity can be added to approach the industrial
system. In summary the design of a model catalyst is a compromise between
achieving a simple well definable and controllable catalyst and resembling the
original industrial catalyst to maintain comparing relevance.
A well-known example of a class of model catalysts is based on catalysts where the
active phase consists of small transition metal particles which are distributed on a
porous support. The metal particles can be modeled by a slab of the metal of a welldefined structure and composition. When cut in a specific direction the crystal
exposes only one surface orientation e.g., a hexagonal Rh(111) or square Rh(100)
orientation. In the past decades a large number of spectroscopic and microscopic
analysis techniques have been designed which often require an ultra high vacuum
(UHV) environment. Some techniques can be successfully applied under reaction
conditions in what is called in-situ spectroscopy. Single crystals have been used to
unravel intrinsic kinetics of catalytic reactions by studying adsorption, desorption and
reactions of probe molecules as a function of surface geometry, surface coverage and
lateral interactions of (co-)adsorbates [25,26].
Another model catalyst design is needed if the active phase is only active when it is
divided in very small particles (nanometer range) or when it exists as individual and
isolated molecules or sites. In such cases a carrier material is selected on top of which
the active catalyst is distributed. Deposition of active phase on a carrier can be done in
different ways. In choosing a method, usually a tradeoff has to be made between
definition and industrial catalyst preparation resemblance. In order to fulfill the latter,
in a lot of cases a thin layer of alumina or silica is used on top of the carrier to mimic
the industrial carriers. Sometimes such a layer is a prerequisite if the carrier has a
large influence on the active site or is even a part of the active site. The latter is the
case for the Phillips catalyst where the chromate is active only if it is anchored to the
support. A straightforward choice in designing a model catalyst for such a system is
the use of a flat silicon disc covered with a natural thin film of SiO2. On top of this
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flat film the chromate can be deposited with a technique called spincoating [27] to
mimic wet pore volume impregnation. After spincoating the flat sample can be
calcined in a similar way as the industrial counterpart. Figure 1.12 schematically
shows the analogy between spincoating and pore volume impregnation when applied
on flat and porous carriers respectively.

Figure 1.12: Analogy between spincoating impregnation of a flat model support and
pore volume impregnation of a porous support.

In fundamental studies flat model catalysts based on silicon disks with thin silica
layers offer several advantages:
• All catalytically active material is exposed and not hidden in pores. This
makes it easier to achieve a correlation between catalyst activity and surface
characterization: the surface that is probed by spectroscopy techniques is
identical to the active surface.
• The silica layer is sufficiently thin to conduct and minimize the effects of
charging on applying techniques like XPS, SIMS and SEM.
• The extremely flat surface facilitates the application of scanning probe
techniques like AFM which make it possible to visualize the catalytic surface
on a nanometer resolution.
• When used to model and test polymerization catalysts, a flat active surface
results in polymer growth in a direction normal to the catalyst plane to form a
film. This well defined polymer growth can be used as a tool to obtain
information of the active catalyst on a micrometer scale.
Disadvantages inherent to the use of flat model catalysts:
• Since the active phase is distributed on a very small area (dimensions in the
order of centimeters) the amount of active material is extremely small. As a
result the catalyst is very sensitive to impurities and extreme care should be
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•

taken in interpreting activity data. Reproducible activities similar to the
conventional systems are indispensable in proving similarity with industrial
catalysts.
The small amount of active material results in small yields on an absolute
base. This can trouble catalytic testing and analysis of reaction products.

1.8 The flat Phillips model catalyst
During the past decade our group has been developing flat models for Phillips,
Ziegler-Natta and single site polymerization catalysts [23,28-32]. From these, the flat
Phillips model catalyst is the most matured: it can be easily, quickly and reproducibly
prepared. Furthermore, it has been intensively tested as a function of various
preparation parameters. These studies proved the validity of the model in the sense
that it showed realistic activities and activity trends following a preparation similar to
the industrial counterpart. This preparation involves aqueous spincoating of chromic
acid on a silicon disk covered with a thin oxide film. After that the model catalyst is
thermally activated similar to the industrial Phillips catalyst and able to polymerize
ethylene without the use of alkylating agents. The model system has been investigated
on a molecular level which involves interrogation with surface science techniques
such as X-ray electron spectroscopy (XPS), secondary ion mass spectroscopy (SIMS),
Rutherford backscattering spectrometry (RBS) and atomic force microscopy (AFM)
[30,31]. These studies looked at the surface species present on the catalytic surface
after calcination and tested the possibilities for application of the model catalyst in
fundamental studies concerning the CrOx/SiO2 system itself and polyethylene
morphology. Important conclusions could be drawn from this research. The anchoring
of chromate to the surface upon calcination was proven with XPS where a change in
the binding energy of Cr 2p3/2 from 580.0 to 581.3 eV was observed for the
hexavalent chromium (Figure 1.13) upon calcination in an oven fixed in the
prechamber of the XPS setup. A siloxane ester of chromic acid
([CrO2(OSi(C6H5)2OSi(C6H5)2O)]2) was used as a reference compound which showed
the same unusual high binding energy of 581.3 eV. This binding energy is unique to
the Cr(VI)-O-Si bond on silica and is not observed for other supports such as alumina.
Calcination at 450ºC for different times from 5 minutes to 30 minutes showed the
gradual appearance of the 581.3 eV peak to the expense of the 580.0 eV peak.
Chromium(III)oxide (Cr 2p3/2 at 577.7 eV) was observed as a possible intermediate
during calcination (i.e. after short calcination times of 5 and 10 minutes). However,
after calcination times of 30 minutes no evidence was found for the existence of
chromium(III)oxide clusters (Figure 1.14).
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Normalized XPS intensity (a.u.)

Figure 1.13: Cr 2p spectra of the
CrOx /SiO2 / Si(100) model
catalyst
and
of
some
Chromate(VI) – type reference
compounds.
Impregnated
chromate features the same
binding
energy
as
alkali
chromates/dicromates or bulk
CrO3. Upon calcination this
binding energy increases by 1.3
eV. This unusually high binding
energy is typical for chromate(VI)
forming ester bonds to silica as in
[CrO2(OSi(C6H5)2OSi(C6H5)2O)]2
[31].

Normalized XPS intensity (a.u.)

Binding Energy (eV)

Binding Energy (eV)

Figure 1.14: Development of the
Cr 2p emission of a model catalyst
with 4 Cr/nm2 in time during
calcination at 450°C. The broad
peak centered at 580 eV after
impregnation splits into two
components after calcination at 5
minutes. The shoulder at 577.7
eV, assigned to Cr(III)oxide
clusters, disappears upon further
calcination, while the high
binding energy peak shifts from
581.0 to 581.4 eV (assigned to
silica bound surface chromate).
After 30 minutes only 2.4 Cr/nm2
is detected [31].
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XPS studies also showed that the maximum amount of anchored surface species
present after calcination depends on the calcination temperature. The higher the
temperature is, the smaller the intensity of the Cr 2p3/2 emission. The partial
desorption of chromate from the surface upon increasing the calcination temperature
was confirmed with RBS.
Whether anchored chromate exists on the silica surface as monochromate or
dichromate, has been the topic of discussion for decades. The flat Phillips model
catalyst has been subject to SIMS measurements which revealed the existence of
CrSiO4 and CrSiO5 fragments after calcination in O2/Ar at 550ºC (Figure 1.15). No
evidence was found for the existence of dichromates.

Figure 1.15: Negative SIMS spectra of two model catalysts and a blank reference.
The blank (bottom) shows only SixOy fragments. On a chromium loaded catalyst
Cr1Ox fragments appear after thermal activation in Ar/O2. If desorption of chromium
is made impossible by heating in Ar instead of Ar/O2 also Cr2Ox clusters can be
detected. In combination this is strong evidence that chromate anchors to the silica
surface as a monomer upon calcination [31].
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1.9 Scope of the thesis
The current study continues on the flat Phillips model system. The scope of this
project is twofold:
• Using the model catalyst to investigate the influence of catalyst preparation
parameters on the CrOx/SiO2 system by a combination of spectroscopy studies
and extensive catalyst testing. The aim is to discuss and explain Phillips
catalyst polymerization properties on a molecular scale.
• Using the model catalyst to gain fundamental understanding of the
morphology aspects of nascent polyethylene by combining microscopy and
polymer characterization techniques.
The research concerns the gap in understanding between catalyst structure on a
molecular level and polymerization performance and properties. The combination of
catalyst preparation and polymerization parameters control, combined with a thorough
polymer characterization, will add to a description of the total polymerization process.
The ultimate goal is that such a description will eventually create new possibilities to
tune products towards specific applications by optimizing processibility of the
polymer resin.
The most important catalyst preparation parameters investigated in this thesis are the
chromium loading and the calcination temperature. Using techniques such as XPS and
RBS the chromium loading can be quantified and directly linked to polymerization
activity and selectivity for polymerization temperatures ranging from room
temperature to 160ºC. Catalyst selectivity involves the molecular weight distribution
and the degree of branching.
Chapter two explains in detail the preparation of the model catalyst together with an
introduction on spincoating and a description of the reactor system used. After that,
the most important spectroscopy and microscopy techniques used in this thesis are
introduced and explained. The chapter ends with treating the polymer characterization
techniques used.
Chapter three involves the effect of chromium loading and calcination temperature on
chromium coverage and polymerization activity. It is shown that for ethylene reduced
catalysts an optimal chromium loading exists for activity and that the average
chromium turn over frequency increases with decreasing loading.
Chapter four deals with the effect of polymerization temperature on the activity and
selectivity of CO reduced Phillips model catalyst. Based on the results and a
comparison with industrial Phillips catalysts, a model is proposed which qualitatively
explains the observed trends in terms of mass transfer limitation.
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Chapter five deals with an AFM study of open polyethylene films as obtained due to
very low polymer yields after polymerization for short times. Changes in polymer
morphology as a function of polymerization temperature are explained by an
increased mobility of polyethylene chains over the catalyst surface upon an increase
in polymerization temperature. Furthermore, we discuss short time polymerizations as
a tool to visualize the distribution of polymerization activity on the catalyst surface.
Chapter six involves a thermo-analytical study of polyethylene as polymerized on flat
Phillips model catalysts. Results are compared with morphology changes of open
polyethylene films as a function of annealing temperature. The observed lamellar
thickening is discussed in terms of chain mobility and reorganization.
The first part of chapter seven discusses polymerization activity and selectivity as a
function of chromium loading and polymerization temperature. The second part
discusses catalyst activity and selectivity of the CO reduced Phillips model catalyst as
a function of calcination temperature.
Chapter eight summarizes the most important results and conclusions. Also
perspectives for future research are given.
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Chapter 2
Experimental details
The current chapter describes the experimental details of the studies
conducted in this thesis. The first part deals with catalyst preparation using
the spincoating technique. Furthermore the reactor setup, used to activate the
catalyst and polymerize ethylene, is described as well as the activation and
polymerization procedure itself. In the second part various characterization
techniques are explained which are most important to characterize the
catalyst and the formed polyethylene. These techniques are divided in
spectroscopy, microscopy and polymer characterization techniques. Besides
an explanation of the techniques, the uses and possibilities for the current
study are outlined.
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2.1 Preparation of the CrOx/SiO2/Si(100) model catalyst
The carrier for the flat Phillips model system is a silicon disk or wafer (cut in the 100direction), which is about 120 mm in diameter. The disk is first calcined in air at
750ºC for 24 hours to produce a thin amorphous film of SiO2 which is about 40 to 90
nm in thickness. The hydrophobic surface of the oxide film is covered with siloxane
bridges (Si-O-Si). To enable aqueous spincoating of chromic oxide the surface has to
be hydrophilic and cleaned from carbon containing impurities. An etching procedure
with a mixture of concentrated ammonia and H2O2 fulfils both requirements. The
etching solution is freshly prepared and consists of 2/1 volume ratio of 25% ammonia
(p.a. Merck) and 35% H2O2 (p.a. Merck) respectively. In an exothermic reaction the
peroxide decomposes and oxidizes the carbon impurities while the strongly basic
solution slowly dissolves a few nanometers of the silica layer. In about 25 minutes
time the temperature of the solution increases to about 45 to 55ºC. The etching
process is stopped by quickly transferring the wafers from the etching solution into
the boiling water to remove ammonia and peroxide. After half an hour the water is
allowed to cool to room temperature and the wafers are transferred into spincoat
solution. In order to prevent atmospheric impurities from adsorbing onto the silica
surface, the wafers are kept in solvent or water at all times. Depending on the desired
catalyst chromium loading, the spincoat solutions consist of 0.01 to 10 mmol CrO3
dissolved in water (chromic acid). The wafers are kept in the spincoat solution for
about 5 minutes after which they are - covered with spincoat solution - mounted on
the vacuum chuck of a spincoat device. In a dry nitrogen atmosphere the wafer is spun
at 2800 rpm and the solution is ejected from the wafer, leaving behind a thin film of
chromic acid solution from which the water evaporates in about 6 to 8 seconds. In this
way 1 Cr/nm2 is left on the surface for every mmol of CrO3 dissolved per liter
solution (see Paragraph 2.2). The wafer is now cut in the desired shape and transferred
to the activation/polymerization reactor for calcination. A description of the reactor
and its operation is given in Paragraph 2.3. Since the wafer is totally immersed in
spincoat solution, also the unpolished backside of the wafer is covered with chromic
acid. Therefore, upon activating the catalyst, also the backside may show some
polymerization activity.

2.2 Spincoat impregnation
In short, spincoating is a technique to coat surfaces with inorganic, organic or
polymeric substances from solutions by evaporation of the solvent. It is widely used
in laboratories and the electronic industry. A spincoat device is schematically
represented in Figure 2.1.
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wafer

chuck

catch cup

exhaust

Figure 2.1: Schematic representation of a spincoat device. The sample is mounted on
a chuck, often by means of a vacuum and spun at a desired speed between 1000 and
6000 rpm.

A substrate, on which a substance has to be dispersed, is attached to a chuck, often by
means of a vacuum. The substrate, which is covered with solution is spun at a desired
speed. A uniform film of solution develops as solution is ejected from the substrate
due to the centrifugal forces of spinning. As the layer gets thinner the shear viscosity
forces slow down the outward movement of the liquid. At a certain moment ejection
and evaporation of liquid equally contribute in the layer thinning process. From then
on, evaporation becomes dominant until, after a certain time te the solvent is
completely evaporated. It turns out that the evaporation time te, the spinning speed ω
and the concentration of the solution determine the amount of deposited material M
[1-3]. Solving the resulting differential equations gives the following relation:
M = 1.35C 0

η
ρω 2 t e

(2.1)

where η and ρ are the viscosity and density of the solution respectively. In the case of
a chromic acid solution which is spincoated at 2800 rpm the equation becomes:
M = 2.76C 0

1
te

(2.2)

Here M is given in Cr-atoms/nm2. The evaporation time can be determined from the
disappearance of diffraction patterns (Newton’s rings) which become visible when the
solution layer is sufficiently thin. For spincoating of chromic acid on SiO2/Si(100)
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wafers at 2800 rpm the evaporation time is about 7 to 8 seconds. Figure 2.2 shows the
surface concentration of chromium on a SiO2/Si(100) wafer as a function of the
chromic acid concentration for three different rotation speeds. The surface
concentrations were determined by X-ray photoelectron spectroscopy (see Paragraph
2.6).
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Figure 2.2: Chromium loading as a function of chromium concentration of the
spincoat solution for different rotation speeds.

2.3 Reactor setup
Upon activation the model catalyst becomes extremely sensitive to impurities.
Hexavalent surface chromates are very reactive species that are easily reduced by all
kinds of organic compounds. Furthermore, water can hydrolyze the Cr-O-Si bond.
Both lead to deactivation of the catalyst. During polymerization the active catalyst
becomes even more vulnerable as the unsaturated chromium easily reacts with
impurities in the gas flow. Compounds such as H2O, O2, CO and C2H2 all act as
catalyst poisons. Because of relatively high active phase densities for high surface
area Phillips catalysts (0.1-1 mmol per gram catalyst), these systems tolerate
impurities in the ppm range. The flat Phillips model catalyst, however, features only
about 0.05 to 5 nanomol of chromium due to the small surface area. Impurities in the
ppm range can lead to considerable or even complete deactivation in the timescale of
the experiments. The delicacy of this model catalyst demands a dedicated reactor
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design. Since no sample transfer can be allowed after activation, all experimental
steps need to be conducted in one and the same reactor. In order to minimize the risk
of impurities in the gas flows, before each experiment an extra gas cleaning filter was
installed in the reactor. The filter consisted of γ-alumina extrudates impregnated with
0.1 wt% chromium (incipient wetness impregnation from a basic
chromium(III)acetate solution).
The reactors used to activate and polymerize the Phillips model catalyst are all gas
flow reactors based on quartz tubes. Activation is immediately followed by
polymerization and both steps are carried out in the same reactor. In the studies
described in this thesis, three different reactors have been used all based on the same
concept. To explain this reactor concept the easiest design is described first.
A quartz tube is positioned in a tubular oven (Figure 2.3). In the middle of the reactor
tube a glass filter is used to divide the reactor in two compartments. In the first part a
gas-cleaning catalyst bed is stored. The other compartment, which is downstream
relative to the catalyst bed, contains the flat Phillips model catalyst. Via the inlet side
of the tube, four gasses or mixtures of gasses can be supplied: O2/Ar, Ar, C2H4 and
CO. The outlet contains an exhaust at atmospheric pressure and a connection to a
pump in order to be able to evacuate the reactor. The inlet, the exhaust and the pump
connection (sealed against atmosphere using viton o-rings) can be closed with valves.
The total system is designed to allow heating and cooling as fast as possible in order
to minimize the time between catalyst activation and polymerization. The reactor has
been made of quartz because it must be able to withstand high temperatures in both
oxidizing and reducing (CO) atmospheres. Temperatures were measured with a
chromel/alumel thermocouple, which is placed close to the sample as indicated in
Figure 2.3.
The second reactor system is a modified version of the first one which allows for the
activation and polymerization of four model catalysts simultaneously. The first part of
the reactor containing the purifying bed is identical. The part downstream relative to
the glass filter is split up in four parallel tubes of 150 mm length which at the end
recombine in one outlet (Figure 2.3). Four separate tubes are necessary in order to
prevent chromium desorption/adsorption from one sample to the other, which would
be the case if more samples are positioned in a single tube.
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Figure 2.3: Reactor setups for model catalyst activation and polymerization. Top)
single reactor tube configuration, bottem) 4-parallel-tube configuration.

The third reactor consists of 8 parallel quartz tubes, each tube containing a glass filter
in the middle and a gas-purifying catalyst bed. All tubes are placed in a tubular oven
as shown in Figure 2.4. In both sides of the tubes, two aluminum hoods are used
which seal the interior from the atmosphere and supply connections for the gas inlet,
exhaust and pump. This most recent version of the activation and polymerization
setup was designed to allow eight different model catalysts to be activated and
polymerized at equal conditions in order to achieve more reliable comparison.
Furthermore, the tubes are larger in diameter which allows larger sample sizes and
therefore higher polymer yields, which facilitates performing polymer
characterization techniques.
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Figure 2.4: Medium throughput reactor setup for model catalyst activation and
polymerization (top). Eight parallel tubes are placed in a circular shape (bottem).

2.4 Catalyst activation and polymerization
Before the reactor is loaded with the model catalyst, it was dried and baked out at 750
to 950°C in flowing O2/Ar (Hoekloos 20% O2, grade 5.0, dried with molsieves 4Å), to
remove water, sodium and carbon from the reactor walls and activate the chromate
loaded γ-alumina extrudates, which serve as a final cleaning stage of the gas feed
inside the quartz reactor. Next the model catalyst was inserted under Ar-flow in order
to prevent the catalyst bed from absorbing water and other impurities. After drying at
200°C in vacuum, the catalyst was calcined in flowing O2/Ar with maximum
temperatures of 450, 550, 650, 750 or 850°C for 30 minutes (heating rate 20K/min,
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plateaus at 350, 450, 550, 650 and 750°C for 15 min depending on the final
calcination temperature).
Polymerization took place in flowing ethylene at 160°C and atmospheric pressure.
Pumping away the ethylene and changing to argon atmosphere stopped the reaction.
The polyethylene formed on the catalyst surface is initially present as a molten film
and will crystallize upon cooling down to room temperature. For polymerizations at
lower temperature (at room temperature to 100°C) an extra reduction step with CO
was needed, since ethylene is not able to effectively reduce the catalyst at low
polymerization temperatures. After calcination in O2/Ar the reactor was cooled to
350°C and the O2/Ar mixture was evacuated by pumping and rinsing with argon. The
argon was exchanged for a CO flow (Messer Griesheim, grade 4.7, purified over CuCat and molsieves 4Å) for 15 minutes, after which the CO was evacuated by pumping
and the reactor was allowed to cool under flowing argon. Changing to ethylene
atmosphere started the polymerization. In the case evacuation is not desired after
reduction – because of an increased risk of impurities leaking in the reactor – the CO
flow was exchanged to Ar at 350ºC for 25 minutes before cooling down.

2.5 Activity determination of CrOx/SiO2/Si(100) model catalyst
Polymerization activity was determined by measuring the polymer yield after
polymerization and dividing the yield by the polymerization time. Two different
methods of yield determination have been used, depending on the sample size and
polymer layer thickness. For small samples with layers below 1 to 2 µm thickness,
atomic force microscopy (AFM) was used to make a height profile of a fine scratch in
the polymer. Such a height profile is shown in Figure 2.5. The thickness of the
polyethylene layer could be easily determined from the difference in height between
the polymer film and the substrate. Alternatively, a Tencor P-10 profilometer was
used to measure the height profile of layers thicker than 1 to 2 µm. In order to obtain
statistical accuracy, layer thicknesses were always measured at three different
positions on the sample.
For larger samples and polymer layers in the micrometer range weighing was used to
determine the yield. Spincoated catalyst samples were weighed before polymerization
and the surface area was determined based on the weight. After polymerization the
polymer at the undefined backside of the catalyst was removed using a sharp
razorblade (Figure 2.6). From the weight of the sample with only polymer on the
defined side the yield per cm2 could be determined taking into account the sample
area.
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Figure 2.5: AFM height profile of scratch in a polyethylene film. The layer thickness
can be determined from difference between the height of the substrate and the
polymer layer [4].

PE layer
CrOx/SiO2/Si(100)
PE layer (undefined)
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Figure 2.6: Polymer removal from the backside of the model catalyst for the
determination of the yield by weighing. The polymer on the front side is removed in a
similar way for polymer characterization.

2.6 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) [5,6] is one of the most widely applied
surface science characterization techniques and was commercialized in the 1970’s. It
is a robust technique that gives qualitative and semi-quantitative information of the
amount and chemical state of elements on a surface. XPS is based on the photoelectric
effect which is discovered by Thomson and later explained by Einstein. The
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photoelectric effect is the emission of electrons by atoms after the absorption of
visible light, UV light or X-rays. The kinetic energy of the emitted electron depends
on the energy of the adsorbed light according to the following equation [5]:
E k = hν − Eb − ϕ
where
Ek
h
ν
Eb
φ

(2.3)

is the kinetic energy of the photoelectron
is Planck’s constant
is the frequency of the absorbed radiation
is the binding energy of the photoelectron with respect to the Fermi level of
the sample
is the work function of the spectrometer

If a material is irradiated with a source of known energy, the binding energy of the
electron in the atom can be determined by measuring its kinetic energy after ejection.
The binding energy of the electron is directly related to the atom it originates from
and thus carries element specific information. Frequently used X-ray sources for XPS
are Mg Kα (1253.6 eV) and Al Kα (1486.3 eV). In XPS the intensity N(E) of
electrons is measured as a function of their kinetic energy, but in an XPS spectrum the
intensity is usually plotted as a function of the binding energy. Figure 2.7 shows an
XPS spectrum of SiO2/Si(100) model support after spincoat impregnation with
chromic acid. Peaks for silicon, oxygen and chromium are clearly visible. A peak for
carbon is almost always present because of contamination by hydrocarbons. The
binding energy of the electrons form a certain shell from a specific atom is dependent
on the charge and the chemical environment of the atom. Small shift (usually a few
eV) occur which are referred to as chemical shifts. For example, the binding energy of
chromium metal will differ from the binding energy of chromium present as Cr2O3.
The latter can again be distinguished from chromium in CrO3. Interpretation of
chemical shifts is usually done by comparing binding energies of the recorded
spectrum with binding energies of reference compounds. Large databases exist from
which compounds in the measured sample can be relatively easy derived.
Besides a qualitative analysis, XPS can also by quantitative. However, extracting
quantitative information from peak intensities should be done with care as the area of
a peak does not depend on the amount of material present on the sample alone. The
intensity of a photoelectron peak can be expressed as follows [5]:
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Figure 2.7: XPS widescan of a SiO2/Si(100) model support. The inlet shows the Si 2p
emission and the electron energy loss tail of the O 2s emission that causes a nonlinear background for the Cr 2p emission and has to be subtracted before analysis

∞

I = FX S (E k )σ (E k )∫ n( z )e − z / λ ( Eλ ) cos θ dz

(2.4)

0

in which
I
is the intensity of the XPS peak (area)
is the X-ray flux on the sample
FX
S(Ek) is the spectrometer efficiency for detecting the electron at kinetic energy Ek
(also called transmission function)
σ(Ek) is the cross section for photo emission
n(z) is the concentration in number of atoms per unit volume
z
is the depth below the surface
λ(Ek,z) is the mean free path of the photoelectron at kinetic energy Ek through the
material present at depth z
θ
is the angle between the direction in which the photoelectron is emitted and
the surface normal (take-off angle)

34

Chapter 2

Cross sections are element specific and have been calculated and tabulated. The
exponential term in equation 2.4 corresponds to the escape probability of the emitted
electron from the sample. This probability decreases with the depth relative to the
surface where the emission took place. The mean free path of an electron (λ)
corresponds to the distance an electron can travel without loosing energy (and
therefore information) to inelastic interactions. Mean free paths of photoelectrons in
solids with energies realistic for XPS (15-1000 eV) are in the order of 0.4 to 2
nanometers. In order for the electrons to be detected by the spectrometer the technique
needs to be conducted at ultra high vacuum conditions (UHV). An important
consequence of the small inelastic mean free path is that the XPS intensity for atoms
at the surface is considerably higher than for atoms just below the surface. Atoms
situated more than a few nanometers below the surface hardly contribute to the XPS
signal. Thus XPS is a surface sensitive technique: spectra carry no information about
the bulk composition of a sample but tell everything about the surface composition.
This explains the importance of XPS in heterogeneous catalysis studies where the
attention focuses on the exposed surface. If two samples consist of a carrier both
containing an equal mass of metal particles, the XPS intensity of the sample on which
the metal is better dispersed (finer divided in smaller particles), is highest.
Quantification of XPS spectra is usually based on intensity ratios of elements of
interest. In the case chromate is molecularly dispersed on a silica surface, the ratio
ICr/ISi can be used as a measure for the chromium loading after the ratio of a sample of
known chromium loading has been measured or calculated.
Charging is a phenomenon frequently observed with XPS and other electron or ion
spectroscopies on non conducting samples. Because of irradiation of the sample with
X-rays, photoelectrons leave the sample which can cause a potential difference. This
potential difference results in a shift in the binding energy of all peaks. The potential
of the sample, and hence the charging induced shift, is determined by the charge
leaving the sample as photoelectrons and the amount of charge that can flow back to
the sample via the sample holder. After measurement, the charging shift can be
removed by normalizing the spectrum on a peak of known binding energy (e.g., Si in
SiO2)

2.6.1

XPS of the CrOx/SiO2/Si(100) model catalyst

The XPS spectra of the Phillips model catalyst used in this thesis were collected in a
VG-Escalab 200 Spectrometer using an aluminum anode (Al Kα = 1486.6 eV)
operating at 510 W. All measurements were done at normal emission at a background
pressure of 5·10-10 mbar. All spectra shown in this thesis were charge corrected
referring to the Si 2p peak of SiO2 at 103.3 eV and also normalized with respect to
peak intensity of the Si 2p emission. The Si 2p window was measured at 20 eV pass
energy, the Cr 2p window at 50 eV. In order to determine the position and intensity of
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the Cr 2p peak, the O 1s energy-loss structure was removed by subtracting the
spectrum of a blank reference.

2.7 Rutherford backscattering spectrometry (RBS)
Rutherford backscattering spectrometry (RBS) [5] is indispensable for an accurate
determination of concentrations in model systems. On flat model systems the
catalytically active material is dispersed in small quantities on a flat support. RBS
makes use of a mono-energetic beam of 2-4 MeV He+ ions (generated in an
accelerator) directed on a sample. The high energy He+ ions collide elastically with
atoms from the sample which are up to a few microns deep relative to the surface.
Elastic collisions with atoms at the surface result in the scattering of the He+ ions with
a final energy Ef. Scattering which results from collisions deeper in the sample causes
the ions to have a lower final kinetic energy due to energy loss from inelastic
interactions in the sample. The final energy of the He+ ion is determined by the mass
of the atom it scatters from and the scattering angle. The relation between these
parameters is based on the laws of energy and momentum conversation. Collision
with a heavy atom results in little energy transfer to the atom (it is hardly displaced)
and therefore a high value for Ef. Collision with a light atom results in a larger energy
transfer and therefore a relatively low value for Ef. By measuring the amount and
energy of the scattered ions at a specific angle the quantity and type of elements can
be determined for layers up to a few microns thick. A very accurate quantification is
possible on model catalyst where atoms of heavy elements are dispersed in very small
particles or thin layers on a support consisting of lighter atoms. The RBS spectrum
shows a narrow peak at high energy, representing the heavy element. This peak is
separated from a band at lower energy which is caused by the elastic and inelastic
interaction in the support material (Figure 2.8). The zero background for the heavy
element obviously facilitates accurate quantification. Detection limits of elements
depend on the cross section of the atom. The heavier the atom the higher the
scattering intensity and the lower the detection limit.
Since the He+ ions loose less energy to heavy than to light atoms, it becomes more
difficult to distinguish between different elements as their atom mass is high. The
energy resolution obtained is optimal at angles between 150 and 180º.
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Figure 2.8: RBS spectrum of a dispersed phase consisting of heavy atoms on a light
substrate. Scattering of He+ ions from heavy atoms results in less energy loss than
scattering from light atoms.

2.7.1

RBS of the CrOx/SiO2/Si(100) model catalyst

RBS is very suitable to quantify the total amount of chromium on the SiO2/Si(100)
model support since it is insensitive to (small) particle formation and it can detect
chromium loadings as low as 0.01 Cr/nm2. For such low chromium contents
measurement conditions were nonstandard. The He+ beam direction was normal to the
surface and was aligned with the (100) direction of the silicon from the substrate. The
exit angle of the backscattered ions was measured at an angle of 5º with the sample
surface. The total ion dose per measurement was dependent on the chromium loading
and was between 300-1200 µC. Lower chromium loadings required longer measure
times to achieve sufficient accuracy. Measuring times were in the order of 1 hour.
With the chosen angle of 5º the chromium signal was spread over 30 channels
(FWHM of about 10 channels). The beam current was 300 nA with negligible
coinciding pulses (pileup) due to the chosen conditions.

2.8 Atomic force microscopy (AFM)
Atomic force microscopy (AFM) [5,7,8] is a member of the relatively new scanning
probe techniques. The first developed technique from this family, scanning tunneling
microscopy (STM), was invented in 1981 at IBM and quickly led to the development
of AFM in 1986, also at IBM. Scanning probe microscopy techniques are based on a
totally different concept than optical and electron microscopes. A sharp probe or tip
which is in close proximity to a surface (typically less than 10 nm) is scanning in a
line-for-line motion by means of voltage controlled piezo crystals. In the mean time,
interactions between the probe and the surface are recorded. STM measures a current
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which runs between the probe and the surface and which depends on the probesurface distance. AFM scans the surface with a sharp tip on a cantilever and the forces
exposed on the tip by the surface causes the cantilever to deflect. The deflection is
measured by means of a laser beam and an array of photodiodes. The laser beam is
reflected differently by the cantilever depending on the tip position (Figure 2.9). The
forces that the tip feels can be attractive or repulsive and are in the order of nanoNewtons. The lateral resolution that can be achieved by AFM is largely determined by
the tip. In the z-direction a resolution of 1 Å is possible. The lateral resolution (x,y) is
dependent on the radius of curvature of the tip [8]. The apex radius of a tip is usually
around 5-10 nm and can go as low as 1 nm. If a feature on the surface exists that has
dimensions smaller or close to the tip size it will be visualized larger than it really is.
Also, if a sharp feature on the surface exists, which has a radius of curvature
considerably smaller than the tip, an image of the tip itself rather than of the feature
will appear.

Figure 2.9: Schematic overview of an AFM setup. Deflection of the cantilever can be
measured by a laser-photodetector combination which is used as a feedback signal.

AFM can be applied in two modes: contact and dynamic mode (Figure 2.10). In case
of the former, the tip is within a few angstroms of the surface and the interactions are
determined by interactions between individual atoms from the tip and the surface. If
atomic resolution is desired contact mode is the only method of choice. In general, if
one is interested in surface morphology this method is usually preferred. Since the
forces between tip and surface are relatively large there is always a possibility that the
surface is affected by the tip. Therefore contact mode is not used for the imaging of
soft materials like most polymers. In the case of polyethylene using the contact mode
leads to severe deformations and hence only the dynamic mode is used anywhere in
this thesis.
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Figure 2.10: Schematic impression of the tapping mode in AFM. Changes in
amplitude and phase lags from the applied oscillation are used as feedback signals.

The dynamic mode can be divided in two sub modes, namely the intermittent contact
mode (or tapping mode) and the non-contact mode. In both cases the cantilever is
brought into oscillation by a piezo crystal at a frequency at or close to its resonance
frequency. Upon scanning over the surface at a distance between 2 and 30 nm,
variations in the amplitude, frequency and phase can be measured. During non-contact
mode operation, the frequency is measured and used as a feedback signal to gain
information on the topology. In tapping mode, the amplitude signal is used to measure
the surface topology. At the same time, variations in the phase lag between the piezo
crystal and the tip can be measured to determine variations in sample composition.

2.8.1

AFM of polyethylene polymerized over CrOx/SiO2/Si(100) model catalysts

AFM images were taken with a Solver P47 base and built-up heating stage with a
Smena head manufactured by NT-MDT. The cantilevers used were of type noncontact gold-coated NSG11 (NT-MDT). A typical force contact of the tip was in the
range between 2.5 and 10 N/m and typical resonance frequencies around 150 kHz. To
avoid sticking of the tip to the surface a free oscillating amplitude of the cantilever of
10 nm was chosen. The set point amplitude was around 60% of the free oscillating
amplitude. All measurements were performed in tapping mode in laboratory air and
temperature.
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2.9 Scanning electron microscopy (SEM)
The principle of scanning electron microscopy (SEM) [5] is based on the bombarding
of a sample with electrons. Electrons with an energy between 1 and 10 keV leave an
electron gun and pass trough a series of electromagnetic lenses after which a narrow
electron beam is formed. The electron beam is deflected by scanning coils so that a
rastering movement over the sample surface is achieved. Figure 2.11 shows
interactions of a primary electron beam with a sample. Depending on the sample
thickness, a part of the electrons will pass through the sample. These electrons can be
divided in transmitted electrons which have no energy loss, diffracted electrons and
loss electrons. Other electrons are scattered back due to elastic collisions with sample
atoms: the backscattered electrons. Secondary electrons are formed when the primary
electrons transfer energy to the sample due to inelastic scattering. Furthermore the
interaction of an electron beam with a sample induces Auger electrons, X-rays and
other photons from UV to infrared. In SEM detection of backscattered and secondary
electrons is used to construct the image. Contrast is obtained by the orientation of the
surface relative to the detector. Surfaces facing towards the detector appear brighter
than surfaces pointing away from the detector. Scanning the surface and correlating
each position of the beam on the sample surface with a certain concentration of
backscattered or secondary electrons yields a topology image. Differences in contrast
are also caused by atoms with differences in the ability to scatter electrons. Heavy
atoms will appear brighter than light atoms since heavy atoms scatter electrons more
effectively.
SEM is an easy and quick method to obtain topology and morphology information of
a sample. Usually no sample preparation is required for conducting samples. In the
case of non conducting materials (e.g. polymers) a lower operation voltage can be
selected or the sample can be coated with a thin metal layer. In the most optimal
conditions SEM has a resolution of about 4 nm. When measuring polymers as such at
low operation voltages a sub-micrometer resolution is more realistic.

2.9.1

SEM of polyethylene polymerized over CrOx/SiO2/Si(100) model catalysts

Morphological investigations of polyethylene samples were performed using an
environmental scanning electron microscope XL30 ESEM-FEG, FEI Company, The
Netherlands. SEM operation was done in high vacuum in low-voltage mode
(LVSEM) of 0.7 to 2 kV in order to prevent charging and degradation of the polymer
morphology. In the case of short time polymerizations after which the support is only
partially covered with polyethylene, higher voltages were used to obtain optimal
contrast between polymer and substrate.
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Figure 2.11: Detectable signals on the interaction of a primary electron beam with a
sample [5].

2.10 Size exclusion chromatography (SEC)
Size exclusion chromatography is a technique to obtain the molecular weight
distribution curve of a polymer sample by separating molecules based on their size.
The technique is also know as gel permeation chromatography (GPC), a name that
dates back to the time glass columns with gels were used to conduct the analysis.
Nowadays high pressure liquid columns are used and SEC is the correct expression.
In SEC a column is packed with different beads of a porous material (silica or crosslinked polystyrene) with a specific pore size. A solvent (e.g. 1,2,4-trichlorobenzene or
tetrahydrofuran) is passed through the column at around 1 ml/min and pressures of 50
to 200 bars. The polymer sample is dissolved in the same solvent and is injected in
solvent stream passing through the column. In solution each polymer chain occupies a
certain volume (the hydrodynamic volume) which depends on the chain size. In the
column the chains are separated, based on a different affinity to diffuse into the
porous material. Larger molecules have a large hydrodynamic volume and will
therefore have more difficulty to diffuse into the pores. As a result these longer chains
will spend more time in the mobile solvent phase en will pass through the column
faster. Smaller molecules have a preference to reside in the stationary phase since they
fit in practically all pores and hence need more time to pass the column. At the end, a
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detector measures the sample concentration in the solvent flow. In this way a plot is
generated of detector response versus retention time. Together with calibration data
this plot is converted to a plot showing the amount of material as a function of
molecular weight.
Since SEC measures the hydrodynamic volume instead of chain size, calibration of
the equipment is extremely important in obtaining meaningful data. Calibration is
done by injecting samples of exactly known molecular weights. Besides components
that partially fit in the pores, one component should be too large to fit in any of the
pores (total exclusion) and another component should totally permeate the stationary
phase. Obviously, chains that are too large to fit in any of the pores are not separated
because they pass the detector at the same time. The same holds for small chains
which fit in all pores.
Sometimes, the SEC technique is combined with viscometry applied on the liquid
stream exiting the column. This combination is a powerful tool in determining the
degree of branching in a polymer sample.

2.10.1 Molecular weight determination
CrOx/SiO2/Si(100) model catalysts

of

polyethylene

polymerized

over

Size exclusion chromatography (SEC) was used to determine the molecular weight of
the polyethylene samples. The required sample amount (at least 1 mg) was obtained
by removal of the polymer from the catalyst surface using a scalpel. The
measurements were performed at DSM Resolve using a PL-GPC220 device with
Viscotek 220R viscosimeter and TSK GMHHR-H(S) HT columns. The eluent used,
was 1,2,4-trichlorobenzene and measurements were performed at 160ºC.
Measurements without viscometry were performed using a PL-GPC220 device, PL
Rapide H 105*7.5mm columns and 1,2,4-trichlorobenzene at 160ºC.

2.11 Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) is a thermo-analytical technique in which the
amount of heat is measured that is needed to heat a sample at a certain rate. The
technique can be used to investigate phase transitions, such as fusion, crystallization,
and glass transitions which are all accompanied by the exchange of heat. This makes
DSC a popular technique in polymer research.
Measuring a sample with DSC involves the preparation of two pans. One contains the
sample of known weight the other one is empty and serves as a reference. The pans
are made of a heat conducting material which is aluminum in most cases. By
accurately weighing the empty pans their exact heat capacity is known. Both pans are
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placed in the DSC apparatus and both heated and/or cooled at the same rate according
to a preset temperature program. In the mean time the difference in heat that is
transferring to or from the two pans is recorded. When no phase change is occurring
during heating the DSC plot shows a flat base line which has a positive value
corresponding to the heat capacity of the sample. When the sample undergoes a phase
change such as melting, the extra energy that is needed relative to the empty pan is
shown as a peak in the DSC plot. From the area of these peaks enthalpies can be
calculated which can reveal information on morphology and purity of a sample. An
example is the heat of melting for partially crystalline polyethylene from which the
degree of crystallization can be determined.

2.11.1 DSC of polyethylene polymerized over CrOx/SiO2/Si(100) model catalysts
Thermal analysis was carried out using differential scanning calorimetry (DSC) (TA
Instruments Q1000). The required sample amount was in all cases between 0.2 and 1
mg and was obtained by removal of the polymer from the catalyst surface using a
scalpel. Scans were performed from 0 to 160ºC and again back to 0ºC. The scan was
repeated to obtain thermo-analytical data of the melt-crystallized state. All heating
and cooling scans were performed at a rate of 10 K/min.
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Chapter 3
Thermal activation and polymerization
activity of flat Phillips model catalysts
A series of CrOx/SiO2/Si(100) model catalysts were tested for ethylene
polymerization activity, varying chromium loading and calcination
temperature. Chromium coverage of the model catalyst, quantified by
Rutherford Backscattering Spectrometry, decreases with increasing
calcination temperature as some chromium desorbs from the silica support.
The polymerization activity of the model catalysts is correlated to calcination
temperature and chromium coverage. Based on the evidence presented we
propose that a high local Cr coverage – short Cr-Cr distances – is
detrimental to polymerization activity, possibly because it facilitates
dimerization leading to inactive chromium sites. Calcination at high
temperatures not only causes depletion of surface silanol groups, but may
also facilitate the formation of isolated chromium sites, which can evolve into
active polymerization centers. AFM images of nascent polymer films after
short polymerization times offer a means to visualize the distribution of
polymerization activity on the silica surface. They indicate that the
catalytically active chromium forms islands on the silica surface.

The contents of this chapter have been published: E. M. E. van Kimmenade, A.E.T.
Kuiper, Y. Tamminga, P.C. Thüne, J.W. Niemantsverdriet, J. Catal. 2004, 223, 134.
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Introduction

Next to the much more famous Ziegler-Natta type catalysts, thermally activated
chromium on silica [1-3] (Phillips catalyst) today is the second most important
ethylene polymerization catalyst; it is responsible for roughly one third of the world
market in polyethylene. The Phillips catalyst owes much of its commercial success to
the fact that its polymerization properties respond very sensitively to variations in
catalyst preparation (e.g., choice of silica, Cr-loading, addition of promoters) and
pretreatment (calcination in dry air, pre-reduction), which provides ample
opportunities for fine tuning the properties of the produced polymer resin. A typical
Phillips catalyst features about 1 wt% Cr on a wide-pore silica gel with roughly 300
m2/g surface area, which corresponds to a loading of about 0.4 Cr/nm2. After thermal
activation (calcination in dry air or oxygen) these catalysts polymerize ethylene at
rates between 1 and 10 kg/g per hour (e.g., slurry phase in n-butane, 110°C, ~ 14 bar
ethylene pressure). Despite its commercial success and almost 50 years of industrial
and academic research, there is still a great deal of uncertainty about the molecular
fundamentals of this catalytic system. The small commercial loadings in combination
with the rich coordinative and redox chemistry of chromium and the diversity of the
amorphous silica surface make it difficult to combine different experimental findings
from different groups into one unifying picture. Consequently, fundamental aspects of
the Phillips catalyst, like the formation and molecular structure of the active site and
the polymerization mechanism, especially of the initiation step (formation of the first
growing polymer chain), remain unclear.
Two properties of the Cr/SiO2 catalyst set this system apart from most other olefin
polymerization catalysts: (1) chromium is not active on its own but must be anchored
to the silica (or other oxide) support in order to be active, and (2) the Phillips catalyst
does not need to be activated with an alkylating agent (e.g., AlR3) prior to
polymerization. Within the past decade the Cr/SiO2 system has been investigated with
a multitude of spectroscopic techniques [3-13] in an attempt to unravel the molecular
structure of oxide supported chromium, the interaction between chromium and probe
molecules, and the early stages of polymer chain formation. Unfortunately these
efforts were not accompanied by sufficient catalytic testing and for all the reasons
discussed above these efforts have not converged into a generally accepted molecular
level model of the working Phillips polymerization catalyst. Also, an increasing
amount of well-defined organometallic model compounds that polymerize ethylene
have been reported in the literature [14,15], allowing a detailed look into the
coordination chemistry of chromium. However, to our knowledge all of these
chromium complexes either have preformed chromium carbon bonds or require
alkylating agents to be turned into an active polymerization catalyst, which raises
questions about the validity of these complexes as a model for industrial Phillips
catalysts. Very recently Espelid and Børve [16-19] published a series of papers
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introducing Density Functional Theory (DFT) calculations into the field of Phillips
olefin polymerization catalysis, evaluating the potential catalytic activity of
monomeric and dimeric chromium species on the silica surface.
We have developed a flat model catalyst based on a silicon wafer covered with about
20 nm of thermal silicon oxide. With this model we eventually aim to arrive at
creating a complete molecular-level picture of the Cr/silica ethylene polymerization
catalyst by correlating catalyst preparation, characterization of the active surface, and
polymerization activity. The model support allows wet chemical impregnation of the
active phase (e.g., CrO3 in water) and further treatment just as for its industrial
complement. Flat model catalysts are especially suited for applying surface
spectroscopic (XPS, SIMS) and high-resolution microscopic techniques (SEM, AFM)
[20-24]. In a previous study in our group Thüne et al. concentrated on the effect of
calcination on the state of the supported chromium. Applying X-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectrometry (SIMS) we reached the
following conclusions [23]: On calcination at temperatures above 450°C all model
catalysts feature exclusively surface monochromates, which are formed in an
esterification reaction with the surface silanol groups. Figure 3.1 illustrates the
different surface species present on the flat CrOx/SiO2/Si(100) catalyst after
calcination. In contrast to conventional, porous catalysts where chromium that cannot
be stabilized as a surface chromate forms chromium(III)-oxide clusters, this
superficial chromium desorbs from the flat silica surface. Up to now these findings
have not been properly connected to trends in catalytic activity. Hence in this chapter
we discuss the results of our ethylene polymerization test, which has been determined
as a function of initial chromium loading and calcination temperature.

Figure 3.1: Surface species present on the CrOx/SiO2/Si(100) model catalyst after
thermal activation. Upon calcination surface silanols condense to form surface
siloxanes; in addition surface chromates also desorb from the silica surface,
especially at high initial chromium loading and at high calcination temperatures.
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3.2

Experimental procedure

3.2.1

Preparation of the CrOx/SiO2/Si(100) model-catalyst

Si(100) silicon wafers (Topsil) were calcined at 750°C for 24 hours to obtain a flat,
amorphous silica layer of approximately 20 nm thickness. The silicon wafer was then
cleaned in a mixture of concentrated hydrogen peroxide (Merck, 35 vol%, medical
extra pure) and ammonia (Merck, 25 vol%, GR for analysis) until the temperature
reached approximately 45°C, which is after about 20 minutes. After further cleaning
and rehydroxylation in boiling water the wafers were covered with the impregnation
solution, chromic acid in water (Merck, Cr(VI)O3, GR for analysis), and mounted on
the spin-coating device under nitrogen atmosphere. Upon spinning most of the
solution is ejected from the wafer leaving behind a thin layer, which evaporates. As
the thickness of this layer can be calculated for any given rotation speed (2800 rpm),
temperature (20°C) and solvent (water), the loading of the model catalyst can be
controlled simply by varying the concentration of the (dilute) spin coating solution
[25]. The polymerization studies reported here, were done with an initial loading
varying from 0.01 to 4 Cr/nm2. To achieve these loadings the impregnation solution
had to be varied from 0.01 to 4 mmol Cr/l for a rotation speed of 2800 rpm.

3.2.2

Ethylene polymerization reactor

The reactor used, is a medium-throughput version of that described previously [22].
Four parallel tubes separated by glass filters can contain four model catalysts. The
advantage of this design is that four samples can be processed within one
calcination/polymerization cycle because chromate desorbed from one sample cannot
contaminate the other samples. This contamination is observed if a single tube reactor
is used to process more than one sample.
Before the reactor is loaded with the model catalyst, it is dried and baked out at 750°C
in flowing O2/Ar (Hoekloos 20% O2, grade 5.0, dried with molsieves 4 Å), to remove
water, sodium and carbon from the reactor walls and the chromate loaded γ-alumina
extrudates, which serve as the final cleaning stage of the gas feed inside the quartz
reactor. Next the model catalyst is inserted. After drying at 200°C in vacuum, the
catalyst is calcined in flowing O2/Ar at a maximum temperature of 450, 550 or 650°C
for 30 min (heating rate 20 K/min, plateaus at 350, 450 and 550°C for 15 min).
Polymerization takes place in flowing ethylene at 160°C and atmospheric pressure.
Pumping away the ethylene and changing to argon atmosphere stops the reaction. The
polyethylene formed on the catalyst surface is initially present as a molten film and
will crystallize on cooling to room temperature.
For polymerizations at low temperature (at 25 - 80°C) an extra reduction step is
needed. After calcination in O2/Ar the reactor is cooled to 350°C and the O2/Ar

Thermal activation and polymerization activity of flat Phillips model catalysts

47

mixture is evacuated by pumping and rinsing with argon. The argon is exchanged for
a CO flow (Messer Griesheim, grade 4.7, purified over Cu-Cat and molsieves 4 Å) for
15 minutes, after which the CO is evacuated by pumping and the reactor is allowed to
cool under flowing argon. Changing to ethylene atmosphere starts the polymerization.
Pumping away the ethylene and changing to argon atmosphere stops the reaction.

3.2.3 Catalyst characterization
The Cr coverage of the samples is determined quantitatively with Rutherford
backscattering spectrometry (RBS), using 2 MeV He+ ions. Nonstandard conditions
are required to reliably measure Cr contents as low as 0.01 at/nm2. The He-beam is at
normal incidence to the sample surface, so that the beam is aligned with the (100)
channel direction of the silicium substrate. The applied scattering angle is 95 degrees
(hence an exit angle of 5 degrees with the sample surface). The total ion dose per
measurement is 300-1200 µC, depending on the Cr coverage: a lower content requires
a higher dose to achieve sufficient statistical accuracy. With the chosen glancing exit
angle, the Cr signal is spread over about 30 channels (FWHM of about 10 channels).
The low overall count rate due to the channeling and glancing exit conditions allows
for a beam current of 300 nA while pile-up (coinciding pulses) remains negligible.
This resulted in practical measuring times on the order of one hour for this type of
specimen.
X-Ray photoelectron spectroscopy (XPS) measurements are made in a VG Escalab
200 using a standard aluminum anode (Al-Kα 1486.3 eV) operating at 510 W. Spectra
are taken at normal emission at background pressure of 5·10-10 mbar. Chromium
coverage is determined from the X-ray photoelectron spectra as described in [23].
Polyethylene layer thickness is determined using the height difference between the Sisubstrate and the polyethylene surface after scratching the layer with a scalpel. For
layers in the range of a few nanometers to 2 µm in thickness, atomic force microscopy
(AFM) is used. Measurements are performed with a Digital Instruments Dimension
3100 scanning microscope under ambient conditions. Thicker layers are measured
using a Tencor P-10 Profilometer.
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3.3

Results and interpretation

3.3.1

Chromium coverage

During thermal activation (calcination) chromium anchors to the flat silica support to
form monomeric surface chromate species. In addition, chromium partially desorbs
from the silica surface, especially in the case of high initial chromium loadings and
high calcination temperatures. Therefore, using RBS (Figure 3.2) and XPS, we have
quantified the amount of chromium that is on the catalyst both after impregnation and
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Figure 3.2: Typical RBS spectrum of chromium loaded model catalysts. The inset
shows the chromium peaks for catalysts with different loadings after spincoating
impregnation. The area of the chromium peak is used to validate the theoretical
loading and to determine the coverage of the calcined samples. Spectra are
normalized to the Si (SiO2) edge. Small amounts of iron (overlapping with the
chromium peak) and molybdenum impurities are also present.
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after calcination at temperatures between 450 and 650°C (Figure 3.3). RBS gives us a
full quantification of the total amount of chromium on the model catalyst for loadings
of 0.01 Cr/nm2 and above, while XPS gives a reliable quantification between 0.4 and
2.0 Cr/nm2 [20,23]. On all catalysts and on a blank reference, RBS in combination
with TOF-SIMS detected trace amounts of molybdenum (0.01 ± 0.01 at/nm2) and iron
(0.03 ± 0.01 at/nm2). These impurities probably originate from traces of these
elements in the ammonia solution that is used for rehydroxylation of the thermal oxide
layer of the model support. The iron peak partially overlaps with the chromium peak
due to limited mass resolution of RBS.
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Figure 3.3: Chromium coverage after impregnation and calcination at 450, 550 and
650°C as determined with RBS and XPS. Desorption of chromium is pronounced for
2
high calcination temperatures and high initial loadings. Loadings below 1 Cr/nm
remain constant for temperatures below 650°C.

After correction for the small iron contribution in the RBS spectra we find a linear
correlation between the concentration of the spin-coating solution and the chromium
loading in our entire experimental window between 0.01 and 4 Cr/nm2 (Figure 3.3).
This is the expected behavior for chromic acid in water, which does not react with the
surface silanol groups of the silica support during impregnation.
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Figure 3.4: AFM height image of a 750 nm polyethylene film grown on a
CrOx/SiO2/Si(100) model catalyst at 1 bar C2H4 and 160°C within 30 minutes. The
model catalyst features 0.5 Cr/nm2 and was calcined at 550°C. On cooling
polyethylene crystallizes to form lamellae in random orientation.
The model catalysts are activated for ethylene polymerization by calcination in dry
O2/Ar (20/80). During this thermal activation the chromium coverage decreases due
to desorption of chromium, an effect that is most pronounced at high initial loadings
and high calcination temperatures. Initial loadings below 1 Cr/nm2 remain stable on
the silica surface up to 650°C [26]. XPS and RBS quantification give basically the
same results (between 0.4 and 2.0 Cr/nm2) indicating that all chromium is present at
the very surface of the model catalyst, meaning that no chromium diffuses into the
silica layer nor are any chromium particles formed during spin-coating or calcination.

3.3.2

Catalytic testing

After thermal activation the catalysts are tested for gas-phase ethylene polymerization
at 160ºC and atmospheric pressure. Figure 3.4 shows a AFM image (height contrast)
of CrOx/SiO2/Si(100) model catalyst after polymerization at 160°C and 1 bar ethylene
for 30 minutes. The polymer film that has formed is 750 nm thick and features a
surface roughness of 15 nm. After each polymerization run the polymer yield (the
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layer thickness of the polymer film that has grown on the model catalyst) is
determined by AFM or nano-indentation.
Figure 3.5 shows the results of such polymerization tests for a series of model
catalysts with chromium loadings between 0.01 and 4 Cr/nm2, all of which have been
activated at 550ºC. For each chromium loading we find a clear linear correlation

2500

CrOx / SiO2 / Si(100)
Tcal. = 550°C
Tpol. = 160°C
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Figure 3.5: Polymer yield (polymer film thickness) plotted against polymerization
time for a series of model catalysts calcined at 550°C with chromium loadings
2
varying from 0.01 to 4.0 Cr/nm . Ethylene polymerization was performed at 160°C
and atmospheric pressure. The slope of the linear curves (the rate of film growth) is a
measure for the constant polymerization activity.
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between polymer thickness and polymerization time. The slope of these lines
represents the constant activity of the model catalysts. The catalytic activity per unit
surface area reaches a maximum at 0.5 Cr/nm2, which corresponds to about 1.2 wt%
Cr for a 300 m2/g silica gel catalyst.
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Tpol. = 160°C
1 bar ethylene
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4
2

Chromium loading before calcination (Cr/nm )

Figure 3.6: Rate of film growth (polymerization activity) versus catalyst loading and
calcination temperature.

Figure 3.6 summarizes the polymerization activity of the model catalysts as a function
of the initial chromium loading and the thermal activation. Just as with its industrial
counterparts the polymerization activity of the model catalysts increases with
increasing calcination temperature. The most active catalyst in our series with a
chromium loading of 0.5 Cr/nm2 and activated at 650°C grows a polyethylene film at
a rate of 80 nm/min, which, again for a 300 m2/g catalyst, scales to 1500
gPE/(gcat*h*bar).
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1
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Figure 3.7: The nominal turn over frequency of the CrOx/SiO2/Si(100) model catalysts
is increasing with increasing calcination temperature and decreasing chromium
coverage. The indicated values of 2.0 and 4.0 Cr/nm2 represent an initial loading
after spincoating. The arrows indicate the amount of chromium that has desorbed
from the flat silica support during thermal activation. For lower initial loadings the
chromium loading remains constant upon calcination.

Combining the activity data with the chromium quantification from RBS we can
determine the (pseudo) turn-over-frequencies of our catalysts, which are depicted in
Figure 3.7 as a function of the chromium coverage and the calcination temperature.
For all calcination temperatures we observe a monotonous increase in the turn over
frequency with decreasing chromium coverage. In addition we again find a strong
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increase of the turnover-frequency with increasing calcination temperature. This
increase ranges from a factor 18 at 0.5 Cr/nm2 to a factor of 51 at 4.0 Cr/nm2. It is
interesting to note that the main improvement in catalyst activity is observed at
different temperatures for different catalyst loadings. For 0.5 Cr/nm2 the TOF
increases by a factor 6.5 between 450°C and 550°C, whereas the increase between
550°C and 650°C is only a factor 2.6. The (relatively) strong increase in catalytic
activity coincides with the temperature regime where most of the surface silanol
groups on a blank silica support are depleted [27]. Conversely at 2.0 Cr/nm2 loading
the TOF increase by factors of 3.3 and 12.5, respectively. At 2.0 Cr/nm2 catalyst
loading most of the surface hydroxyls are already depleted by the anchoring reaction
of supported chromate. The main improvement in activity now coincides with
temperature regime where most of the chromium desorption takes place.

3.3.3

Early stages of polymer film growth

In an attempt to visualize the polymerization activity on the model catalyst in early
stages using atomic force microscopy, we performed polymerization experiments at
80°C with very short polymerization times. Figure 3.8 shows the polyethylene islands
formed on the model catalysts that were calcined at 550°C and reacted with ethylene
for 45 sec at 80°C following an additional reduction step with carbon monoxide at
350°C. Using CO to pre-reduce the calcined catalyst (instead of using ethylene in the
initial stage of the polymerization reaction) is a well established method to activate
the catalyst for ethylene polymerization at low temperatures [28]. At 0.01 Cr/nm2
chromium loading we observe dendritic (branched and elongated) polyethylene
islands ranging between 10 and 15 nm in height. The polyethylene islands cover about
20% of the catalyst surface, while the rest of the catalyst surface (dark regions in the
height image, top-left) remains empty (roughness below 0.3 nm). At 0.5 Cr/nm2 most
of the catalyst surface is covered with a somewhat thicker (20 and 50 nm)
polyethylene film leaving less than 20% of the catalyst surface open. At 4 Cr/nm2 we
observe again polymer morphology that somewhat resembles the 0.01 Cr/nm2 case:
roughly 30% of the catalyst surface is covered with a 10-15 nm polyethylene film. At
this high chromium coverage the remaining silica surface (dark regions in the height
image top-right) is not completely empty. The phase image reveals a large number of
spherical polyethylene islands no more than 1-2 nm in height and with a diameter of
about 20 nm. These polymer islands represent only a minor fraction of the overall
polymerization activity of the catalyst.

Thermal activation and polymerization activity of flat Phillips model catalysts

55

Figure 3.8: AFM images (5*5 µm2) of model catalysts (Cr-loading as indicated) after
treatment with ethylene for 45 seconds at 80°C. The bright fractal-shaped features in
the height-contrast (top) and phase-contrast images (bottom) are polyethylene islands
(10 - 25 nm high) resembling the parts on the catalyst with high polymerization
activity. Dark regions (height images) are bare silica surface with (almost) no
catalytic activity in the time frame of the experiment. The phase images reveal very
small polymer islands on the catalyst with 4 Cr/nm2, however, these islands do not
contribute significantly to the total polymer yield.
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Discussion

The CrOx/SiO2/Si(100) model catalysts feature a realistic polymerization activity.
This activity follows the same trends as in its industrial counterpart: Increase in
calcination temperature yields a more active catalyst based on the silica surface area,
while changing the Cr loading reveals an optimum at about 0.5 Cr/nm2. The activity
per chromium atom (turn-over frequency), however, shows a monotonous increase
with decreasing loading. It is interesting to note that catalysts with high and low
loading respond differently to an increase in activation temperature: With low catalyst
loading the activity increase is more pronounced between 450°C and 550°C while at
high chromium loadings we observe the strongest improvement between 550°C and
650°C.
The increase in activity with calcination temperature is usually attributed to the
depletion of surface silanols on the silica support, which condense to form surface
siloxanes upon heating [29]. The surface silanol groups are believed to deactivate
chromium possibly by blocking their coordination sites. Conversely surface silanols
are also regarded necessary for the initiation step of the ethylene polymerization, more
exactly the formation of the first growing polymer chain on the active site [18]. At
this stage we can only qualitatively discuss the hydroxyls population on our
chromium-loaded catalysts. However, based on the saturation coverage of surface
chromate on the flat silica support we estimate that the surface silanol population of
the flat silica surface prior to calcination is at least 5 SiOH/nm2. Two surface silanol
groups are titrated by each chromium atom that anchors to the silica surface by selfcondensation to form siloxane bridges [20,23]. Thus the surface silanol concentration
on the model catalyst decreases with increasing calcination temperature and
chromium loading.
At initial chromium loadings of 1 Cr/nm2 and lower, where the loading remains
constant upon calcination up to 650°C, the depletion of silanol groups might explain
the activity increase for these catalysts. Conversely, at initial chromium loadings of 2
and 4 Cr/nm2 we observe an even stronger increase in turnover frequency. At this high
chromium loading almost all surface-silanol groups have reacted with chromium to
form surface monochromate species already far below 450°C. Upon further heating
the excess chromium desorbs from the surface decreasing the chromium coverage
whilst increasing the catalytic activity. This correlation strongly indicates that
chromium can be deactivated by neighboring chromium atoms, possibly by simple
site blocking or clustering. This form of deactivation is lifted as chromium becomes
more isolated on the silica surface, either due to desorption at high calcination
temperatures or due to decreasing the initial chromium loading. This supposition is
not in contradiction with our earlier observation that chromium anchors to the silica
surface exclusively as monomeric surface chromate: dimerization or clustering simply
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takes place as the surface chromate becomes coordinatively unsaturated during the
final reduction step.
The monotonous increase in turnover frequency extends to very low chromium
coverages as seen in the series with 550°C activation temperatures, which is in good
agreement with findings reported by McDaniel et al. [1]. We estimate the hydroxyl
population to increase from nearly none at the highest chromium loadings to about 2
Cr/nm2 at the lowest Cr-loadings [27]. Obviously this activity trend again cannot be
explained with poisoning by surface hydroxyls; instead it seems to be a generally
accepted assumption that chromium somehow preferentially adsorbs at special sites
on the silica surface that offer chromium just the right environment to develop into a
very active site. To our knowledge chromium-chromium interactions have not been
considered, presumably because the distances between chromium atoms become too
large: e.g. about 3 nm for 0.1 Cr/nm2 assuming chromium is dispersed randomly over
the entire silica surface and on all length scales.
While we reserve a more detailed discussion of the early stages of polymer-film
growth to a future publication, we believe that the AFM data shown here basically
represent the lateral distribution of polymerization activity on the catalyst surface,
indicating that the (very) active polymerization sites are not homogeneously
distributed on a sub-micrometer scale. Thus the AFM data suggest that the
polymerization activity can be concentrated in patches that represent only a small
portion of the entire silica surface rather then being homogeneously distributed over
the silica surface. Consequently, local chromium-chromium distances may be much
smaller and Cr-Cr interaction might influence the polymerization activity even at very
small nominal loadings.

3.5

Concluding remarks

A flat CrOx/SiO2/Si(100) model catalyst exhibits realistic activity for ethylene
polymerization and reproduces the expected trends in catalytic activity: increasing the
calcination temperature yields more active catalysts while there seems to be an
optimum chromium loading near 0.5 Cr/nm2.
RBS in combination with XPS has been used to quantify the amount of chromium that
remains anchored to the silica surface after calcination, proving that some chromium
is lost due to evaporation. This chromium loss is especially strong with high
chromium loadings and high calcination temperatures. Combining Rutherford
backscattering and activity data allows us to determine the nominal turnover
frequency: this increases with decreasing chromium loading and increasing
calcination temperature. Even though all chromium on our model support forms silica
bound monochromates during calcination, the chance that they will form (highly)
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active polymerization sites depends on how far away they are from neighboring
surface chromates, presumably because neighboring surface chromates tend to form
inactive dimers or clusters.
Atomic force microscopy allows a detailed insight into the lateral distribution of the
polymerization activity of CrOx/SiO2/Si(100) model catalysts. It reveals that the
catalytically active centers are not homogeneously distributed over the silica surface
but form islands. The shape and size of these islands are dependent on the exact
catalyst pretreatment.
Due to a lack of a proper quantification, the role of surface silanols in the activation of
the CrOx/SiO2/Si(100) model catalyst remains unclear at this point. Moreover, at this
stage we have only indirect evidence for chromium clustering. We plan to use timeof-flight secondary ion mass spectrometry (TOF-SIMS) in an attempt to determine the
surface silanol population on our model catalyst and to detect Cr dimerization upon
reduction of the calcined catalyst.
In combination with the information about the lateral distribution of the catalytic
activity this will give a very complete insight into the genesis, structure and dispersion
of the active chromium site(s) of the Phillips catalyst on a molecular scale.
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Chapter 4
The effect of temperature on ethylene
polymerization over flat Phillips model
catalysts
In this study we investigated the polymerization properties of a well defined
flat CrOx/SiO2/Si(100) catalyst. In order to compare this model system with
the conventional Phillips catalyst based on porous silica, polymerization
reactions were carried out at various temperatures. In contrast to the
conventional Phillips catalyst our model showed constant activity direct from
the start of polymerization. Both the activity and molecular weight were
tenfold higher for the flat catalyst. As expected an increase in polymerization
temperature lead to an increase in activity, however, the molecular weight
distribution was only mildly affected. At a temperature around the melting
point of polyethylene a sudden drop in both activity and molecular weight
was observed. Based on our observations we propose that 1) chromium sites
produce polymer chains in short bursts of high activity followed by a dormant
period and that 2) ethylene polymerization of active chromium sites can result
in local ethylene depletions that limit both activity and molecular weight. This
can severely affect the polymerization properties in case of high active site
densities and reduced mass transfer through the formed polymer layer.

The contents of this chapter have been published: E. M. E. van Kimmenade, J. Loos,
J.W. Niemantsverdriet, P.C. Thüne, J. Catal. 2006, 240, 39.
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Introduction

Phillips type catalyst systems, which consist of chromium oxide dispersed on a porous
oxide [1-4], are among the most important catalysts in ethylene polymerization. Due
to the large sensitivity towards preparation such systems give rise to a rich family of
catalysts: small changes in the preparation method have a large influence on the
observed activity and the properties of the polymer formed. This versatility is
responsible for the commercial success of the Phillips catalyst since it creates the
possibility to tune the polymer properties towards different applications. Despite this
success, and almost 50 years of academic and industrial research, the Phillips catalyst
remains poorly understood on the molecular level. The molecular structure of the
active site and the mechanism of polymerization remain unresolved. In the past
decades the CrOx/SiO2 system has been heavily interrogated with a large variety of
spectroscopic techniques and probe molecules [4]. These efforts increased our
understanding of the surface chemistry of supported chromium. However, these
studies unfortunately lack detailed data on the polymerization performance of the used
model catalyst. Furthermore only a small fraction of the total chromium loading in
Phillips type catalysts is believed to be active in ethylene polymerization. Values
typically do not exceed 10 % of the chromium atoms [4]. This makes all too farreaching correlations between spectroscopy and reactivity of the Phillips catalyst very
questionable. In a very recent study Groppo et al. [5] claim to have achieved a
correlation between an infrared characterization of Cr(II) surface sites and microgravimetrical measurements of the polymerization activity a room temperature. While
the authors claim to have identified two different classes of active sites, we believe
that the extremely low catalytic turnover observed in this study precludes a correlation
of activity with spectroscopy. The total polymer yield in a 10 minutes polymerization
experiment amounts to only one ethylene molecule per Cr atom. Obviously in these
experiments only a tiny fraction of the total chromium has formed polymer chains.
The extreme sensitivity towards preparation makes it difficult to compare studies from
different groups. In order to combine different spectroscopic studies, these studies
should be applied to one and the same catalyst batch that should also be characterized
in terms of its polymerization properties. In industry considerable effort has been put
into the empirical mapping of polymerization performance as a function of catalyst
preparation (e.g. calcination temperature, type of silica and chromium loading) and
polymerization conditions (e.g. temperature and ethylene pressure). Naturally, this
knowledge is hardly ever disclosed in detail in the open literature.
In an attempt to correlate catalyst preparation with a detailed molecular level
characterization of the CrOx/SiO2 system and a characterization of its polymerization
properties we have developed a flat Phillips model catalyst. This model is based on a
silicon wafer covered with about 20 nm of thermal silicon oxide. The model support
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allows wet chemical impregnation of the active phase (e.g. CrO3 in water) and further
treatment similar to its industrial complement. Flat model catalysts are especially well
suited for applying surface spectroscopies (XPS, RBS, SIMS) and high-resolution
microscopic techniques (SEM, AFM) [6-10]. The flat nature of the catalyst makes it
easier to study the morphology of polymer films since polymer growth occurs only in
a direction normal to the catalyst plane. In a previous publication [11] we
concentrated on the effect of calcination on this chromium desorption. By applying Xray photoelectron spectroscopy (XPS) and Rutherford Backscattering Spectrometry
(RBS), we were able to quantify the chromium coverage after calcination as a
function of calcination temperature and initial chromium loading. The study
highlighted the importance of chromium desorption and local chromium densities for
the activity of the model catalyst.
In this paper we discuss the effect of polymerization temperature on the catalytic
performance of the CrOx/SiO2/Si(100) model catalyst. For the first time we combined
the activity with data on molecular weight and melting point of the polyethylene. This
enabled us to compare our catalyst with industrial Phillips catalysts on the basis of
polymerization performance.

4.2

Experimental procedure

4.2.1

Preparation of the model catalyst and polymerization

The Phillips model catalysts were prepared by immersing a flat silicon wafer in an
aqueous CrO3 solution and spincoating the polished side (roughness of 5 Å) as
described earlier [11, 12]. After spincoating, the unpolished backside of the wafer also
contains an amount of chromium which is undefined due to contact with the sample
holder. In this study the chromate loading of the model catalyst was 1 Cr atom/nm2.
The reactor used for catalyst activation and polymerization is a modified version of
the one described previously [9]. It consists of a single tube with two spaces separated
in the middle by a glass filter. The upstream side contained a gas cleaning catalyst bed
(a scavenger material of chromate-loaded γ-alumina extrudates) and the downstream
part was loaded with one sample of about 5 cm2 surface area.
In the present study all chromate spincoated wafers were calcined in a dry O2/Ar
mixture at a temperature of 650°C, followed by a reduction treatment in CO at 350°C
for 15 minutes. After cooling in an argon flow, polymerization was started by
introducing ethylene gas at various temperatures between 23 and 160°C at
atmospheric pressure. Polymerizations at temperatures of 100°C and above were done
for a maximum of 5 hours, in order to prevent the reactor from breaking due to
excessive polymer growth of the gas cleaning catalyst bed. At lower temperatures
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activities were lower and polymerizations were carried out for 17 hours in order to
obtain enough material for molecular weight analysis.

4.2.2

Catalyst activity

Polymerization activity was determined by weighing the catalyst before and after
polymerization. Due to the equal calcination, reduction and polymerization conditions
for the polished and unpolished backside of the wafer, both sides show activity. In
order to obtain activity data from the polished side only, the polymer formed on the
undefined backside of the model catalyst was removed.

4.2.3 Polymer characterization
The morphology of the formed polyethylene films were studied using an
environmental scanning electron microscope (XL30 ESEM-FEG, FEI Company, The
Netherlands) operated in low voltage mode (LVSEM). Size exclusion
chromatography (SEC) was used to determine the molecular weight of the polymer
samples. The required sample amount (at least 1 mg) was obtained by removal of the
polymer from the catalyst surface. The measurements were performed at DSM using a
PL-GPC220 device with Viscotek 220R viscosimeter, TSK GMHHR-H(S) HT
columns and 1,2,4-trichlorobenzene as an eluent.
Thermal analysis was carried out using differential scanning calorimetry (DSC) (TA
Instruments Q1000). In order to obtain a polymer melting temperature solely based on
polymer properties and not on polymerization temperature induced morphology
differences, an initial heating cycle was run in order to remove the nascent character
of the sample. All heating and cooling scans were performed at a rate of 10 K/min.

4.3

Results

4.3.1

Catalyst activity and polymer morphology

As outlined in the experimental section, the active catalysts were treated with ethylene
gas at atmospheric pressure at various temperatures from 23 to 160°C. During
polymerization, polyethylene grew in a direction normal to the catalyst plane to form
a homogeneous film. Polymer layer thicknesses, as determined by SEM-imaging,
agreed with the activities found by weighing. Figure 4.1 shows SEM images of the
polymer samples made at 40, 80, 100 and 130°C. The films produced at 40 and 80°C
have a grainy appearance and show cracks with stress fibrils. At 100°C larger grains
are formed and the surface has a smoother appearance. At 130°C and above,
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Figure 4.1: Scanning Electron Microscopy images of polyethylene films formed on
model catalysts at 40, 80, 100 and 130°C.
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Table 4.1: Activity and polymer characterization results for model catalysts loaded
with 1 Cr/nm2, calcined at 650°C and reduced in CO at 350°C. The active catalyst
area is about 5 cm2.
Polymerization temperature (°C)
23
40
60
80
100
130
160
tpolym.
hr
17
17
17
17
5
5
4.5
-2
Yield
1.06
1.22
2.36
4.57
2.74
3.95
2.49
mg⋅cm
mg⋅cm-2
⋅hr-1⋅atm-1
Average s-1
TOF
Specific gPE⋅gcat-1
activity* ⋅hr-1⋅atm-1
Mn
g⋅mol-1
Activity
per area

0.062

0.072

0.139

0.269

0.547

0.790

0.553

3.7

4.3

8.3

16.1

32.7

47.2

33.0

1.9⋅102

2.2⋅102

4.2⋅102

8.1⋅102

1.6⋅103

2.4⋅103

1.7⋅103

57⋅103

62⋅103

43⋅103

49⋅103

32⋅103

20⋅103

g⋅mol-1
1100⋅103 960⋅103
720⋅103 840⋅103 490⋅103 210⋅103
Mw/Mn 18.9
15.5
16.9
17.3
15.5
10.2
Tmelt
132
131
130
130
129
125
127
°C
2
* for a porous carrier with a surface area of 300 m /g.
Mw

polymerization proceeds in the polymer melt. Upon cooling to room temperature the
polymer crystallizes and forms the well-known spherulite morphology [7].
Activities were determined after normalization on the basis of the active surface area
and the polymerization time (table 4.1). Initially we observed an exponential increase
in activity with increasing temperature. At higher temperatures, the rate of increase
became smaller; it reached a maximum at 130°C and then decreased. The nominal
turn over frequencies could be calculated based on surface chromate quantifications as
described in a previous publication [11]. For the sample loaded with 1 Cr/nm2 we
found no change in chromium loading upon calcination at 650°C. Since only a small
fraction of chromium is thought to be active for the Phillips catalyst [2,4,13], the real
turn over frequencies are probably much higher than the values calculated based on
the total chromium loading.

4.3.2

Molecular weight and viscosity

Figure 4.2 shows the molecular weight distribution results obtained by size exclusion
chromatography (SEC) analyses of six samples, those polymerized at 23, 40, 80, 100,
130 and 160°C. The samples polymerized below 100ºC show similar distributions
with a single maximum at about 7⋅105 g/mol and a tail on the low molecular weight
side. The most striking feature in these molecular weight distributions is the
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appearance of a second peak in the distribution obtained from the sample polymerized
at 130°C. One of the maxima in this distribution occurred at the high molecular
weight side (circa 8⋅105). The other maximum occurred at a molecular weight of circa
1⋅104. At 160ºC the peak at low molecular weight becomes dominant, however, the
high molecular weight compound remains visible. Table 4.1 lists the number average
molecular weight (Mn), the weight average molecular weight (Mw) and the dispersity
index (Mw/Mn). Only a small decrease in molecular weight with increasing
polymerization temperature can be observed in the range from 23 to 100°C. However,
above 100°C this decrease becomes much stronger.

dW/dlog(M)

160ºC

130ºC

100ºC
80ºC
40ºC
22ºC
3

4

5

6

7

log(M)
Figure 4.2: Molecular weight distribution curves for polyethylene produced over flat
model catalysts at the indicated temperatures.
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Figure 4.3 displays Mark-Houwink plots for the polyethylene samples polymerized at
40, 80, 100, 130 and 160°C, together with a straight line which represents the
theoretical behavior of perfectly linear polyethylene. In a Mark-Houwink plot the
logarithm of the intrinsic viscosity of a polymer in solution is plotted against the
logarithm of the molecular weight. At high molecular weight it can clearly be seen
that the slopes start to decrease. This decrease is more pronounced for the samples
polymerized at the highest temperatures when polymerization takes place in the
polymer melt. Such behavior is generally attributed to long chain branching.

Log(Intrinsic Viscosity)

1.5

Linear PE

40ºC

80ºC

100ºC

130ºC

1.0

160ºC

0.5
6

7

Log(Molecular Weight)

Figure 4.3: Mark-Houwink plots of polyethylene produced over flat model catalysts at
different temperatures show deviation from linearity pointing to branching.

4.3.3

Thermal analysis

The melting point of the polyethylene was determined for all polymer samples after a
first heating cycle at 160°C (see table 4.1). For the sample polymerized at the lowest
temperature (23ºC) a value of 132°C is found, while at higher temperatures the value
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decreases to about 125°C. Both these values are somewhat low considering high
molecular weight polymer, which normally has a melting temperature between 133
and 135°C. Most probably these lower melting points originate from a small degree of
chain branching. For higher polymerization temperatures, the melting point decreases.
This suggests an increase in the degree of chain branching with increasing
polymerization temperature, which is in line with the results found with size exclusion
chromatography (SEC). The slight increase in melting point on going from a
polymerization temperature of 130 to 160°C correlates with a strong increase of the
low molecular weight peak. This may indicate that this low molecular weight fraction
is more linear than the high molecular weight fractions that show a low viscosity in
both cases.

4.4

Discussion

4.4.1

Model catalyst in comparison with industrial catalyst

The most important general trends for olefin polymerization over the calcined
CrOx/SiO2 catalyst system are: 1) a monotonous increase of activity and molecular
weight with polymerization time, 2) an increase of activity and a mild decrease of
molecular weight with increasing polymerization temperature, 3) an increase in both
activity and molecular weight with increasing ethylene pressure. Furthermore,
polyethylene produced over CrOx/SiO2 catalyst systems is characterized by a broad
molecular weight distribution (Mw/Mn=10 to 40).
Superficial inspection of the data from polymerization over the CrOx/SiO2/Si(100)
model catalyst reveals trends as expected for activity and molecular weight.
Increasing the polymerization temperature increases the overall activity and
termination rate/propagation rate ratio. The latter leads to shorter polyethylene chains.
A popular explanation for this trend has been proposed by McDaniel [1] who invoked
a destabilizing effect on the chromium-chain bond at higher temperatures.
However, several features of the model catalyst are quite remarkable in the light of the
established view of olefin polymerization over CrOx/SiO2 systems. First, the activity
of our model catalyst (table 4.1) appears to be rather high when compared to high
surface area Phillips catalysts having a similar pretreatment. Detailed results on
activity of the Phillips catalyst together with data on catalyst pretreatment and
polymerization conditions are rare in literature. McDaniel and Merryfield [1,14] find
an activity reaching a maximum of about 2.9 kg PE/(hr⋅g catalyst) in a slurry
polymerization in isobutane at a temperature of 105°C and an ethylene pressure of
about 19 bar. Their catalyst was calcined at a temperature of 595°C and reduced in
CO at 350°C. Assuming a first order ethylene pressure relation [1], the activity can be
estimated to be 0.15 kg PE/(hr⋅g catalyst⋅atm). Comparison between slurry and gas
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phase polymerizations is not straightforward [15-17]. However, slurry processes
usually show a higher productivity partly due to the higher ethylene concentration in
the slurry solvent as compared to the gas phase [18].
Fang et al. [19] used a chromium content of 1.0 wt% and a calcination temperature of
600°C. After a reduction step in CO at 350°C the catalyst was allowed to polymerize
ethylene at a pressure of 1.3 bar in heptane solvent. Triethyl aluminium (TEA) was
used as a cocatalyst and the temperature was kept at 60°C. By measuring the ethylene
consumption the activity was estimated at 6.5 g PE/(hr⋅g catalyst⋅atm). It is striking
that in comparison our model catalyst shows at least a tenfold higher turn over
frequency than the conventional catalysts on high surface area support.
The second remarkable difference which sets our model apart from conventional
Phillips catalysts, is the development of activity over time. The Phillips catalyst in the
McDaniel study [1] shows an increase in activity in the first hours of polymerization.
The model catalyst, however, polymerizes ethylene with constant activity over a
period of several hours. Individual polymerization runs deviate only about 12% from
this linear trend as is shown in Figure 4.4 for a series of polymerizations at 100ºC.
Third, the molecular weight produced over the flat model catalyst is surprisingly high.
At a much higher ethylene pressure, McDaniel obtains an Mw of almost 2·105 g/mol.
Since the preparation chemistry of the industrial catalyst and our model system are the
same [9,11,14] an explanation involving a change in the reactivity or number of active
sites is unsatisfactory. Looking at the spatial differences of both catalysts a case of
mass transfer limitation is more plausible. An area of 1 cm2 of our model catalyst
contains about the same amount of active sites as a volume of 100 µm3 of an
industrial catalyst. Obviously, in the case of the latter, a much higher flux of monomer
is needed to feed all the active sites. This makes the probability of diffusion limitation
in this three-dimensional system much higher than for the two-dimensional model
catalyst. During polymerization, as the particles break up and the metal volume
concentration decreases, the activity increases. In the following we will further
develop the mass transfer proposition to explain the reactivity of the
CrOx/SiO2/Si(100) model system.
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Figure 4.4: Polyethylene yield vs. polymerization time at 100ºC for polymerization
over flat model catalysts. The catalysts were loaded with 1 Cr/nm2, calcined at 650°C
and reduced in CO at 350°C.

4.4.2

Polymerization kinetics and mechanistic implications

Both the activity of our model catalyst and the molecular weight of the polymer
produced show a remarkable change in trend when going from low polymerization
temperatures to temperatures of 130°C and above. The sudden drop in activity and
molecular weight is accompanied by a dramatic change in the molecular weight
distribution curves at 130ºC and 160ºC and coincides with the change from
polymerization in the solid to polymerization in the melt. This temperature regime is
inaccessible for gas phase polymerization with conventional catalysts due to reactor
fouling. To our knowledge, there are no publications on Phillips catalyst molecular
weights covering polymerization temperatures from as low as room temperature to
temperatures above the melting point of polyethylene. Publications that deal with
molecular weights of polyethylene obtained with Phillips catalysts usually do not
present the whole distribution curve and only give number and weight averaged
molecular weights.
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At least two possible explanations can be given for the sudden drop in activity and
molecular weight. These are based either on heterogeneity of active chromium centers
dominating polymerization at different temperatures or on the abrupt change of the
local polymerization conditions of the chromium centers. As mentioned earlier it is
known that both activity and molecular weight decrease with a decrease in ethylene
concentration. McDaniel [1] claims that the propagation step is highly dependent on
the ethylene concentration. He found a nearly first order increase in activity, while the
molecular weight was increasing for higher ethylene pressures. This means that the
rate of termination is less affected by a change in ethylene concentration than the rate
of propagation.
The inset of Figure 4.5a shows the temperature dependence of the polymerization
activity between 25 and 100°C. From this Arrhenius plot, we estimate an activation
energy of 27 ± 3 kJ/mol. This value is close to those found by Clark (30 kJ/mol) [20]
for the Phillips catalyst and Scott et al. (30.2±0.9 kJ/mol) [21] for
tetraalkylchromium-fragments on silica.
Figure 4.5b shows the rate of polymer chain formation per chromium atom, obtained
by dividing the normal activity by the number averaged molecular weight. This
represents the rate of chain initiation. At higher temperatures no dramatic fall in chain
formation rate is observed, which is in contrast to the overall polymerization activity.
The inset of Figure 4.5b shows the temperature dependence of the chain formation
rate as an Arrhenius plot. In this case the full range of experiments (23 to 160ºC) is
fitted, obtaining an energy of activation of chain initiation of 29±2 kJ/mol. The rates
at the high polymerization temperatures of 130 and 160ºC agree well with the linear
fit suggesting that, unlike the overall activity, the initiation rate is not severely
affected in this temperature range.
The change in molecular weight in the range from 23 to 100ºC is small compared to
the change in activity. Hence the apparent activation energies found for chain
initiation and polymerization are almost identical in this temperature range. We
conclude that the activity increase can be mainly ascribed to the increasing rate of
chain initiation making it the rate-determining step in ethylene polymerization. This
would imply that the activation energy of polymerization over a CrOx/SiO2 catalyst is
therefore not that of propagation as is often assumed. The activation energy of the
latter is probably much lower than the value found in figure 4.5a. A direct
consequence of this proposition is that an active Cr site does not continuously
polymerize but rather stays dormant after chain termination until another initiation
reaction occurs. Based on this we claim that the active sites of the Phillips catalysts
exhibit short bursts of very high propagation rates which are followed by relatively
long periods of inactivity. The availability of ethylene monomer at the active sites
determines the molecular weight of the growing chain and through this also the
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Figure 4.5: a) Polymerization activity plotted vs. polymerization temperature for a
flat model catalyst loaded with 1 Cr/nm2, calcined at 650°C and reduced in CO at
350°C. The active catalyst area is about 5 cm2. Errors of 12% based on figure 4.4 are
included. Inset: Arrhenius plot of the activity in the interval from 23 to 160°C, b) The
rate of chain formation plotted against polymerization temperature for the same type
of catalyst. Inset: Arrhenius plot of the rate of chain formation.
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overall polymerization activity. Fast ethylene consumption, which results from
extremely high propagation speeds will cause a volume of decreased ethylene
pressure in the vicinity of the polymerizing site as illustrated in Figure 4.6.
Polymerizing sites situated in this volume will compete for the present monomer.
Activity and average molecular weight drop based on the fact that propagation speed
is hampered by low ethylene concentrations and termination is not. This proposition
qualitatively explains the discrepancies between the polymerization behavior of the
flat model catalyst and the industrial Phillips catalyst from the McDaniel study. For
the latter, active site densities are much larger due to the three-dimensional spacing of
chromate.
Above 100ºC the initiation reaction still follows Arrhenius behavior which means that
the drop in activity is attributed to the strong decrease in molecular weight when
polymerizing in molten polyethylene. The fact that the rate of chain initiation shows
Arrhenius behavior suggests that there is no change in the amount and/or nature of
active sites when the polymerization temperature is increased beyond the melting
temperature. It is therefore unlikely that the decrease in molecular weight can be
explained by the existence of two types of sites which dominate polymerization at
different temperatures. Site starvation as illustrated in Figure 4.6, however, can
explain this observation.
Besides the drop in activity and molecular weight, melting point and viscometry
analyses point to an increase in long chain branching. At high temperatures more side
reactions can be expected. Also, if the concentration of ethylene near the catalyst
surface decreases, the chain/ethylene ratio increases. This favors for the increased
long chain branching in polyethylene samples formed at high polymerization
temperatures.
The origin of low ethylene pressure near the catalyst surface at temperatures of 130°C
and above could be a decrease of the ethylene solubility in the polymer matrix. The
solubility of ethylene in polyethylene is known to decrease for increasing
temperatures when pressures are not too high [22-26]. In the case of solid
polyethylene in polymerizations below the melting point, the ethylene concentration
inside the polymer is dependent on both crystallinity and temperature [24]. A high
crystallinity will result in a decreased solubility. It is debatable if a continuous
decrease in ethylene solubility with temperature can account for the sharp changes in
activity and molecular weight observed. This especially holds in the case solubility
changes are minor compared to direct temperature effects. The fact that the activity
and molecular weight decrease happen very sudden around the melting point
obviously suggests that a change in morphology plays a role. This thought is enforced
after inspection of the SEM images in Figure 4.1. The surface of the polymer formed
at low temperature is clearly under stress, as can be seen by the cracks and holes in
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the film. The polymer therefore could exhibit a higher porosity. The ethylene supply
to the active catalyst surface through a porous medium might be much easier than
through a bulk of polymer where solution and diffusion in the polymer melt is the
only method of transport.

Figure 4.6: Schematic representation of an ethylene depletion zone caused by short
bursts of high propagation speeds. The local low ethylene pressure affects the
propagation of the active site and its neighbors, leading to reduced activity and
shorter chains.

4.5

Conclusions

In this study we tested the flat CrOx/SiO2/Si(100) catalyst for its activity and
selectivity upon polymerization at different temperatures from 23 to 160°C. Our
model catalyst differs from the conventional Phillips catalyst in that it does not show
an increase in activity with polymerization time, but immediately develops a constant
activity. Both activity and average molecular weight of the polymer produced are
about ten times higher than the Phillips catalyst on porous support. Upon an increase
in the polymerization temperature the CrOx/SiO2/Si(100) catalyst shows an increase in
activity and a mild decrease in molecular weight. At a temperature around 130°C a
sharp drop in both activity and molecular weight is observed, while there is an
increase in long chain branching.
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Based on the Arrhenius plots of the model catalyst activity and chain initiation we
propose that active chromium sites produce polymer chains in short bursts of high
activity rather than a continuous and constant propagation. As a consequence of this
temporary and high monomer consumption local ethylene depletion zones can
develop. Active sites situated in this zone have to compete for the available monomer,
influencing both activity and molecular weight. This simple model is visualized in
Figure 4.6. It can qualitatively explain all observed trends in the polymerization
reactivity of the model catalysts and may also be an important factor causing the
differences in polymerization performance with respect to high surface area Phillips
catalysts. These differences originate from the high metal concentration at the
beginning of polymerization for the conventional Phillips catalyst. Its threedimensional structure offers higher active site densities than the two-dimensional
structure of the model catalyst. As the polymerization proceeds the active sites in the
conventional catalyst are diluted and the activity and molecular weight increase. The
drop in activity at polymerization temperatures of 130°C and above we ascribe to a
decreased mass transfer of ethylene through the polyethylene layer when it is in the
melt. The porous nature of the nascent polymer film below the melting temperature
makes the active sites better accessible for fresh monomer.

4.5.1

Implications for real Phillips catalysts and other Cr based polymerization
catalysts

The existence of mass transfer limitation to explain the kinetic profile of the Phillips
catalyst has been discussed before [1,4,27] but it has never been fully accepted. Choi
and Tang [28] ascribe the increase in activity over time for conventional Phillips
catalysts to active site poisoning. Reaction products (aldehydes) that are formed
during the reduction of hexavalent to divalent chromium by ethylene act as a catalyst
poison. Over time the concentration of poisoned sites will decrease as the reaction
products diffuse out of the pores. However, in case of CO pre-reduced catalysts, the
carbon monoxide poison will have had ample time to diffuse away from the active
sites before the polymerization starts. Still McDaniel [1] reports a rise in activity also
for his CO reduced Phillips catalysts.
According to McDaniel [1], the rise in activity is often eliminated by adding
alkylmetal reducing agents. Also Ziegler catalysts - which have an overall activity at
least as high as Phillips catalysts – do not exhibit the increase in activity as strongly,
even though the active site concentrations are thought to be much higher. The
polymerization mechanisms over Ziegler catalysts or over alkylated chromium
catalysts, however, do not need to resemble that of the bare Phillips catalyst, which
lacks a preformed metal carbon bond. Scott et al. [21] grafted organochromium
fragments on amorphous, nonporous silica with a chromium loading comparable to
that of our flat model catalysts. They report truly impressive activities of 5.9⋅106 g
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PE/(h⋅mol Cr⋅atm) at 80°C, which is about three times that of the flat Phillips model
catalyst in this study. Our proposed polymerization scheme does not seem to apply to
these highly active catalyst derived from organochromium precursors.
In spite of these complications we believe that the proposed combination of chain
initiation controlled polymerization with short busts of ethylene consumption and
mass transfer limited chain growth at the active site, constitutes a valid alternative to
describe the reactivity of (CO-reduced) Phillips catalysts. This scheme can at least
complement the more prominent proposals based on chemical heterogeneity of active
chromium sites.
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Chapter 5
Nascent morphologies obtained with
short time ethylene polymerizations
This chapter consists of two parts.
In part A we investigate the effect of polymer yield and polymerization
temperature on the morphology of nascent polymer islands as formed over
CrOx/SiO2/Si(100) model catalysts. The observed trends are discussed in
terms of chain mobility.
In part B we discuss the morphology of nascent polymer islands as a tool to
visualize polymerization activity on CrOx/SiO2/Si(100) model catalysts.
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Chapter 5A
Nascent morphologies of polyethylene
as-polymerized on flat models for the
Phillips catalyst
The nascent morphology of polyethylene (PE), i.e. crystalline and/or
amorphous organization of macromolecules just formed at the active site, assynthesized on flat models for the Phillips CrOx/SiO2 catalyst has been
investigated. These catalysts have been adjusted to synthesize only very small
amounts of polymer. Upon crystallization, individual and aggregated PE
crystals are formed on the flat catalyst surface. The effect of polymer yield
and polymerization temperature on the morphology of these nascent polymer
islands is studied by atomic force microscopy (AFM). For a polymerization
temperature of 23°C, small polymer assemblies with lateral size of about 30
to 50 nm are formed. These polymer grains pile up as the polymerization
yield is increased. For the intermediate polymerization temperature of 70°C,
we observe large crystalline structures, which resemble dendritic or sea weed
grown PE crystals. Even larger crystalline structures are formed at a
polymerization temperature of 100°C. These islands have a similar
appearance as flat-on PE single crystals. We interpret these trends as the
result of increasing mobility of the nascent polyethylene chain on the catalyst
surface upon polymerization at increasing temperatures.

The contents of this chapter have been submitted for publication: J. Loos, X. Chen,
E.M.E. van Kimmenade, B. Kong, P.C. Thüne, submitted, 2006.
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5A.1 Introduction
Polymers are extremely viscous materials and form a so-called highly entangled
network in the melt. In practice, thermoplastic polymers are processed in the molten
state via extrusion or injection molding. Properties such as strength and toughness
increase with increasing molecular weight. On the other hand, speed and energy
expense of processing is related to the melt viscosity; the lower the viscosity, the
easier to process. Characteristic for polymer melts is the strong dependence of the
melt-viscosity ηmelt on the weight average molar weight Mw, which corresponds to
ηmelt~Mw3.4 and implies that if e.g. the molar weight is doubled, the melt-viscosity
increases more than 10 times. To overcome the problem of high viscosity during
processing the entanglement density has to be reduced.
According to Chanzy et al. the crystallization process during synthesis leads to
morphologies, which are less entangled than melt-crystallized samples. The first
melting of these nascent, as-synthesized polymers, however, increases the
entanglement density, which causes reduced chain mobility and thus increased
viscosity [1]. Then again, Rastogy et al. have recently demonstrated a route for
adjustment of the entanglement density, in which the authors applied partly but
controlled melting of so-called nascent, as-polymerized ultra-high molecular weight
polyethylene (UHMWPE) reactor powder [2]
Consequently, better understanding the nature of the nascent morphology of semicrystalline polymers and in particular of polyolefins, namely the formation and
molecular organization of polymer particles initiated by supported or homogeneous
catalyst systems in the reactor, is an essential research topic towards improved
processibility and performance of polymers. The development of the polymer
morphology results from continuous insertion of fresh monomer at the catalyst active
site, creating new macromolecules which, depending on type and conditions of the
polymerization process used, have certain mobility before they crystallize. The
nascent polymer morphology is preserved if the polymerization temperature is below
the melting and/or the dissolution temperature of the polyolefin during polymerization
and subsequent steps such as drying, filtering etc [3].
The development of the nascent state morphology of polyolefins in the reactor is
understood reasonable well on the micrometer level, the overall particle morphology,
as used in important industrial processes such as catalyst replication [4-6]. On the
molecular scale, however, such events are only poorly understood and, so far, nascent
polyolefins have rare and somewhat contradictory physical properties [7-10]. For
example, for certain polymerization conditions, the nascent ultra-high molecular
weight polyethylene (UHMW-PE) powder produced in a reactor exhibits an unusually
high melting temperature, which has been attributed to the formation of extended

Nascent morphologies of polyethylene as-polymerized on flat models…

83

chain crystals during polymerization [11-13], more or less similar to the formation of
cellulose fibrils in nature. Other authors claim that the high melting temperature is
related to the formation of metastable folded chain crystals during polymerization [14,
15], which reorganize prior to melting [16]. Neither x-ray scattering [7] nor
microscopy studies [17] are able to unambiguously reveal the nature of the
organization of nascent crystals as present in reactor powders. During the last years,
progress has been made in understanding specific organization and reorganization
features of the nascent morphology by using Nuclear Magnetic Resonance (NMR)
[2]. In the present study, we present a new approach studying the very early stages of
polymer formation and crystallization in the nascent state applying well-defined flat
model catalysts and controlled polymerization conditions.
Research studies applying flat model catalysts for polymerization of polyolefins are
known since the early work of Chanzy et al., which dates back to the late 60-ties of
the last century [11,18]. Recently, we have introduced a flat model for the Phillips
ethylene polymerization catalyst [19-21]. It consists of molecularly dispersed
chromium that is anchored at the flat silica support by two Cr-O-Si bonds. The
concentration of surface chromium species, which are the active polymerization
centers, and their activity for ethylene polymerization can be tuned independently.
Upon polymerization with ethylene at 1-2 bar and temperatures between 20 and
160°C these catalyst produce polyethylene films with a thickness of several microns
and with a molecular weight (Mw) of about 500.000-1.000.000 g/mol [22]. The
nascent morphology of such PE samples polymerized at 23ºC consists of pillar-like
stacked spherical entities, which are loosely connected with each others, and is
entirely different from the common spherulitic morphology of melt-crystallized PE
samples. Corresponding thermal analyses of the samples have shown that the melting
temperature and crystallinity are significantly higher than that of the same sample
after melting and recrystallization. This points to the common behavior of nascent
polyolefins polymerized at low temperatures. However, because of the large amount
of polymer formed, such samples are not suitable to study the initial nascent
morphology of individual crystals. Due to the film growing process during the
polymerization the initial morphology is, at least, distorted and characterization of
individual crystals by microscopy techniques is not possible.
In this contribution we want to demonstrate that application of flat model catalysts at
greatly controlled ethylene polymerization conditions results in the formation of
individual polyethylene crystals deposed onto the flat catalysts. In such a situation, we
are able to analyze the influence of the polymerization conditions, mainly of the
polymerization temperature, on the morphology of the nascent crystals by means of
atomic force microscopy (AFM). We will discuss the observed morphologies in terms
of the combined effect of localized polymer chain growth, mobility of the nascent
polymer chain (after cleavage of the metal carbon bond of the active polymerization
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center) on the catalyst surface, and the insertion of the nascent chain into the growing
polymer crystal.

5A.2 Experimental procedure
5A.2.1 Catalyst preparation and ethylene polymerization
Preparation of the CrOx/SiO2/Si(100) model catalyst and the ethylene polymerization
setup has been described in detail before [19-21,23]. A brief schematic representation
of the procedure is depicted in the scheme of Figure 5A.1.

A

Spincoating
impregnation

B

C

1) Calcination 650°C
2) CO 350°C
3) C2H4 23 -100°C

Figure 5A.1: Schematic representation of the preparation of distinct islands of
nascent polyethylene on a CrOx / SiO2 / Si(100) model catalyst; A) Si(100) single
crystal with 20 nm thermal oxide covered by aqueous chromate solution, B) chromate
deposited onto silica surface after solvent evaporation, and C) distinct polyethylene
islands grown on the CrOx / SiO2 / Si(100) model catalyst.

The Phillips model catalysts were prepared by spincoating an aqueous CrO3 solution
onto a flat silicon wafer, as described earlier [19,23]. In this study the chromate
loading of the model catalyst was 0.01 Cr atom/nm2. The reactor used for catalyst
activation and polymerization is a modified version of the one described previously. It
consists of a single tube with two spaces separated in the middle by a glass filter. The
upstream side contained a gas cleaning catalyst bed (a scavenger material of
chromate-loaded γ-alumina extrudates) and the downstream part was loaded with one
sample of about 5 cm2 surface area.
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All impregnated catalysts were calcined in a dry O2/Ar mixture at a temperature of
650°C, followed by a reduction treatment in CO at 350°C for 15 minutes. After
cooling in an argon flow, polymerization was started by introducing ethylene gas at
various temperatures between 23 and 100°C at atmospheric pressure. The exposure
time in ethylene was varied for different polymerization temperatures in order to gain
a polymer morphology that consist of distinct polymer islands on top the bare silica
surface. Polymerization was terminated by evacuating ethylene and changing to argon
gas.

5A.2.2 Morphology characterization
The morphologies of the nascent, as-polymerized samples were investigated using an
environmental scanning electron microscope XL30 ESEM-FEG, Fei Company, The
Netherlands, operated in low voltage mode (LVSEM). Further, a Solver P47H atomic
force microscope (AFM, NT-MDT Co., Moscow, Russia) operated in intermittentcontact mode under ambient conditions and equipped with NT-MDT NSG01S
cantilevers (force constant is typically 5.5 Nm-1) was used to monitor the morphology
of the samples.

5A.2.3 Height data processing
Because we are aiming on formation of low amount of polymer on the model catalyst,
most probably individual crystals are laying on the catalyst substrate such that
quantitative analysis of their height – in case of flat-on laying crystals on their
thickness – can be performed as follows. In an AFM topography image, the main
information that each pixel actually carried is a relative height value. For an image
with the dimensions of 512 x 512 pixels, correspondingly, there are 262144 height
values within the image. The height values are plotted in a histogram of frequency
versus the height value. This plot actually gives a height distribution for the whole
topography image. Because also the flat model catalyst substrate contributes to this
distribution with a dominant peak, the actual height of the crystals is the peak height
value subtracted by the height value of the substrate. The average height of polymer
crystals and local polymer volume were also be extracted from these distributions.
They are presented in Table 5A.1.
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Table 5A.1: Characteristics of samples prepared with a fixed catalyst loading of 0.01
Cr/nm2 for a polymerization time series (samples 1a-c), and for a polymerization
temperature series (samples 1c, 2, and 3).
Sample Polymerization
Polymerization Average polymer
Volume (nm3)
temperature [°C]

time [sec]

height [nm]

1a

23

300

5

3.99·105

1b

23

900

6

1.86 x 106

1c

23

1800

6

2.13 x 107

2

70

120

8

1.99 x 107

3

100

45

12

1.84 x 107

5A.3 Results
In an attempt to visualize the nascent morphology by AFM, and in particular to
characterize individual PE crystals as formed on flat model catalysts, we have
polymerized ethylene over chromium catalysts with loadings of 0.01 Cr/ nm2, which
is about 40 times less than a typical loading of a commercial Phillips catalyst, for
different times at 23°C. After polymerization for 5 minutes we observe small polymer
grains that have typical lateral dimensions of 30 to 50 nm and heights of around 6 nm,
and which concentrate in a few aggregates (Figure 5A.2, sample 1a in Table 5A.1).
While most of the polymer ends up in one of these aggregates under scrutiny we
observe also a large amount of tiny polymer globules, which have a round shape with
heights between 2 and 4 nm and diameters of about 10 to 20 nm (Figure 5A.2a,
marked by arrows).
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Figure 5A.2: AFM images of a sample prepared with a catalyst loading of 0.01
Cr/nm2 and polymerization time of 300 s (sample 1a of Table 5A.1), a) amplitude
contrast (arrows mark polymer globules), b) topography contrast with indicated
positions of cross-sectional height scans, and c) and d) two representative
corresponding cross-sectional height scans.

Increasing polymerization time and thus polymer yield results in an increase of
polymer aggregate size (volume) rather than an increase in their numbers (Figure
5A.3, sample 1b in Table 5A.1). Aggregates are visible consisting of several polymer
grains. Also a large number of polymer globules are present (Figure 5A.3a, marked by
arrows). A further increase of the polymer yield results in large aggregates covering a
substantial portion of the catalyst surface (Figure 5A.4, sample 1c in Table 5A.1). The
number of polymer grains in the aggregates is high. Beside large aggregates also
isolated grains or small aggregates formed by few grains can be seen; however,
almost no polymer globules are detectable.
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Figure 5A.3: AFM images of a sample prepared with a catalyst loading of 0.01
Cr/nm2 and polymerization time of 900 s (sample 1b of Table 5A.1), a) amplitude
contrast (arrows mark polymer globules), b) topography contrast, and c) the
corresponding cross-sectional height scan.

In order to examine the influence of the polymerization temperature on the nascent
morphology we have performed a series of experiments, in which we changed the
polymerization temperature while maintaining the local polymerization yield constant,
i.e. polymer amount created per selected area. It has to be pointed out that for
temperatures much below the melting temperature of PE the polymerization
temperature is equal to the crystallization temperature. The morphology of the
resulting samples is characterized by SEM to provide reasonable overviews and by
AFM to image details of the morphology formed at higher resolution. Dependent on
the chosen polymerization temperature different morphologies are found. Figure 5A.5
shows SEM images of the nascent morphology formed at polymerization
temperatures of 23°C, 70°C, and 100°C, respectively. For the chosen imaging
conditions the dark areas represent the polymer formed on the flat model catalysts.
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Figure 5A.4: AFM images of a sample prepared with a catalyst loading of 0.01
Cr/nm2 and polymerization time of 1800 s (sample 1c of Table 5A.1), a) amplitude
contrast, b) topography contrast, and c) the corresponding cross-sectional height
scan.

Polymerization at 23°C results in small polymer islands, which are evenly scattered
on the catalyst surface (Figure 5A.5a). By increasing the polymerization temperature
to 70°C the morphology of the nascent polymer changes to dendritic or sea weed like
appearance (Figure 5A.5b). Finally, several micrometer large polymer objects with
compact bodies are formed when increasing the polymerization temperature to 100°C
(Figure 5A.5c).
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a

b

c
Figure 5A.5: SEM images of samples prepared with a catalyst loading of 0.01 Cr/nm2
for different polymerization temperatures of a) 23°C, b) 70°C, and c) 100°C (samples
1c, 2, and 3 in Table 5A.1), respectively.

Figures 5A.4, 6 and 7 present corresponding AFM data of the same samples as
introduced in Figure 5A.5. Details of the local organization of the nascent
morphology as formed during polymerization at 23°C are observed in the AFM
topography and amplitude contrast images of Figure 5A.4. The polymer islands
observed by SEM are aggregations of small polymer grains having a lateral size in the
order of 30 to 50 nm. Especially when looking to the amplitude contrast image
(Figure 5A.4a) it seems that, at least, some of these grains may have a somewhat
regular shape with pronounced edges. This might be an indication that the grains have
crystalline organization. From the topography image (Figure 5A.4b) and the
corresponding cross-sectional height scans (Figures 5A.4c,d) it can be deduced that
the height of individual polymer grains is about 6 nm, however, because of stacking
of grains height quantification is difficult.
Details of the dendritic or sea weed like nascent morphology formed during
polymerization at 70°C are shown in Figure 5A.6. The amplitude contrast image
(Figure 5A.6a) shows large polymer areas that are connected with each others and
form dendritic or sea weed structures with dominant main growth arm and branches;
however, some polymer bulbs disturb the homogeneous appearance of these areas. As
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can be seen in the topography image (Figure 5A.6b) and the corresponding crosssectional height scan (Figure 5A.6c) the height of the polymer structures is quite
uniform at about 8 nm. The polymer bulbs, however, are much higher and reach
heights of several tens of nanometers.
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Figure 5A.6: AFM images of a sample prepared with a catalyst loading of 0.01
Cr/nm2 for a polymerization temperature of 70°C (sample 2 of Table 5A.1), a)
amplitude contrast, b) topography contrast, and c) the corresponding cross-sectional
height scan.

Figure 5A.7 shows the nascent morphology of PE polymerized on a flat model
catalyst at 100°C. Both amplitude contrast (Figure 5A.7a) and topography images
(Figure 5A.7b) show a part of a large polymer object. From the corresponding crosssectional height scan we obtain the height of the object at 12 nm, however, one part of
the object is considerable thinner with about 9 nm. The surface is very smooth.
Looking to the appearance of the polymer object with its rather regular shape, we
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believe that it is a PE single crystal and the thinner part is one of the four sectors of
the crystal. Besides the single crystal numerous small polymer globules are seen.
However these contribute to only a tiny fraction of the total polymer yield.
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Figure 5A.7: AFM images of a sample prepared with a catalyst loading of 0.01
Cr/nm2 for a polymerization temperature of 100°C (sample 3 of Table 5A.1), a)
amplitude contrast, b) topography contrast, and c) the corresponding cross-sectional
height scan.

In Figure 5A.8a the height distribution derived from the AFM topography images
(Figures 5A.2, 3, and 4) are monitored for samples polymerized for different times at
23°C, and in Figure 5A.8b the corresponding evolution of the average height with
time is shown. In each height distribution curve the first peak at low height value
represents silica substrate that features a roughness of about 0.5 nm. The second peak
corresponds to the average height and height distribution of the polymer assemblies or
crystals. Average height increases from about 5 nm to 6 nm and the height distribution
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broadens with increasing polymerization due to stacking of polymer grains. Also,
from these plots we can calculate the local polymer yield corresponding to the scan
areas, which are quite similar (Table 5A.1). Figure 5A.8c shows the height
distribution derived from the AFM topography images for samples polymerized at
different temperature (Figures 5A.4b, 6b, and 7b). In the curve corresponding to the
sample polymerized at 100°C the smaller peak at lower height value indicates the
presence of the thinner sector of the single crystals, as mentioned above. The peak
maximum is extracted for all samples, and the dominant height values of samples
polymerized at different temperatures are shown in Figure 5A.8d. With increasing
polymerization temperature the height of the polymer crystals rises from about 6 nm
via 8 nm to above 12 nm for polymerization temperatures of 23°C, 70°C, and 100°C,
respectively. The bars correspond to the widths of the polymer height distributions
and are large for the sample polymerized at low temperature.
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Figure 5A.8: a) Height distribution of polymer samples polymerized for different
times at 23°C; b) corresponding calculated crystal thicknesses; c) height distribution
of polymer samples polymerized at different temperatures as indicated in the graph,
and d) calculated crystal thicknesses dependent on polymerization temperature used.
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5A.4 Discussion
Before we engage into the discussion of the results obtained we would like to
summarize the most important observations:
• Applying flat models for the Phillips CrOx/SiO2 catalyst we are able to
perform polymerization experiments in a controlled fashion. We present a
series of polymerization experiments highlighting the early stages of nascent
polymer growth at room temperature and comparing the nascent morphology
of polymer produced at different temperatures, while keeping the local
polymer yield constant.
• The polymerization conditions can be adjusted such that only individual or
aggregated nascent PE crystals are formed but not a closed polymer film; only
for such conditions AFM is suitable for studying the morphology of nascent
PE crystals.
• In these experiments the polymerization temperature is equal to the
crystallization temperature.
• Dependent on the polymerization/crystallization temperature different
morphologies are observed: small individual or stacked polymer grains,
dendritic or sea weed like objects, and large polymer objects having single
crystal like appearance for polymerization/crystallization temperatures of
23°C, 70°C and 100°C, respectively.
• For each polymerization/crystallization temperature the polymer objects show
a dominant height: as long as the polymer grains are not stacked they have an
average height of about 6 nm for a polymerization/crystallization temperature
of 23°C, the height of the dentritic or sea weed like objects is about 8 nm for
70°C, and the single crystals formed at 100°C have a thickness of about 12 nm
with the thinner sector with thickness of about 9 nm.
Based on these observations we would like to introduce a model that is able to explain
the formation of nascent morphologies, which appearance is strongly influenced by
the polymerization temperature applied. This model links catalyst characteristics with
macromolecule growing, the mobility of such nascent chains at the catalyst surface
and the formation of polymer crystal structures. For reason of clarity, a nascent chain
is defined as a macromolecule that is cleaved off the active site but has not jet found
its place in a growing polymer crystal.
The clusters of active sites show different average polymerization activity, which is
valid for all polymerization temperatures used. Moreover, we assume that for the low
loading used in our experiments single nascent chains are created rather than several
chains at the same time. This means that immediately after creation a nascent chain is
in contact with another chain only when this chain already has been created in the
vicinity before.
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From polymer physics considerations the mobility of the nascent chain, which is in
our case chain diffusion at the catalyst surface, is low for low temperatures, especially
if adsorbed to the surface causing confinement. Moreover, for low temperatures - far
below the melting temperature - polymer crystal nucleation is enhanced because the
critical size of a stable crystal nucleus is small. Thus, for the polymerization
temperature of 23°C nascent chains are sticking at the location they are created and
form instantaneously a stable nucleus or crystal when the minimum critical amount of
polymer is present. At the active catalyst sites, fresh chains created beneath such
crystal still have to stick to their birth location. When enough chains have been
produced a new stable crystal nucleus forms close to or pushing away the already laid
crystal. As this process repeats larger polymer aggregates develop depending on the
local activity. For locations with less activity, individual polymer crystals (grains) or
even globular structures are found. We believe that for the latter situation the critical
amount of polymer chains required for nucleation may not been created during the
polymerization experiment. Formation of individual polymer grains, clustering and
stacking of more and more of such grains with time can be followed in Figures 5A.2 4. The situation of chain creation and crystallization for low
polymerization/crystallization temperature is sketched in Figure 5A.9a.
At room temperature the polymer is concentrated into small islands, which vary
strongly in size and height and which show a grainy substructure. The polymer islands
increase in height when increasing the polymer yield rather than forming a polymer
film of constant height. From this we conclude that the polymerization activity is
concentrated to a small amount of isolated patches on the flat catalyst surface [20].
Thus, for samples polymerized at 23°C the AFM images are basically a representation
of the heterogeneous distribution of the catalytic activity.
For polymerization/crystallization temperature of 70°C, the average activity of the
catalyst is higher; more macromolecules are created for the same polymerization time.
More important, the mobility of the nascent chains on the catalyst surface is higher –
they don’t stick at the location they are formed – and the minimum size of a stable
nucleus is larger compared with the situation at 23°C. Thus, a stable nucleus is formed
probably close to a highly active area of the flat catalyst, which has a thickness of
about 8 nm. Because of higher chain mobility, possibly enhanced due to the vicinity
of the amorphous fold surface of the already flat-on laid nucleus/crystal, growth of
existing crystals is preferred and formation of additional nuclei is suppressed.
However, it seems that the potential crystal growth rate is larger than the rate of chain
creation and/or diffusion, which results in the dendritic or sea weed like morphologies
that are known to be “chain diffusion controlled” morphologies (Figure 5A.6). The
polymer crystals have very homogeneous thickness over areas of square micrometers;
however, at some locations polymer hills can be identified in Figure 5A.6. These hills
can be assigned to centers of high catalytic activity, from which the created chains
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diffuse beneath the already laid crystal to its growth front. On the other hand, during
the polymerization experiment fresh chains also can form additional small crystals
beneath the already laid crystal that will stick to their birth location and finally, will
built-up the polymer hills. The sketch of Figure 5A.9b visualizes such situation of
localized highly active centers, high nascent chain mobility, continuous growth of
crystals, and finally, formation of the polymer hills beneath the already formed
dentritic or sea weed like crystals.
Large polymer single crystals are formed for the polymerization/crystallization
temperature of 100°C (Figure 5A.7). Again, we assume heterogeneous distribution of
catalytic activity on the flat model catalyst. The mobility of a nascent chain should be
even higher than in case of 70°C, and also the critical size of a stable crystal nucleus
is increased again. Under such conditions nascent chains may form a thin melt-like
layer on the surface of the flat catalyst, and numerous nascent chains have to come
close to each others to be able to form a stable nucleus; even heterogeneous
nucleation could be favored. The nascent morphology changes for such conditions
from dentritic or sea weed like to single crystal like. Beside the large single crystals,
in the melt-like layer continuously new nuclei or small but unstable crystals are
formed and destroyed again. The overall crystal growth and reorganization process of
the melt-like layer seems to be similar to Oswald ripening. This situation is sketched
in Figure 5A.9c. The small polymer objects visible in Figure 5A.7 possibly are less
stable because thinner crystals. We like to note that the location of the single crystals
obviously is not related to areas of high catalytic activity.

Figure 5A.9: Sketch visualizing the creation of nascent chains at the active site(s) and
the formation of crystals for polymerization temperatures of a) 23°C, b) 70°C, and c)
100°C, respectively; after chain creation in case of a) the chains stick to their
location of birth, whereas for b) and c) they have higher mobility on the catalyst
surface. More information is given in the discussion part. Spheres, thin lines and
rectangles represent active sites, polymer chains and crystals, respectively.

Nascent morphologies of polyethylene as-polymerized on flat models…

97

The influence of the polymerization/crystallization temperature on appearance of the
nascent morphology of PE can be explained by the kinetic principle of crystallization
during polymerization stated by Wunderlich [3]. Accordingly, changes of the
synthesis temperature results in changes of the relative rates of polymerization and
crystallization. Beside this, we would like to add the important property of chain
mobility at the surface of the catalyst. Whereas at low temperature polymerization and
crystallization is coupled, taking place in subsequent steps at the location of the active
site, for higher temperatures the influence of chain mobility becomes more dominant
and results in insertion of nascent chains far away from their location of birth, the
active site. As long as the polymerization and crystallization temperature is (several
degrees) below the melting temperature the morphology formed is a result of insertion
of single chains in the growing crystal and differs clearly from morphologies observed
for melt-crystallization.

5A.5 Conclusions
We have demonstrated that flat model catalysts successfully can be applied for the
study of the nascent morphology of polyethylene. Dependent on the polymerization
temperature, which is equal to the crystallization temperature in all experiments,
different crystal morphologies have been observed. For the low polymerization
temperature of 23°C small polymer grains are formed, which have lateral sizes in the
order of 30-50 nm and heights of about 6 nm. The nascent chains stick to their
location of birth and form, after reaching the critical number of chains,
instantaneously a stable crystal. For areas of high catalytic activity fresh nascent
chains continue to crystallize close to or pushing away the already laid crystal, and so
on. Especially at low temperature the polymer distribution on the catalyst surface
reflects the local activity of the catalyst. When the mobility of the nascent chains is
higher on the catalyst surface for the higher polymerization temperatures of 70°C and
100°C, crystal grow is dominated by continuous insertion of single chains at the
crystal growth fronts. The morphology changes from dendritic or sea weed like
appearance, which is a results of “chain diffusion controlled” crystal growth caused
by lower polymerization and/or diffusion rate compared with the crystal growth rate,
to large single crystals, for which chain polymerization and/or diffusion rate is
approximately equal to the crystallization rate. For the latter situation, we propose that
a thin melt-like layer of nascent chains may be present on the flat catalyst, and that
reorganization of this layer is similar to Oswald ripening.
In summary, all morphologies observed can be explained by creation of polymer
chains, possibly their diffusion on the surface, and subsequent insertion in a crystal,
which happens either by instantaneous formation of a stable nucleus for low
temperatures or build-in in the crystal growth front for high temperatures.
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We are aware that some of our statements are of speculative nature, and that
discussion of the origin of the nascent morphology based only on AFM images is very
difficult. Nonetheless, we could demonstrate that with the flat models of the Phillips
CrOx/SiO2 we can build very reliable polymerization systems, which can be easily
used for systematic studies on the nature of the nascent morphology. To gain more
insights on the crystalline organization of the nascent morphologies we are going to
perform transmission electron microscopy (TEM) investigations on special designed
flat model catalysts, which are transparent for electrons. In addition controlled
annealing experiments of the nascent crystals by in-situ AFM are currently in
progress. Furthermore we are currently investigating the influence of either gas phase
or liquid phase polymerization on the formation of the nascent morphology. In
particular, the influence of the surrounding solvent in liquid phase polymerization will
significantly increase the mobility of the nascent chain prior to crystallization, which
may eventually cause increased entanglement density as compared to polymer
produced in gas phase.
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Chapter 5B
Visualization of local ethylene
polymerization activity on a flat
CrOx/SiO2/Si(100) model catalyst
The early stages of nascent polyethylene formation over flat Phillips model
catalyst were visualized with AFM. By using low catalyst chromium loadings
and polymerization times in the order of minutes, open polymer films
consisting of individual polymer grains and agglomerates of polymer grains
can be formed. Samples polymerized at different temperatures show
differences in morphology due to changes in nascent polyethylene chain
mobility upon polymerization. We state that the polymer grains observed after
short time polymerizations at room temperature reflect the distribution of
polymerization activity on the catalyst surface. For flat model catalysts with
low chromium coverage the activity is concentrated in islands making up only
a few percent of the catalyst surface. This result points to the fact that actual
chromium distances might be much smaller on a local scale than the nominal
chromium coverage suggest. Hence, this is indirect evidence to support our
supposition that chromium-chromium interactions play an important role in
controlling the polymerization performance. Furthermore, for the first time,
Transmission Electron Microscopy (TEM) was successfully applied to the flat
Phillips model catalyst. We believe that this combination holds great promise
in studying activity of individual sites with single chain resolution.
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5B.1 Introduction
Next to the Ziegler-Natta type catalysts, thermally activated chromium on silica [1-3]
(Phillips Catalyst) today is the second most important ethylene polymerization
catalyst; it is responsible for roughly one third of the world market in polyethylene.
The Phillips catalyst owes much of its commercial success to the fact that its
polymerization properties respond very sensitively towards variations in the catalyst
preparation (e.g. choice of silica, Cr-loading, addition of promoters) pretreatment
(calcination in dry air, pre-reduction) and to the polymerization conditions
(temperature, pressure, comonomer feed). This gives ample opportunities for finetuning the properties of the produced polymer resin. A typical Phillips catalyst
features about 1 wt% Cr on a wide pore silica gel with roughly 300 m2/g surface area,
which corresponds to a loading of about 0.4 Cr/nm2. It operates in slurry or gas phase
polymerization reactors at temperatures between 80°C and 120°C at ethylene
pressures around 20 bar [2,4].
There are several unique features of the CrOx/SiO2 catalyst that set this
polymerization system apart from other olefin polymerization catlystst: (1) The active
chromium needs to be dispersed molecularly on the oxide support (bulk chromium
oxides are inactive). The active chromium is anchored to the silica surface by Cr-O-Si
ester bonds. (2) CrOx/SiO2 catalysts do not need a preformed metal carbon bond in
order to become active for ethylene polymerization. The mechanism of
polymerization especially the initiation reaction is still not solved. (3) Only a small
amount of the silica supported chromium seems to develop any appreciable
polymerization activity. Estimates for this number are between 1% and 10% of the
supported chromium. (4) Phillips type catalysts usually produce polymer resins with
broad molecular weight distributions (Mw/Mn ≈ 10 – 20). This is usually attributed to
the intrinsic heterogeneity of the coordination environment of the chromium sites
induced by the amorphous nature of the silica surface.
In the past several years we have developed a flat model catalyst based on a silicon
wafer covered with about 20 nm of thermal silicon oxide [5]. With this model we
eventually aim to arrive at creating a complete molecular level picture of the Cr/silica
ethylene polymerization catalyst by correlating catalyst preparation, characterization
of the active surface and polymerization activity. The model support is suitable for
wet chemical impregnation of the active phase (e.g. CrO3 in water) and further
treatment just as for its industrial complement. Our recent work has focused on the
polymerization performance of the model catalyst as a function of catalyst
pretreatment (thermal activation and chromium loading) and polymerization
temperature (Chapter 3 and 4) [6]. This work has led to the proposal that besides the
intrinsic heterogeneity of the silica bound Cr sites also other factors contribute to the
polymerization performance. Our results pointed towards the importance of chromium
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desorption during the thermal activation of the CrOx/SiO2/Si(100) model catalyst.
This desorption serves as a mechanism to isolate the chromium sites on the silica
support, which seems to be beneficial for the polymerization activity by decreasing
interactions between the surface chromates. Conversely, a high chromium density on
the silica surface seemed to be detrimental for the development of the reactivity of our
CrOx/SiO2/Si(100) model catalyst. While we do not have any direct evidence for
chemical interaction between surface chromates that may lead to deactivation (e.g.
dimerization) we have suggested that competition of the active polymerization centers
for the available monomer may be one factor that determines the polymerization
performance. In order to further evaluate this supposition we present in this Chapter
the early stages of polymer growth as a tool to visualize the lateral distribution of the
polymerization activity on CrOx/SiO2/Si(100) model catalysts. In our discussion we
use results from the study presented in Chapter 5A.

5B.2 Experimental procedure
See Chapter 5A.

5B.3 Results
5B.3.1 Early stages of polymer film growth versus temperature
During chain growth the polymer chain is fixed at the active site until the chain
termination reaction frees the nascent polymer chain that may become mobile and
move over the catalyst surface until it is built in a nascent polyethylene crystal. In
Chapter 5A we examined the influence of polymerization temperature on the
distribution of nascent polymer on the flat model catalyst in the early stage of polymer
film growth. In order to accomplish this we performed a series of experiments in
which we changed the polymerization temperature while maintaining the
polymerization yield low. In an attempt to slow down the polymerization reaction we
polymerized ethylene over chromium catalysts with loadings of 0.01 Cr.nm2, which is
about 40 times less than a typical loading of a commercial Phillips catalyst. It has to
be pointed out that for temperatures much below the melting temperature of PE the
polymerization temperature is equal to the crystallization temperature. The
morphology of the resulting samples was characterized by SEM to provide reasonable
overviews, and by AFM to image details of the morphology formed at higher
resolution. We will summarize here the most important results for our discussion.
Dependent on the chosen polymerization temperature, different morphologies were
found. Figure 5B.1 shows SEM and AFM images of the nascent morphology formed
at polymerization temperatures of 23°C, 70°C, and 100°C, respectively. For the
chosen imaging conditions the dark areas represent the polymer formed on the flat
model catalysts. Polymerization at 23°C results in small polymer islands, which are
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evenly scattered on the catalyst surface (Figure 5B.1a). By increasing the
polymerization temperature to 70°C the morphology of the nascent polymer changes
to dendritic or sea weed like appearance. These structures are several microns in
lateral dimensions (Figure 5B.1b). Large polymer objects with compact bodies are
formed when increasing the polymerization temperature to 100°C (Figure 5B.1c).

A

B

C

Figure 5B.1: Morphology of polyethylene films at different polymerization
temperatures: (a) 23°C; (b) 70°C (c) 100°C. Left panel are SEM images right panel
AFM images in amplitude contrast.
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In the corresponding AFM images (amplitude contrast) we see that at 23°C
polyethylene forms primary polymer grains, which are about 30 to 50 nm in lateral
size. These grains agglomerate into spherical structures of up to 60 nm in height,
however most of the surface is covered by a single layer of these grains having a
thickness between 6 to 8 nm. When increasing the polymerization temperature to
70°C the morphology of the nascent polymer changes drastically. Instead of polymer
grains we now observe extensive micron size islands. These islands have an irregular
appearance, however, they clearly show constant height (8 nm) over the entire islands
with the exception of some sphere-shaped “hills” that again extend to 60 nm. The
jagged edges of these islands show distinct angles. Upon increasing the
polymerization temperature to 100°C the polymer islands become much more
homogeneous in height (12 nm). Surface and edges are very smooth. Looking at the
appearance of the polymer object with its rather regular shape, we believe that it is a
PE single crystal.

5B.3.2 Early stages of polymer film growth at 23°C
After polymerization for 5 minutes we observed small polymer grains that have
typical lateral dimensions of 30-50 nm and heights of around 6-7 nm. These polymer
grains exist solitary and in agglomerates on the silica surface (Figure 5A.2 in Chapter
5A). While most of the polymer ends up in one of these aggregates under scrutiny we
observed also a large amount of tiny polymer globules, which have a round shape
with heights between 2 and 4 nm and diameters of about 10 to 20 nm (marked by
arrows). Increasing polymerization time (10 min) and thus polymer yield results in an
increase of polymer aggregate size (volume) rather than an increase in their numbers
(Figure 5A.3). Still a large number of polymer globules are present (marked by
arrows). Further increase of the polymer yield (30 minutes polymerization) results in
large aggregates covering a substantial portion of the catalyst surface (Figure 5A.4).
Almost no polymer globules are detectable.

5B.4 Discussion
During the early stages of polymerization individual or aggregated nascent PE crystals
are formed on the flat catalyst surface rather than closed polymer films. In such
conditions AFM can be applied to quantify the local polymer yield and to study the
morphology of nascent PE crystals. Dependent on the polymerization/crystallization
temperature different morphologies are observed: small individual or stacked polymer
grains, dendritic or sea weed like objects, and large polymer objects having single
crystal like appearance for polymerization/ crystallization temperatures of 23°C, 70°C
and 100°C, respectively. This trend can be rationalized in terms of increasing mobility
of the nascent polymer chains on the catalyst surface as the temperature is raised
(Chapter 5A). In this discussion a nascent polymer chain is a polymer chain that is no
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longer connected to the polymerization site after chain termination but has not yet
been incorporated into an immobile polymer crystal. A new polymer chain may be
formed either on the bare silica surface or underneath a polymer island (crystal). This
situation is depicted in Figure 5B.2. At 23°C the chain mobility is generally low and
the size of a critical nucleus that can form an immobile polyethylene crystal is small.
This leads to very small grains that can be discriminated even if they agglomerate.
Individual grains seem to have a preferred height of about 6-8 nm. They crystallize
probably to folded chain crystals. Their main mode of mobility is only induced by
newly formed polymer at the active sites that pushes away the previously formed
polymer crystals. In this way the atomic force micrographs are visualizations of the
local polymerization activity on the flat CrOx/SiO2/Si(100) model catalyst. This
activity is clearly concentrated on small and isolated islands which are a few tens to
hundreds of nanometers in size. At 70°C micron size folded chain crystals form
around the activity islands. Newly formed polymer chains may diffuse to the growing
front at the edges of the folded chain crystal. This diffusion limited crystal growth
causes the dendritc or sea-weed appearance of the crystal. Alternatively, the polymer
chain may start a new lamella crystal underneath the dendritic crystal. At 100°C the
mobility of the nascent chains is so high that the nascent polymer chains resemble a
polymer melt. After heterogeneous nucleation the polymer crystals grow to large and
smooth polyethylene single crystals and all information about the distribution of
polymerization activity is lost.
We propose that with AFM we can visualize the polymerization productivity of the
CrOx/SiO2/Si(100) model catalyst with a resolution of a few tens of nanometers if we
limit ourselves to low ethylene conversions and to low polymerization temperatures to
restrict the mobility of the nascent polymer chains as much as possible. The catalysts
used in this study have a very low chromium loading, 0.01 Cr/nm2 which is only
about 1 % of the saturation coverage of chromium on the CrOx/SiO2/Si(100) catalyst.
During activation chromium forms molecularly dispersed chromates that are anchored
to the silica surface by Cr-O-Si ester bonds. Cr-oxide clusters do not form on our
model catalyst during thermal activation (Paragraph 1.8) [5], however, the fact that
the polymerization activity is concentrated to only a few percent of the available silica
surface suggests that the active sites are concentrated in small islands rather than
being statistically distributed. This observation is indirect evidence, as unfortunately
we cannot visualize the chromium distribution directly. Nevertheless our results point
towards the fact that actual chromium distances may be much smaller on a local scale
than the nominal chromium coverage might suggest. This is at least circumstantial
evidence to support our supposition that chromium-chromium interactions play an
important role in controlling the polymerization performance of the CrOx/SiO2
system.
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Figure 5B.2: Schematic representation of nascent polymer chains on the bare silica
surface and underneath a nascent polymer crystal.

Table 5B.1: Activity and polymer yield results extracted from the AFM topography
images of figure 1 and 2.
Sample
(I)
(II)
(III)
(IV)
Polymerization treatment
23°C
23°C
23°C
70°C
gas phase ethylene (1 atm)
5 min
10 min 30 min
2 min
5
5
6
Polymer yield
4.5 10
5.5 10
5.0 106
1.2 10
[nm3 (PE) / µm2 (silica)]
Activity
80
150
600
8400
[kg (PE) mol-1 (Cr) atm-1 h-1]
TON [(C2H4) / (Cr)]
2.5 102
103
104
104

Table 5B.1 gives an overview of the catalytic activity of the CrOx/SiO2/Si(100) model
catalyst. These numbers have been extracted from the corresponding topography
images of Figure 5B.1 and Figures 5A.2-4. While the model catalysts have only
produced minute amounts of polymer, the activity of these catalysts normalized on the
amount of chromium is quite respectable compared to industrial catalysts.
Interestingly the polymerization activity seems to increase in within the first minutes
of polymerization at room temperature. In previous study with higher catalyst
loadings and a higher polymerization temperature (Chapter 3) we have not observed
this behavior. This preliminary data still has to be taken with care partly because we
have only used a 4 µm2 surface for the analysis which may be too small considering
the heterogeneity of the samples. On the other hand this effect is not completely
surprising bearing in mind that the nominal chain initiation frequency (amount of
chains produced per Cr) becomes several minutes at room temperature (Chapter 4).
This value was determined over a period of several hours over a CrOx/SiO2/Si(100)
catalyst with a chromium coverage of 1 Cr/nm2. If chain initiation is a relatively slow
process this might account for the low initial reactivity of the catalyst at room
temperature.
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Next to the relatively large crystalline polymer aggregates we can also observe a
number of very small polymer islands. These islands only appear in the short
polymerization times (samples I and II) at 23°C. Figure 5B.3 shows a height contrast
image of (I). Small islands have been selected and quantified manually. The islands
have diameters between 20 and 60 nm and vary in height between 1 and 4 nm. With
such large aspect ratios AFM can be used to estimate the volumes of these islands
even though due to the finite size of the AFM-tip the values will be systematically
overestimated. The apparent volumes range between 200 nm3 and 3,000 nm3, which
correspond roughly to 4,000 to 60,000 ethylene molecules. Smaller circular features
are also detectable however due to the base roughness of the support (0.3 nm) and the
small amount of data points these islands cannot be quantified.
Due to the low polymer yield it is impossible to determine the molecular weight
distribution of the polymer in these experiments however from experience with higher
conversions we know that the polyethylene produced on the CrOx/SiO2/Si(100) model
catalysts at 23°C has a high molecular weight and a broad molecular weight
distribution. The number and weight average molecular weights are typically 70,000
(Mn) and 1,000,000 (Mw) g/mol. These numbers correspond to 2,500 and 35,000
ethylene molecules per polymer chain respectively. Even though this estimate is very
crude it is intriguing how well the polymer amount in the “small round islands”
corresponds to the average molecular weight. At least some of the islands probably
consist of individual polymer chains and thus correspond to a single isolated
polymerization center.
Unfortunately AFM really meets its limits when studying “single chain polymer
islands”. An alternative approach to visualize and quantify polymerization yield with
nanometer resolution is energy filtered Transmission Electron Microscopy (TEM).
Therefore we have etched away the silicon backside of the silicon wafer to create
arrays of TEM windows. Figure 5B.4 shows an energy filtered TEM micrograph of
such a sample. The chromium loading is again 0.01 Cr/nm2. The sample has reacted
with ethylene at 23°C for 30 minutes. The appearance of the nascent polymer is in
good qualitative agreement with the corresponding sample (III). We believe that the
combination of energy filtered TEM with flat model catalysts holds great potential for
a real space analysis of catalysts as it allows quantitative elemental mapping with
nanometer resolution. In the case of polymerization catalysts it opens a way towards
the quantitative mapping of polymerization activity with single chain resolution.
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Figure 5B.3: Small polymer islands indicated by arrows were chosen for a manual
volume quantification in order to estimate the amount of ethylene monomers in the
polymer islands.

5B.5 Concluding remarks
The early stages of polymer film growth have been monitored on a CrOx/SiO2/Si(100)
model catalyst. Depending on the polymerization properties the morphology of the
pristine polymer depends on the distribution of active sites and on the mobility of the
nascent polymer chains. At room temperature the polymer chains remain close to their
origin, which allows us to use AFM in order to visualize the development of
polymerization activity on the flat catalyst support with a resolution of a few
nanometers. With respect to model catalysis in general we foresee that combining
TEM with flat silica model catalysts holds great potential to explore the mesoscopic
scale of catalysis.
It becomes evident that upon polymerization over CrOx/SiO2/Si(100) model catalysts,
the active polymerization centers form islands that concentrate on only a small
fraction of the available silica surface, rather than distributing randomly over this
surface. We regard this finding as supporting evidence for our previous supposition
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that the local chromium density may be determining the polymerization performance
of the Phillips catalyst even though the nominal chromium density is rather low.

Figure 5B.4: TEM energy filtered bright field contrast of a CrOx/SiO2/Si(100) model
catalyst after polymerization. The chromium loading is 0.01 Cr/nm2, ethylene
polymerization was performed at 23°C and atmospheric pressure for 30 minutes. The
insets show a corresponding AFM image and a schematic sideview of a TEMCrOx/SiO2/Si(100) model catalyst.
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Chapter 6
A thermo-analytical study of nascent
polyethylene polymerized over flat
Phillips model catalysts
The morphology and the thermal behavior of nascent polyethylene
polymerized over flat Phillips model catalysts has been investigated using
differential scanning calorimetry (DSC) and atomic force microscopy (AFM).
Ethylene polymerizations were performed at different temperatures below and
above the melting temperature of polyethylene. By controlling the
polymerization conditions (polymerization time and temperature) both
thermal analysis of thick polymer films and microscopy studies of single
polyethylene crystals were possible. Upon annealing, polyethylene crystals
formed at room temperature showed lamellar thickening already at
temperatures far below the melting temperature. Thermal analysis shows that
the melting temperature and the crystallinity of the nascent polyethylene
samples polymerized at low temperature are noticeably higher than the same
but melt-crystallized sample. For nascent samples polymerized below 100ºC a
decreased heat flow in the DSC trace prior to melting was observed. The
extent of this decrease was largest for the sample polymerized at lowest
temperature (25ºC). Together with the observed lamellar thickening this
behavior points to rearrangements taking place caused by high chain mobility
already far below the melting temperature.
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Introduction

The development of nascent state morphology of polyolefins and its related physical
properties is an important research topic. Nascent state morphology results from the
direct interaction between the polymerization reaction over supported or
homogeneous catalysts and subsequent crystallization. If the polymerization
temperature is below the melting or dissolution temperature of the polymer new
chains will immediately crystallize and displace the already formed polymer. In a
previous study described in Chapter 5 we looked at the effect of polymerization
temperature on the morphology of nascent polyethylene islands as formed on the
surface of flat Phillips model catalysts. With increasing polymerization temperature
we found an increase in polyethylene crystallite size using atomic force microscopy
(AFM). We ascribed this observation to an increased mobility of the nascent
polyethylene chain on the catalyst surface upon polymerization at increased
temperatures. In the present Chapter we further explore the possibilities of our model
system in a study of chain mobility within polyethylene as grown on the flat catalyst
surface. In order to accomplish this we investigate the effect of polymerization
temperature on the thermal behavior of the formed polyethylene. We combine results
obtained with differential scanning calorimetry (DSC) on thick polyethylene films and
microscopy studies on single crystals as obtained after short time polymerizations. We
want to demonstrate that application of flat model catalysts in carefully controlled
ethylene polymerization conditions can be used in fundamental studies concerning
chain organization on a molecular scale. We discuss observations such as
morphology, crystallinity and melting point of nascent polymer in terms of chain
mobility and reorganization which leads to lamellar thickening.

6.2

Experimental procedure

6.2.1

Preparation of the CrOx/SiO2/Si(100) model-catalyst and polymerization

The Phillips model catalysts were prepared by spincoating an aqueous CrO3 solution
onto a flat silicon wafer, as described earlier in Paragraph 2.1. In this study the
chromate loading of the model catalyst was varied between 0.01 and 4 Cr atom/nm2.
The reactor used for catalyst activation and polymerization is the system with 8
parallel reactor tubes described in Paragraph 2.3.
In the present study all impregnated catalysts were calcined at 650°C and reduced at
350°C as described in Paragraph 2.4. After cooling in an argon flow, polymerization
was started by introducing ethylene gas at various temperatures between 25 and
160°C at atmospheric pressure. Polymerizations were carried out at different times.
Samples for AFM studies (open films) were polymerized for a few minutes. Samples
used for polymer characterization were polymerized for longer times: at temperatures
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of 100°C and above for a maximum of 5 hours, in order to prevent the reactor from
breaking due to excessive polymer growth of the gas cleaning catalyst bed. At lower
temperatures, where activities are lower, polymerizations were carried out for 17
hours in order to obtain enough material for polymer characterization. Polyethylene
samples used for molecular weight and thermal analysis were formed over a model
catalyst that was initially loaded with 4 Cr/nm2. Upon calcination at 650ºC chromium
desorbs and about 1 Cr/nm2 is left on the surface (Chapter 3) [1]. The high initial
chromium loading is chosen because - to our experience with flat Phillips model
systems - this leads to a more stable catalyst in terms of activity. In addition, at a
polymerization temperature of 27ºC also catalyst loadings of 0.25, 0.5, 1 and 2 Cr/nm2
were used.

6.2.2 Polymer characterization
The morphology of the formed polyethylene films was studied using an
environmental scanning electron microscope as described in Paragraph 2.9. Size
exclusion chromatography (SEC) was used to determine the molecular weight of the
polymer samples (Paragraph 2.10). Thermal analysis was carried out using differential
scanning calorimetry (DSC) as described in Paragraph 2.11.
Weight fraction crystallinities (χ) of the polymer samples at temperature T1 were
obtained by determining the heat of fusion from the DSC trace and applying the
following formula:
∆h
(6.1)
χ (T1 ) =
∆H f
where ∆Hf is the enthalpy of fusion for fully crystalline polyethylene (293 J/g)[2] and
∆h is the enthalpy of fusion as obtained from the DSC trace running from T1 to T2
(fusion completed). The baseline is chosen according to the peak area method
proposed by Gray [3]. According to a study by Blundell et al. [4] this method proved
to be reliable for use with high density polyethylene (HDPE) samples. In each case,
the baseline was a straight line drawn from T1 to T2 and the total enthalpy is
determined by taking into account both positive and negative values. Figure 6.1 shows
baselines for polyethylene samples polymerized at different temperatures.

6.2.3

Annealing and lamellar thickness determination

Open polymer films were visualized using a Solver P47H atomic force microscope
(for details see Paragraph 5A2.2) with heating stage. Annealing of the sample was
done by heating the sample at the desired temperature for 10 minutes. The annealed
sample was measured after cooling to room temperature. The procedure to determine
lamellar thicknesses from open polymer films is the same as described in Paragraph
5A.2.3. In short the procedure is as follows. From a topography AFM image the
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amount of pixels representing a certain height is plotted as a function of this height.
The resulting plot has two peaks, one representing the silica surface and the other
representing the polymer. The average height of the polymer crystals is calculated by
determining the height values of the polymer and subtract the height values of the
substrate.

Figure 6.1: Demonstration of the determination of crystallinity for a sample
polymerized at 25ºC (top) and 80ºC (bottom). For a polymerization temperature of
25ºC a negative contribution is clearly visible and represents a heat of about 10 J.
The initial catalyst loading was 4 Cr/nm2 and the calcination temperature 650ºC.
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6.3

Results and interpretation

6.3.1

Molecular weight and thermal analysis of polyethylene formed over flat
Phillips model catalysts

During polymerization and crystallization at temperatures ranging from 25 to 160ºC a
homogeneous polymer film is formed on the catalyst substrate. Figure 6.2 shows
typical morphologies for films formed at different temperatures. At polymerization
temperatures between 25 and 80ºC spherical entities are observed having a diameter
below 1 µm. These objects are densely packed over the entire film surface. At
polymerization temperatures of 100 and 115ºC grains can still be identified although
their appearance is much smoother. At 130ºC and above polymerization takes place in
the melt and a typical melt crystallized morphology develops upon cooling down.
Figure 6.3 shows the molecular weight distribution curves of the samples as
polymerized over flat model catalysts loaded with 4 Cr/nm2. The weight average
molecular weights (Mw) are indicated. Samples polymerized below 130ºC show a
broad molecular weight distribution with a single maximum at about 6.3·105 g/mol. At
polymerization temperatures of 130ºC and above, bimodal distributions develop. The
highest molecular weight is observed for the sample polymerized at lowest
temperature (25ºC). Upon an increase in polymerization temperature the molecular
weight drops gradually until it reaches a minimum at 130ºC. A further increase in
polymerization temperature results in a slight rise of the molecular weight. For a
polymerization temperature of 25ºC four other samples have been prepared with
catalyst loadings of 2, 1, 0.5 and 0.25 Cr/nm2. The former three have molecular
weight distributions similar to the sample polymerized over a 4 Cr/nm2 loaded
catalyst, the weight average molecular weight decreasing slightly with decreasing
loading. Due to the low activity no SEC analyses could be conducted on the sample
polymerized over a 0.25 Cr/nm2 loaded catalyst.
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25ºC

100ºC

60ºC

115ºC

80ºC

130ºC

Figure 6.2: SEM images (15 by 10 µm) of polyethylene films as formed on flat
Phillips model catalysts initially loaded with 4 Cr/nm2, calcined at 650ºC and reduced
at 350ºC. The polymerization temperatures are as follows, on the left side from top to
bottom: 25, 60 and 80ºC. On the right side from top to bottom: 100, 115 and 130ºC.
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Figure 6.3: Molecular weight distribution curves of polyethylene produced over
Phillips model catalysts at the indicated temperatures. The weight average molecular
weight (Mw) is given in g/mol. The catalyst loading was 4 Cr/nm2 and the calcination
temperature was 650ºC.

We studied the thermal behavior of the nascent and melt crystallized samples. Figure
6.4 shows DSC traces for polyethylene as polymerized at various temperatures and
after melting and recrystallization. The highest nascent melting temperature is
observed for the sample polymerized at 25ºC. At low polymerization temperatures a
clear difference is visible between the first and second heating cycle. Upon an
increase of the reactor temperature, the nascent polyethylene peak melting
temperature decreases and the difference becomes smaller. At 130ºC and above the
two curves almost coincide. At these polymerization temperatures the DSC traces
show a more complex melting behavior indicated by a second melting peak or
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shoulder which is also visible in the melt-crystallized heating trace. This complex
melting behavior is caused by the fact that the molecular weight distribution is
bimodal and the polymer has a higher degree of long chain branching than the
samples polymerized below 130ºC. The trend of a decrease in peak melt temperature
difference between the nascent state and the melt-crystallized state is visualized in
Figure 6.5.

M

130ºC

N

N
100ºC

M
N
Heat flow

80ºC
M
N
60ºC
M
N
27ºC

M
100

110

120

130

140

Temperature (ºC)
Figure 6.4: DSC traces of nascent (N) and melt-crystallized (M) samples of
polyethylene polymerized at the indicated temperatures. The catalyst was loaded with
4 Cr/nm2 and the calcination temperature was 650ºC. DSC heating rates were 10
K/min.
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Figure 6.5: Peak melting temperatures of nascent and melt-crystallized polyethylene
as a function of polymerization temperature. The catalyst was initially loaded with 4
Cr/nm2 and calcined at 650ºC.

Figure 6.6 enlarges the pre-melting part of the DSC trace for polyethylene formed at
25, 40, 60, 80 and 100ºC. A negative contribution with respect to the baseline is
clearly visible for the lowest polymerization temperatures (see also Figure 6.1). The
decreased heat flow sets in at a temperature which is between 15 and 25ºC higher than
the temperature of polymerization and continues until melting starts between 100 and
120ºC. This means that for a polymerization at 25ºC the decreased heat flow is largest
as it stretches out over the largest temperature range. Upon an increase in the
polymerization temperature the decreased heat flow sets in at a higher temperature
until it is completely absent at 100ºC. Also shown in Figure 6.6 is an enlargement of
the pre-melting part of the polyethylene formed at 25ºC over flat model catalysts with
different chromium loadings. Again the exotherm is clearly visible as well as the fact
that the start of the exotherm is determined by the polymerization temperature as it is
practically constant for all samples.
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Figure 6.6: top) Zooms on the pre-melting DSC trace for nascent polyethylene
polymerized at the indicated temperatures over a catalyst with an initial loading of 4
Cr/nm2. bottom) Zooms for nascent polyethylene polymerized at 25ºC with different
catalyst loadings as indicated. The catalyst calcination temperature was 650ºC and
DSC heating rates were 10 K/min.

The enthalpy of fusion and therefore also the crystallinity of the nascent state, is
higher than that of the melt-crystallized samples as can be seen by comparing both
traces in Figure 6.4. The total enthalpy of fusion is determined by calculating the area
between the DSC trace and the linear baseline between room temperature and
complete fusion (Figure 6.1). Values for the nascent state reach from 186 to 209 J (63
to 71% crystallinity), whereas melt crystallized fusion enthalpies reach from 144 to

A thermo-analytical study of nascent polyethylene polymerized over flat…

123

170 J (49 to 58% crystallinity). In Figure 6.7 the enthalpy differences between the
nascent and melt-crystallized states are visualized. The right vertical axis in Figure 6.7
represents the difference in crystallinity.
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Figure 6.7: Melt-enthalpy differences between nascent and melt-crystallized
polyethylene as a function of polymerization temperature as obtained from DSC
experiments. The right vertical axis represents the difference in crystallinity. The
catalyst was initially loaded with 4 Cr/nm2 and calcined at 650ºC.

6.3.2

AFM study on the annealing of nascent polyethylene

In analogy to the study in Chapter 5A we carried out short time polymerizations over
flat Phillips model catalysts to obtain islands of polyethylene crystals, which we
believe are flat-on lamellar crystals. For low catalyst chromium loadings and
polymerization times in the order of a few minutes the polymer yield is too small to
cover the whole surface and individual polymer islands in the order of a few
nanometers to a few micrometers become visible. A catalyst sample (initial loading 2
Cr/nm2 and calcination temperature of 650ºC) was allowed to polymerize at room
temperature for 4 minutes. After that the sample was annealed at different
temperatures in order to observe changes in morphology. Figure 6.8 shows AFM
topography and amplitude contrast images of the samples as polymerized. Cross
sectional height scans are given for the y-direction at the indicated positions. Before
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annealing we observe small polymer grains that have typical lateral dimensions of 30
to 50 nm and heights of around 6 to 7 nm. These polymer grains concentrate in
aggregates. Figure 6.9 and Figure 6.10 show AFM images after annealing at 80ºC and
120ºC respectively. After annealing the grains have a smoother appearance. The cross
sectional height scan shows an increase in lamellar thickness. The height information
of the complete topography images was extracted and used to determine the average
lamella height as a function of annealing temperature. Figure 6.11a shows height
distributions for the sample as polymerized and after different annealing temperatures.
In each height distribution curve the first peak at low height value represents the silica
substrate that features a roughness of about 0.5 nm. The second peak corresponds to
the average height and height distribution of the polymer assemblies or crystals.
Figure 6.10b shows the evolution of the average height with annealing temperature, as
extracted from the distribution curves.
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Figure 6.8: AFM images of a sample prepared with an initial catalyst loading of 2
Cr/nm2, a calcination temperature of 650ºC and a polymerization temperature of
25°C, top-left) amplitude contrast, bottom-left) topography contrast, and right) the
corresponding cross-sectional height scan.
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Figure 6.9: AFM images of the sample from Figure 6.8 after annealing at 80°C, topleft) amplitude contrast, bottom-left) topography contrast, and right) the
corresponding cross-sectional height scan.
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Figure 6.10: AFM images of the sample from Figure 6.8 after annealing at 120°C,
top-left) amplitude contrast, bottom-left) topography contrast, and right) the
corresponding cross-sectional height scan.
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Figure 6.11: a) Height distributions obtained for an open film polymer sample
polymerized at 25ºC after annealing at the indicated temperatures. b) Plot of lamellar
thickness as a function of annealing temperature. The sample had an initial catalyst
loading of 2 Cr/nm2 and was calcined at 650ºC.
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Discussion

In an earlier study (Chapter 4) we combined molecular weight analysis with
viscometry for samples polymerized at different temperatures over flat Phillips model
catalysts. The results pointed to a small degree of long chain branching for samples
polymerized below 130ºC which increased slightly with increasing temperature. Only
at polymerization temperatures of 130ºC and above, a considerable increase in long
chain branching was observed. Based on the molecular weight and viscometry data
we believe that there are only minor chemical differences in the polymer formed in
the range of 25 to 100ºC. Changes in the melting behavior of nascent polyethylene
formed at temperatures in this range are therefore largely determined by differences in
morphology caused by temperature effects rather than chemical effects. The slight
decrease in peak melting temperature of the melt-crystallized sample with increasing
polymerization temperature is most probably related to a small increase in long chain
branching (see Chapter 4).
In a previous study (Chapter 5A) we investigated the thickness of individual lamellar
crystals as a function of polymerization temperature by using AFM. In that study
polymerizations were carried out at sufficiently short polymerization times in order to
obtain individual polyethylene crystals at the catalyst surface. Polymer islands of
single and stacked polyethylene crystals were visible. The catalyst loading was 0.01
Cr/nm2 and the catalyst was allowed to polymerize for 10 minutes. Average lamellar
thicknesses as observed by AFM on open films are shown in Figure 6.12. Upon
increasing the polymerization temperature the thickness of lamellar crystals as formed
on flat Phillips model catalysts increases. At low temperatures – far below the melting
temperature – polymer crystal nucleation is enhanced because the critical size of a
stable crystal nucleus is small. At higher temperatures the minimum size of a stable
nucleus is larger. According to Hoffman et al. [5] the melting temperature of a semicrystalline material, Tm can be related to the average thickness of crystallites within it.
The relation is a modified form of the Gibbs-Thomson equation:
2σ e
dx =
∆h f

−1

 Tm 
1 − 0 
(6.2)
 T 
m 

where dx is the crystal thickness, σe is the surface free energy (9.3·10-2 J m-2), ∆hf is
the heat of formation of the crystal (2.93·108 J m-2) and Tm0 is the melting temperature
of a crystal of infinite thickness (414.6 K) [2]. Crystallite thicknesses calculated by
using equation 6.2 and the nascent peak melt temperatures (Figure 6.5) are visualized
in Figure 6.12. The calculated crystallite thickness decreases with increasing
polymerization temperature. This trend runs opposite to the observed increase in
lamellar thickness with increasing polymerization temperature. The inconsistency
clearly shows that lamellar thicknesses as observed with microscopy cannot account
for the delayed nascent melting temperatures. This supports the general proposition
that chain rearrangements are taking place upon annealing.
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Figure 6.12: Crystallite thicknesses as a function of polymerization temperature. The
triangles represent values as observed by AFM. Squares represent calculated
thicknesses (equation 6.2) based on nascent peak melting temperatures.

The annealing study of the open polymer film sample formed at 25ºC (Figure 6.11b)
shows an increase in polymer assemblies or crystals with increasing annealing
temperature. This trend is similar to the trend observed for lamellar thickness as a
function of polymerization temperature. At low temperatures the thickness rises only
slightly with increasing temperature. Above 80ºC a sharper increase sets in. The fact
that a change in lamellar thickness already starts far below the melting temperature is
surprising. On crystallization from a dilute solution it is generally observed that single
crystals of many linear polymers thicken below but very close to the melting
temperature [6-8]. The smoother appearance of the polymer grains upon annealing
which can be seen from the amplitude contrast AFM images in Figure 6.8-10,
indicates that some sintering has taken place.
The maximum crystallinity of the nascent state – as calculated from the total enthalpy
change – is obtained for the sample polymerized at 80ºC. On going to higher
temperatures the heat of fusion decreases. According to Wunderlich’s principle of
crystallization during polymerization [9] an increasing crystallinity is expected with a
decrease in polymerization temperature. However, in our study the crystallinity
decreases monotonously on going from a polymerization temperature of 80ºC (71.4%)
to 25ºC (65.6%). We should point out here that this decrease is caused by the
occurrence of an exotherm in the DSC heating trace relative to the baseline which
results in a negative contribution to the enthalpy of fusion. This negative contribution
for the 25ºC samples is about 11 J (relative to the baseline as shown in Figure 6.1),
whereas the total enthalpy change is about 190 J. If the large melting peak around
133ºC would be taken as the only contribution in the calculation of the melt enthalpy,
the samples polymerized at the lowest temperature have the highest enthalpy. This can
be seen directly from the area of the peaks in Figure 6.4.
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Figure 6.13: Zooms of the DSC trace prior to melting for polymerization
temperatures as indicated. The DSC trace of the sample polymerized at 100ºC (dotted
lines) is placed below the curves in order to visualize the differences in heat flow.

In Figure 6.13 the DSC trace of the nascent sample polymerized at 100ºC is placed
below the traces of the nascent samples polymerized at 27, 60 and 80ºC to better
visualize the fact that the energy uptake before melting, decreases with a decreasing
polymerization temperature. This difference in energy uptake for samples
polymerized below 100ºC as compared to the sample polymerized at 100ºC probably
points to a difference in the extent to which reorganization of chains takes place. The
lamellar thickening upon annealing that we observed in the current study already
starts far below the melting temperature. Many studies have been devoted to lamellar
rearrangement processes [10-14]. Two explanations for the thickening of lamellar
crystals exist. One is that polymer chains within the crystal have a high mobility in a
direction normal to the fold surface. Sliding of chains within the lamellar crystal
causes an increase in lamellar height. A second explanation is that lamellar thickening
is a result of continuous (partial) melting and recrystallization cycles. The lamellar
thickening and sintering as observed with AFM as well as the DSC results, clearly
indicate that for samples polymerized at room temperature a reorganization takes
place which is delayed for samples polymerized at higher temperature (but still far
below the melting point). This reorganization leads to relaxation and possibly a small
increase in crystallinity. Whether processes related to this reduced energy uptake are
responsible for the delay in melting temperature for nascent samples is not known.
The DSC experiments as carried out in this study cannot discriminate between
different processes taking place upon annealing.
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Concluding remarks

Ethylene was polymerized on the surfaces of flat models for the Phillips
polymerization catalyst and a homogeneous film was formed. The nascent
morphology of polyethylene samples polymerized well below the melting point
consists of spherical entities with a diameter below 1 µm. Thermal analysis of the
samples shows that melting temperatures and crystallinities for the nascent samples
are considerably higher than those of the corresponding melt-crystallized samples.
Single crystals as formed on the flat model catalyst surface at room temperature show
lamellar thickening upon annealing already far below the melting temperature. This
behavior points to a high mobility of chains and a rearrangement (relaxation) to a
metastable state, which depends on the annealing temperature. DSC studies of nascent
samples polymerized below the melting temperature indicate a decreased heat flow
starting at a temperature which is about 15 to 25ºC higher than the temperature of
polymerization. This decreased heat flow, which is absent for samples polymerized at
100ºC and higher, indicates that rearrangements take place upon heating. The lower
the polymerization temperature the more prominent the decreased heat uptake is
visible. The results obtained from the current study demonstrate that the planar
Phillips model system together with controlled polymerization conditions is a
powerful tool in fundamental studies concerning chain organization on a molecular
scale.
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Chapter 7
The effect of catalyst loading and
calcination temperature on ethylene
polymerization over flat Phillips model
catalysts
In order to further develop our proposition that mass transfer limitation
controls activity and molecular weight (presented in Chapter 4) we looked at
the effect of catalyst preparation on the polymerization properties of our flat
Phillips model catalyst. A series of CrOx/SiO2/Si(100) model catalysts were
tested for activity and resulting molecular weight as a function of chromium
loading and calcination temperature. The proposition that mass transfer
limitation controls polymerization properties proved partially valid for our
model catalyst. In the case of polymerization around and above the melting
temperature of polyethylene both average turn over frequency and average
molecular weight decreased with decreasing loading which is as expected
based on our proposition. At lower temperatures the trend for molecular
weight was opposite, indicating that mass transfer limitation effects are less
important. Increasing the calcination temperature to 650ºC increases both
the activity and molecular weight for polymerization at 100ºC. The fact that
the trend in molecular weight is opposite for Phillips catalysts on porous
support is in line with our proposition in Chapter 4 that the relatively high
active site densities in these catalysts leads to mass transfer limitation also at
polymerization below the melting point of polyethylene. Furthermore, we
identified the redistribution of chromium on porous silica support as a key
process during catalyst activation.
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Introduction

In Chapter 4 we looked at the effect of polymerization temperature on ethylene
polymerization over the flat Phillips model catalyst. Based on the results we proposed
a model that explains trends in activity and molecular weight of the formed
polyethylene for both the industrial and the flat Phillips catalyst. This model is based
on the proposition that active chromium sites polymerize ethylene in short burst of
high activity followed by a dormant period. As a result of the sudden extremely high
propagation speeds ethylene depletion zones can develop which limit both activity
and molecular weight of the site itself and sites in close vicinity. The experiments
conducted in Chapter 4 were carried out with a model catalyst loaded with 1 Cr/nm2.
Based on the model proposed we expect that a decrease in chromium loading leads to
an increase in chain length and turn over frequency, simply because dilution of the
active sites gives a higher effective concentration of ethylene per site. The first aim of
this Chapter is to expand the data set and study the effect of chromium coverage on
the polymerization activity and selectivity at various polymerization temperatures.
In Chapter 3 we investigated the polymerization activity at 160ºC for different catalyst
chromium loadings and calcination temperatures of 450, 550 and 650ºC. In that study
we found trends in activity as expected for Phillips type catalysts, namely an
increasing activity for increasing calcination temperature. The second aim of this
chapter is to further explore the effects of calcination by looking at both catalyst
activity and selectivity for calcination temperatures more common in industry (550750ºC).
In order to accomplish this, a new reactor design is used. This reactor features 8
parallel reactor tubes (Paragraph 2.3) to activate and polymerize 8 different samples each having a different loading - at once. It offers the use of higher calcination
temperatures and larger sample areas. The latter results in higher yields which
facilitates polymer characterization. The results presented in this chapter will be
discussed on a qualitative base.

7.2

Experimental procedure

7.2.1

Preparation of the CrOx/SiO2/Si(100) model-catalyst

The Phillips model catalysts were prepared by immersing a flat silicon wafer in an
aqueous CrO3 solution and spincoating the polished side (roughness of 5 Å) as
described in Chapter 3. After spincoating, the unpolished backside of the wafer also
contains an amount of chromium which is undefined due to contact with the sample
holder. In this study the chromate loading of the model catalyst was chosen between
0.01 and 10 Cr atoms/nm2. The reactor used for catalyst activation and polymerization
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is the third type described in Paragraph 2.3. It consists of 8 parallel tubes with two
spaces separated in the middle by a glass filter. The upstream side of each tube
contained a gas cleaning catalyst bed (a scavenger material of chromate-loaded γalumina extrudates) and the downstream part was loaded with one sample of about 8
cm2 surface area. Before the model catalyst samples are inserted, the gas cleaning
catalyst bed is baked out for one hour at a temperature which is 75 to 100ºC degrees
higher than the desired model catalyst calcination temperature.
In the present study all chromate spincoated wafers were calcined in a dry O2/Ar
(20/80 volume %) mixture at maximum temperatures of 550, 650 and 750°C for 30
minutes (plateaus at 350, 450, 550 and 650ºC for 15 min). After calcination the
reactor was cooled down to 350ºC and left overnight in flowing O2/Ar. The reactor
was flushed with argon for 30 minutes to remove O2. Next the catalyst was reduced in
CO at 350°C for 15 minutes. Instead of evacuating the CO using a pump, CO was
removed by flowing argon at 350ºC for 25 minutes. This was done in order to
minimize the risk of impurities diffusing into the reactor. After cooling in an argon
flow, polymerization was started by introducing ethylene gas at various temperatures
between 27 and 160°C at atmospheric pressure for catalysts calcined at 650ºC.
Catalysts calcined at 550 and 750ºC were polymerized at 100ºC. Polymerizations at
temperatures of 80°C and above were done for a maximum of 5 to 8 hours (depending
on calcination temperature), in order to prevent the reactor from breaking due to
excessive polymer growth of the gas cleaning catalyst bed. At lower temperatures, at
which activities were lower, polymerizations were carried out for 17 hours in order to
obtain enough material for molecular weight analysis.

7.2.2

Catalyst chromium loading

X-ray photoelectron spectroscopy (XPS) measurements were made in a VG Escalab
200 using a standard aluminum anode (Al-Kα 1486.3 eV) operating at 510 W. Spectra
were taken at normal emission at background pressure of 5·10-10 mbar. Chromium
coverage was determined from the X-ray photoelectron spectra as described in [1].

7.2.3

Catalyst activity

Polymerization activity was determined by weighing the catalyst before and after
polymerization. Due to the equal calcination, reduction and polymerization conditions
for the polished and unpolished backside of the wafer, both sides show activity. In
order to obtain activity data from the polished side only, the polymer formed on the
undefined backside of the model catalyst was removed.
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7.2.4 Polymer characterization
Size exclusion chromatography (SEC) was used to determine the molecular weight of
the polymer samples. The required sample amount (at least 1 mg) was obtained by
removal of the polymer from the catalyst surface. The measurements were performed
at DSM using a PL-GPC220 device and PL Rapide H 105*7.5mm columns. The
eluent used, was 1,2,4-trichlorobenzene and measurements were done at a temperature
of 160ºC.

7.3

Results and interpretation

7.3.1

Catalyst chromium loading

2

Saturation chromium coverage (Cr/nm )

Chromium loadings of model catalysts calcined at 550 and 650ºC were obtained in an
earlier study (Chapter 3). Figure 3.3 shows the amount of chromium remaining on the
silica surface after calcination at these temperatures. At 550ºC we found a saturation
coverage of about 2.2 Cr/nm2. This means that samples loaded with 2 or less Cr/nm2
maintain their initial chromium loading upon calcination at 550°C. For higher initial
loadings, desorption takes place until the saturation coverage is reached. Similarly for
a calcination temperature of 650ºC saturation takes place at 1 Cr/nm2. At 750ºC we
found a maximum chromium coverage of about 0.7 Cr/nm2. The saturation coverages
as a function of calcination temperature are shown in Figure 7.1.
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Figure 7.1: Chromium saturation coverages for flat Phillips model catalysts after
calcination at various temperatures in an O2/Ar mixure.
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As described in the experimental section the gas cleaning catalyst bed is baked out at
a temperature which is at least 75 to 100ºC higher than the desired model catalyst
calcination temperature. Choosing equal temperatures for both bake-out and
calcination results in an inactive model catalyst. Figure 7.2 shows the Cr 2p XPS
spectra of two model catalysts loaded with 2 Cr/nm2 after calcination at 650ºC. In the
case of a preceding catalyst bed bake-out temperature of 730ºC about 1 Cr/nm2
remains on the model catalyst surface, which is in line with the results presented in
Figure 7.1. However, for a preceding catalyst bed bake-out temperature of 650ºC
complete desorption of chromium takes place during model catalyst calcination,
leading to inactivity.

Intensity (au)

catalyst bed calcined
at 730ºC

catalyst bed calcined
at 650ºC

Blank
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Figure 7.2: The effect of catalyst bed bake-out temperature on the Cr 2p emission
intensity of a 2 Cr/nm2 sample after calcination at 650ºC. For comparison, a
spectrum of a blank SiO2/Si(100) support is included.
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Catalyst activity as a function of polymerization temperature and chromium
loading

As outlined in the experimental section, the active catalysts were treated with ethylene
gas at atmospheric pressure at various temperatures from 27 to 160°C. During
polymerization, polyethylene grew in a direction normal to the catalyst plane to form
a homogeneous film. Activities were determined after normalization on the basis of
the active surface area and the polymerization time. Figure 7.3 shows the activity as a
function of initial chromium loading for various polymerization temperatures. For
each polymerization temperature the catalyst activity rises with increasing chromium
loading until between 1 and 2 Cr/nm2 a maximum activity is reached.
The average turn over frequencies (TOF) could be calculated based on surface
chromate quantifications as described in Chapter 3 [2]. The average TOF in ethylene
molecules per chromium atom per second is shown in Figure 7.4 for different
polymerization temperatures. In each case the trend is the same: the average TOF
stays relatively constant on decreasing the chromium loading until about 1 Cr/nm2. A
further decrease in loading leads to a TOF increase.

7.3.3

Molecular weight as a function of polymerization temperature and chromium
loading

Figure 7.5 shows the molecular weight distribution (MWD) curves obtained by size
exclusion chromatography (SEC) analyses of samples polymerized at 27, 40, 60, 80,
100, 130, 145 and 160°C. The initial catalyst loading in this specific case was 1
Cr/nm2. The samples polymerized at 100ºC and below show similar distributions with
a single maximum around 7⋅105 g/mol and a tail on the low molecular weight side.
Polymerization at 130°C results in the appearance of a second peak at low molecular
weight (around 2⋅104 g/mol). Upon increasing the polymerization temperature further
the intensity of the peak at low molecular weight decreases again. Only a small
decrease in molecular weight with increasing polymerization temperature can be
observed in the range from 27 to 100°C. However, above 100°C this decrease
becomes much stronger.
In figure 7.6 the influence of catalyst chromium loading on the MWD is shown for
polymerization below (80ºC) and around or above (130ºC) the melting temperature of
polyethylene. The MWD curves obtained for other temperatures are similar to the two
mentioned cases. Well below the melting temperature the Phillips model catalyst
forms polyethylene with a molecular weight that decreases with decreasing loading.
Around and above the melting point the trend is opposite: upon a decrease in loading
the molecular weight increases.
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Figure 7.3: Ethylene polymerization activity of CrOx/SiO2/Si(100) model catalyst at 1
bar for different temperatures as a function of initial catalyst chromium loading. For
clarity polymerization temperatures showing high (top) and low (bottom) catalyst
activity are separated.
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Figure 7.4: Average turn over
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polymerization temperatures.
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and
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based on chromium coverage
after calcination as determined
in Chapter 3.

8

dw/dlog(M)

7
6

160ºC

5

145ºC

4

130ºC

3

100ºC

2

80ºC
60ºC

1

40ºC
27ºC

0
2

3

4

5

log(M)

6

7

Figure 7.5: Molecular weight
distribution
curves
for
polyethylene produced at 1 bar
at the indicated temperatures
over flat model catalysts loaded
with 1 Cr/nm2. The calcination
temperature was 650ºC.

The effect of catalyst loading and calcination temperature on ethylene...

2.5

139

Tpol= 80ºC

Tpol< Tmelt

dw/dlog(M)

2.0

1.5

1.0

0.5

0.0
3

4

5

6

7

log(M)

4.0

Tpol> Tmelt

Tpol= 130ºC

3.5

dw/dlog(M)

3.0
2.5
2.0
1.5
1.0
0.5
0.0
3

4

5

6

7

log(M)

Figure 7.6: Molecular weight distribution curves for polymerization at 1 bar at a
temperature of 80ºC (top) and 130ºC (bottom). The arrows indicate the trend of
increasing loading. All catalysts were calcined at 650ºC.
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7.3.4

Activity as a function of calcination temperature

Figure 7.7 shows the activity as a function of initial chromium loading for various
calcination temperatures. The activity increases on going from a calcination
temperature of 550 to 650ºC. At 750ºC the activity is slightly lower than at 650ºC. In
this study we also calcined a series of catalysts at 850ºC. However, as the activity
results show a great amount of scattering and lack reproducibility we have decided not
to include this data in our discussion.
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Figure 7.7: Ethylene polymerization activity of CrOx/SiO2/Si(100) model catalyst at
the indicated calcination temperatures as a function of initial catalyst chromium
loading. Polymerization took place at 100ºC in 1 bar of ethylene.

7.3.5

Molecular weight as a function of calcination temperature

Figure 7.8 shows the molecular weight distribution (MWD) curves from polyethylene
samples polymerized over a catalyst loaded with 1 Cr/nm2 and calcined at the
indicated temperature. The trends for other catalyst loadings are similar in that
calcination at 650 and 750ºC gives the highest molecular weight.

The effect of catalyst loading and calcination temperature on ethylene...

550ºC
650ºC
750ºC

2

dw/dlog(M)

2

141

1 Cr/nm
Tr=350ºC
Tp=100ºC

1

0
3

4

5

6

7

log(M)
Figure 7.8: Molecular weight distribution curves for polyethylene produced over flat
Phillips model catalysts loaded with 1 Cr/nm2 and calcined at the indicated
temperatures. Polymerization took place at 100ºC in 1 bar of ethylene.

7.4

Discussion

7.4.1

Influence of active site dilution on the polymerization properties

Polymerization at temperatures from 27 to 160ºC shows an increase in activity with
increasing chromium loading. The maximum activity is constant for loadings above 1
Cr/nm2. The latter observation is in line with the fact that for a calcination temperature
of 650ºC the saturation chromium coverage is around 1 Cr/nm2 [2,3]. The spincoating
of larger quantities results in desorption of excess chromium. This means that
catalysts with an initial loading of 2, 4 and 10 Cr/nm2 are similar in the sense that
before calcination they all start with excess chromium which desorbs to a constant
value of about 1 Cr/nm2 upon calcination at 650ºC. A decrease of the loading below 1
Cr/nm2 leads to a reduction in activity which indicates that activity is directly related
to the amount of chromium on the surface. It is interesting to note that these
observations are different from the results obtained in a previous study (Chapter 3).
There we found – using a different reactor system – a maximum activity around 0.5
Cr/nm2 for a catalyst calcined at 550ºC that was not pre-reduced in CO.
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Based on our results in Chapter 3 and 4 we expect the average TOF and the molecular
weight to increase with increasing loading. The results confirm this as a rise in TOF
sets in as effective chromium coverage decreases (Figure 7.4). In our study in Chapter
3 we found a similar behavior for polymerizations carried out at 160ºC over a catalyst
that was not pre-reduced in CO and calcined at 550ºC. For Phillips catalysts based on
porous silica supports, Clark [4] found a continuous increase in TOF for a decrease in
chromium concentration. Polymerization was carried out in solvent at 132ºC at 500
psig pressure using catalysts calcined at 500ºC with loading from 1 wt% to 0.001 wt%
Cr (0.4 to 0.0004 Cr/nm2 for a 300 m2/g support). This trend of an increasing TOF
with dilution of active sites resembles our results in Figure 3.7 and 7.4.
The molecular weights obtained in this study offer the opportunity to refine our
model. At polymerization temperatures above the melting point of polyethylene an
increase in molecular weight with decreasing loading confirms our proposition. The
same is again found by Clark [4] who obtained a 40% increase in molecular weight on
a decrease in loading from 0.75 wt% to 0.001 wt%. Polymerizations over our model
catalyst at temperatures below 130ºC, however, clearly show an opposite trend. This
indicates that for our model catalyst in this temperature range mass transfer effects are
not controlling polymerization properties and other effects are dominant. Scanning
Electron Microscopy (SEM) studies carried out in the study described in Chapter 4,
pointed to an increased porosity of polymer films polymerized below the melting
temperature of polyethylene. Based on this high porosity we predicted the effect of
mass transfer limitation to be much less at polymerization temperatures of 100ºC and
below.

7.4.2

Model catalyst reduction

Comparison of the MWD curves in Figure 7.5 with the curves in Figure 4.2 shows
great resemblance for the samples polymerized at lowest temperature to 130ºC. From
145ºC and higher, however, a remarkable difference is visible. On rising the
polymerization temperature from 130ºC to 160ºC we found in the study conducted in
Chapter 4 that the peak at low molecular weight increased to the expense of the peak
at high molecular weight. In the current study the opposite seems to happen as the low
molecular weight peak looses intensity. The only experimental difference in preparing
these samples is the CO removing step. In the study described in Chapter 4 the reactor
was evacuated after reduction. Because of the increased risk of impurities entering the
much larger setup, evacuation was avoided in the current study. Instead the reactor
was flushed with argon for 25 minutes. In comparison to evacuation, flushing might
not be successful in removing the CO completely out of the pores of the gas purifying
bed. If CO is left in the system, this will affect the model catalyst’s performance as
CO is known to poison active sites. Another fact that might have caused the observed
differences in molecular weight is the prolonged time the model catalyst spends at
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350ºC in the reduced state during flushing. Polymerization at 160ºC without prereducing the catalyst in CO gives a MWD curve as shown in Figure 7.9. Without CO
reduction the high molecular weight peak is completely absent. Unexpectedly, while
there is a huge difference in the MWD’s, there is no noticeable difference in activity
between these two reduction methods. This makes poisoning by CO less likely as a
small amount will lead to immediate deactivation. For industrial catalysts there is no
evidence for rearrangements taking place during CO reduction at 350ºC [3]. For the
model catalyst, however, the time it stays in reduced form at this temperature seems to
cause the differences in molecular weight.

dw/dlog(M)

C2H4 reduced

CO reduced
argon flushing
for 25 minutes

CO reduced
evacuation and
immediate cool-down
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Figure 7.9: The effect of reduction treatment on the molecular weight distribution for
polymerization at 160ºC in 1 bar of ethylene. The catalyst loading was 1 Cr/nm2 and
the calcination temperature 650ºC. Reduction in ethylene takes place at
polymerization temperature (160ºC). Reduction in CO takes place at 350ºC.
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Influence of calcination on catalyst activity and selectivity

Phillips catalysts on porous silica show the following polymerization trends upon an
increase in calcination temperature [3,5]:
• An increase in activity which continues up to 950ºC after which sintering of
the support results in an activity decrease.
• A decrease in molecular weight which continues up to the temperature
sintering occurs.
The observations for our model catalyst deviate significantly from these trends. On
going from a calcination temperature of 550 to 650ºC both the activity and the
molecular weight increase. In literature the activity increase upon a rise in calcination
temperature is generally attributed to a decrease in the population of hydroxyls which
somehow seem to interfere with polymerization [3,5] as they approach the
coordination sphere of the chromium site. Simultaneous to the increase in activity the
molecular weight decreases for the industrial catalyst. In the light of our discussion in
Chapter 4 this difference can be ascribed to the much higher active site densities of
the Phillips catalyst on porous support in comparison to our model. The chemical
changes upon increasing the calcination temperature result in an increase in chain
initiation and therefore an increase in activity. However because of high active site
densities, competition for the available monomer results in a decrease in molecular
weight. On the exposed surface of our model support, active site densities are so low
that an increased initiation and therefore an increased ethylene-consumption does not
lead to mass transfer limitation. The changed chemistry of the active site upon
calcination even results in a slightly higher molecular weight.
Upon increasing the calcination temperatures from 650 to 750ºC our model catalyst
shows a small decrease in activity and no change in molecular weight. A few
possibilities can explain why there is no further increase in activity with calcination
temperature. First, at higher calcination temperatures, the model catalyst might be so
vulnerable to small traces of impurities that anchored hexavalent chromate is
destabilized and desorbs or is converted to chromium(III) clusters. After calcination
the saturation chromium coverage was determined to be around 0.7 Cr/nm2 (Figure
7.1) which is in agreement with the values reported by McDaniel [3]. However, since
the sample had to be transferred from the reactor to the XPS in atmosphere all
chemical information concerning the valence of chromium after calcination is lost.
Second, the silica of our model catalyst might not exhibit enough flexibility because it
is not porous and supported on a silicon wafer. Effects taking place during calcination
that influence the chemistry of the active site might depend on the flexibility of the
support. If such flexibility is absent a rise in calcination temperature will not lead to
an increase in activity. The third possibility is related to the second and involves the
density of hydroxyl groups in the surface. Figure 7.10 shows iodine 3d 5/2 regions of
XPS spectra of SiO2/Si(100) supports treated with methyl magnesium iodide after
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calcination at the indicated temperatures [6]. As the iodine compound reacts with
hydroxyl groups in a 1 to 1 ratio, the amount of iodine atoms detected per nm2 is a
direct measure for the amount of hydroxyl groups present. Quantification of hydroxyl
groups on the SiO2/Si(100) carrier as a function of temperature shows trends that do
not correlate with the gradual decrease in hydroxyl population as found for porous
silica [7]. Instead the hydroxyl concentration on the SiO2/Si(100) is rather high and
remains almost constant at around 2 OH/nm2 for high calcination temperatures. This
trend might be a direct effect from the rigid nature of the silicon supported silica
layer.
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Figure 7.10: left) Iodine 3d 5/2 regions on the XPS-spectra of blank silica wafers
treated with CH3MgI (1 minute, room temperature). Temperature in 0C is that of
silica’s calcination (overnight in air). right) Hydroxyl concentration as a function of
calcination temperature for the SiO2/Si(100) support compared with porous silica [7].

7.4.4

Mobility of chromium upon calcination

Choosing equal temperatures for catalyst bed bake-out and model catalyst calcination
results in complete chromium desorption (Figure 7.2). During bake-out, condensation
of hydroxyl groups on the alumina support takes place which leads to water in the gas
flow. As the model catalyst is calcined at the same temperature, water is again
released by the catalyst bed destabilizing the anchored chromate. Only by choosing
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the bake-out temperature well above the calcination temperature a completely dry
O2/Ar-mixture can be obtained. The process of water induced chromium desorption
has implications for calcination of Phillips catalysts on porous supports. Traces of
water released during calcination will remain in the pores, increasing the mobility of
chromium by facilitating desorption and readsorption [1]. In our opinion the resulting
redistribution of chromium is a key process during catalyst activation. The rate of
water release within the pores is influenced by the calcination heating rate which
might explain the sensitivity of the Phillips catalyst to this parameter.

7.5

Concluding remarks

In this Chapter we tested the flat CrOx/SiO2/Si(100) catalyst for its activity and
selectivity as a function of initial chromium loading at different polymerization
temperatures from 27 to 160ºC. For polymerization close to and above the melting
temperature of polyethylene, trends in average turn over frequency and molecular
weight are in agreement with our proposition in Chapter 4 that mass transfer
limitation controls the polymerization properties. At lower temperatures, however,
trends in molecular weight indicate that mass transfer is less important and other
effects dominate the polymerization performance of our model catalyst. Due to the
minor role of mass transfer limitation in this temperature range we could identify the
intrinsic effect of calcination temperature on polymerization properties. We observe
an increase of both activity and molecular weight with a raise in model catalyst
calcination temperature. For industrial catalysts on porous supports the molecular
weight decreases with increasing calcination temperature. We ascribe this trend to the
high active site densities relative to our model. An increase in chain initiation results
in a rise in activity but a decrease in molecular weight because active sites have to
compete for the available monomer. The latter is not the case for the model catalyst
where active site concentrations are relatively low.
At calcination temperatures above 650ºC the trend of an increasing activity with an
increasing calcination temperature no longer holds for our model catalyst. We
attribute this behavior to either a poison induced destabilization of chromium at high
calcination temperatures, or a chemical difference of active sites related to the rigid
nature of our carrier. At polymerization temperatures above 130ºC the model catalyst
exhibits a large sensitivity of molecular weight to the reduction treatment. The cause
of this difference is not known and is most probably related to the time the reduced
catalyst spends at reducing temperature.
Furthermore, we identified the redistribution of chromium on the silica support as a
key process during catalyst activation. This redistribution makes the catalyst very
sensitive to traces of water that are released during the heat treatment of the catalyst
support.
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Chapter 8
Conclusions and outlook
8.1 Concluding remarks
Throughout this thesis flat Phillips model catalysts were used in order to contribute to
creating a molecular-level picture of the Cr/silica ethylene polymerization catalyst by
correlating catalyst preparation, characterization of the active surface, and
polymerization activity. Because of the complexity and preparation sensitivity of the
Phillips catalyst we set high value on the model catalyst being as close to the
industrial catalyst as possible in terms of preparation. From the studies conducted in
this thesis the method of spincoat-impregnation proved to be highly satisfying in this
respect. The most important catalyst preparation parameters used in this study are the
chromium loading and the calcination temperature. The former was effectively
quantified by X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering
spectrometry (RBS). The molecular weight of the formed polymer was successfully
determined by size exclusion chromatography (SEC) even in the case of low polymer
yields in the order of less than 3 mg.
The flat nature of the CrOx/SiO2/Si(100) catalyst, combined with the inherent
immobility of active sites proved to offer a great tool in studying the morphology of
nascent polyethylene. As the polymer grows as a thin film normal to the catalyst plane
little distortion of the morphology is to be expected relative to high surface area
catalysts where particle break-up and polymer growth in all directions troubles the
investigation of nascent morphology on a molecular scale. Furthermore, flat surfaces
and thin films offer the possibility to apply atomic force microscopy (AFM) to
visualize the polymer morphology in high resolution. Thermal properties of the
polymer could be easily obtained with differential scanning calorimetry (DSC).

8.1.1

Chromium loading and calcination

The amount of chromium dispersed on the flat SiO2/Si(100) by the spincoating
technique proved to be highly reliable and reproducible. Chromium loadings as
determined by RBS were within a few percent of the expected value based on chromic
acid concentration of the spincoat solution. Upon calcination a maximum coverage of
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chromium is reached which depends on the calcination temperature. Higher initial
loadings result in desorption until the saturation coverage is reached. Hardly or no
desorption takes place for catalyst that were loaded below this saturation coverage.
For different initial loadings and calcination temperatures we quantified to amount of
chromate left on the silica surface by using both RBS and XPS. As no
chromium(III)oxide clusters were found on our model catalyst [1] all the chromate
present is anchored to the support via ester bonds. Comparison with Phillips catalyst
based on porous supports showed a great similarity in the amount of hexavalent
chromium left after calcination [2]. Together with the similarity in binding energy as
observed in a previous study [1] this proves the chemical resemblance of the Phillips
model catalyst to the industrial catalyst on porous support.
Activity measurements both above and below the melting temperature of polyethylene
showed an increasing average turn over frequency for a decrease in chromium
loading. This trend was most visible for polymerization at 160ºC with catalysts that
were not pre-reduced in CO. The trend led to the conclusion that high chromium
loadings are detrimental to activity of individual sites, possibly because high
chromium densities facilitate dimerization leading to inactive species. Also at high
loadings, a larger part of the chromium may be inactive because it has to anchor to
less favorable positions on the support. The trend of increasing polymerization
efficiency of chromium sites with decreasing loading extended to extremely dilute
concentrations up to 0.01 Cr/nm2. At these low coverages the average Cr-Cr distance
is about 14 nanometers if all chromium would be homogeneously dispersed. This
distance is far too large for chromium-chromium interactions to play a role. This in
our opinion strongly indicates that especially at low catalyst loadings chromium is not
homogeneously dispersed. As for the Phillips catalyst an increasing calcination
temperature leads to an increase in activity, we proposed that desorption of chromium
taking place during calcination serves as a mechanism to isolate the chromium sites
on the silica support.
In an attempt to indirectly visualize the chromium distribution short time
polymerization (in the order of minutes) at low temperatures showed that the activity
is not homogeneously distributed on the surface of the model catalyst. Especially at
low loadings it was clearly shown that a relatively small area of the catalyst is
responsible for polymer formation.

8.1.2

Catalyst activity

The model catalyst was extensively tested at atmospheric pressure and different
polymerization temperatures ranging from room temperature to 160ºC. For the first
time, the molecular weight of polyethylene formed over the model catalyst could be
determined. Comparison with Phillips catalysts based on porous supports proved that
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activity, yield and molecular weight of the polymer formed over the model catalyst is
realistic. Based on the change in activity as a function of temperature the activation
energy of polymerization could be determined which is close to values reported in
literature for polymerization over industrial Phillips catalysts. An investigation to the
effect of polymerization temperature on both activity and molecular weight served as
a base for a kinetic study in which an activation energy for chain initiation was
obtained. An important proposition we derived from the observations is that the
polymerization activity of Phillips catalysts is for a large part controlled by chain
initiation. The active site produces polyethylene in short bursts of high activity which
results in local ethylene depletion zones affecting the polymerization conditions of the
site itself and sites in close vicinity. After termination the site stays dormant until a
new chain initiation reaction occurs. In two cases the ethylene depletion surrounding
the active sites can be so large that it affects the polymerization properties of the
entire catalyst. The first case is a high active site concentration such as found on
industrial Phillips catalysts which are based on high surface area supports. This in our
opinion is the reason why both activity (on an area or chromium base) and molecular
weight are lower for the industrial catalyst than the model catalyst. The second case
arises when the already formed polymer limits the ethylene transfer towards the active
sites. For the model catalyst this was shown upon increasing the polymerization
temperature from below to above the melting temperature of polyethylene. Ethylene
can diffuse more easily through the porous nascent film than the melt-crystallized
film. This was also demonstrated by the decrease in molecular weight upon an
increase in the chromium loading. At polymerization temperatures below the melting
point of polyethylene the polymerization properties of the model catalyst is much less
determined by mass transfer limitation and other effects are more important. In this
case an increase in chromium concentration does not lead to a decrease in molecular
weight, the opposite was even observed.
The foregoing has demonstrated the use of the flat Phillips model catalyst in kinetic
studies. The exposed nature of the model system – and therefore the absence of
internal diffusion – enables measurement of the intrinsic kinetics.

8.1.3

Nascent morphology

The method developed in Chapter 3 and 5 to grow small quantities of polyethylene on
the catalyst surface proved to be a valuable tool in studying nascent polyethylene
morphology. After polymerization at room temperature small polymer grains are
formed which have lateral dimensions in the order of 30 to 50 nm and heights of
about 6 nm. We proposed that after chain formation crystallization takes place in a
timescale that is too small for the freshly formed chains to diffuse away from the
active site. This leads to the formation of a crystallite in the immediate vicinity of the
active site. As polymerization continues new chains crystallize and push away the
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already formed crystals, which results in islands of polymer consisting of stacked
crystals. Especially at these low temperatures the polymer distribution on the catalyst
surface reflects the local activity of the catalyst. The morphology difference of short
time polymerizations at different temperature gave us insight in the mobility of chains
between their formation and crystallization. At higher polymerization temperatures
larger crystals are formed because the diffusion rate increases relative to the
polymerization and crystallization rate. In this way chains can diffuse away from their
location of birth and get incorporated in an already existing crystal, therefore
increasing the size of the latter.
Crystallites in open films as polymerized on the flat model catalyst at room
temperature exhibited morphology changes upon annealing which were visualized
with AFM. Already at temperatures of 60-80ºC – far below the melting point of
polyethylene – thickening of crystallites takes place. This points to a high mobility of
chains within the crystallites which is usually only observed just before the melting
temperature of the polymer. DSC studies conducted on samples obtained with longtime polymerization runs (5 to 17 hours depending on catalyst activity) clearly show
the increased melting point and crystallinity relative to the same but melt-crystallized
sample, properties which are characteristic for nascent polymer. Furthermore, a
decreased heat uptake prior to melting was observed which is in line with the
proposition that chain rearrangements take place upon heating nascent polyethylene.
The fact that the decreased heat flow is most prominent in the sample polymerized at
lowest temperature suggests that the extent of rearrangement taking place is inversely
proportional to the height of the polymerization temperature.

8.2 Implications for the industrial catalyst
Variations in polymerization properties of the industrial Phillips catalyst as a function
of preparation parameters (e.g., chromium loading and calcination temperature) are
usually ascribed to a change in the coordinative and electric environment of the active
site. Studies with our flat Phillips model system show that other factors, related to the
ethylene diffusion towards the active site, play a much more important role than is
generally believed (Chapter 4). The two-dimensional surface of our model catalyst
exposing all the active sites, revealed a part of the true kinetics of the Phillips catalyst.
In our opinion, it is the combination of these characteristic kinetics and the high active
site densities encountered on Phillips catalysts on porous support that largely control
activity and molecular weight. High active site concentrations alone are not likely to
cause mass transfer limitation effects. An example is the Ziegler-Natta catalyst which
has active site densities probably much higher than the Phillips catalyst. However, this
system does not show indications of mass transfer controlled polymerization
properties. The foregoing demonstrates the importance of knowledge about intrinsic
kinetics which can never be extracted from a complex system such as the Phillips
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catalyst on porous support alone. Mass transfer limitation as predicted by our model
will restrain us from obtaining the real effect of preparation parameters on the
chemistry of the active site and its inherent effect on polymerization on a molecular
level. An example of this is the increase of calcination temperature which – in the
case of industrial Phillips catalysts – results in an increased activity and decreased
molecular weight. Based on results obtained with our model catalyst, however, we
think that the chemical change of the active site leading to the increased activity is
also accompanied by an increase in molecular weight. The high active site densities
and therefore increased ethylene consumption inside the pore structure is probably the
main reason why this is not observed for industrial catalysts.
In our study described in Chapter 3, the desorption of chromate during calcination
was proposed as an important mechanism to isolate the chromium sites on the silica
support. This isolation seems to be beneficial for the polymerization activity by
minimizing the interactions between different chromium centers. Readsorption of
chromate, which was convincingly demonstrated in an RBS study [1], is expected to
serve as a diffusion mechanism of chromate within pore structures of industrial
Phillips catalysts. Water that is formed during the anchoring reaction of chromates
and the condensation of hydroxyl-groups, will reside in the pore structure and
therefore increase the mobility of chromium. Inhomogeneities inherent to the method
of chromium impregnation might therefore be absent after calcination as a more
random distribution of chromate develops. This effect, possibly, is one of the
important reasons for the increased activity of Phillips catalyst on porous supports
towards increasing the calcination temperature.

8.3 Processibility of high molecular weight polyethylene
Ultra High Molecular Weight Polyethylene (UHMW-PE) requires a different
processing approach than usually applied to polyethylene of lower molecular weight.
Due to the extremely high viscosity in the melt, products of UHMW-PE are made by
sintering polymer-grains in a desired shape. Frequently this leads to the existence of
grain boundaries and fusion defects in the final product, which cause the end product
to fail. The origin of these grain boundaries and defects can be related to the synthesis
conditions of the polyethylene. Polymerization temperature and kinetics and the
distribution and density of active polymerization sites are important parameters which
influence chain organization on a molecular scale. The organization of chains on its
turn is extremely important for the success of UHMW-PE processing and hence the
quality of the end product. An ideal situation would be that chains are arranged in
such a way that they have the mobility to easily overcome grain and crystallite
boundaries during sintering. The successful blending of chains will decrease the risks
of defects in the polymer matrix considerably.
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The use of the flat Phillips model catalyst in studies concerning chain organization on
a molecular scale shows that controlled polymerization at low temperature leads to the
formation of polymer grains, possibly crystallites, with interesting properties towards
annealing. Changes in shape and thickness of these polymer grains already at
temperatures far below the melting temperature of polyethylene demonstrate that the
polymerization conditions as present on our model catalyst favor the formation of
highly mobile chains. Possibly the relatively low active site concentrations on the flat
surface as opposed to the three-dimensional spacing for porous carriers, plays an
important role. Polymerizations at different temperatures ranging from room
temperature to 100ºC pointed out that with decreasing polymerization temperature the
extent of rearrangement taking place increases. This indirectly shows the importance
of polymerization temperature in the synthesis of high molecular weight polyethylene
with good opportunities towards improved product properties. At low polymerization
temperatures the polymer exhibits more potential for successful sintering leading to a
more homogeneous product.

8.4 Future perspectives
Throughout this thesis the possibilities and real advantages of the Phillips model
catalyst have been demonstrated. However, also the drawbacks have become clear as
the model catalyst was tested to the limits. These drawbacks are practically only
related to the small active catalyst area and the inherent extreme sensitivity towards
impurities. In numerous of occasions the latter property reminded us that being
suspicious about anything that could possibly destroy the catalyst is an absolute
necessity. In between the studies described in this thesis the possibilities of the flat
model system were further explored by designing different variations on the model
system. Also the possibilities for expanding the methods of polymer characterization
were tested. This paragraph gives an overview of new techniques and experiments
based on the application of flat Phillips model catalyst. What experiments can be
designed with the model system that will be interesting in the light of the results and
conclusions derived in this thesis? Realism and practicability will be important
aspects in this.

8.4.1

Correlating local chromium loading and activity

The fraction of chromium that is active in polymerization has long been a point of
discussion [3]. Visualizing activity and chromium concentration on a nanometer scale
in one single image would indirectly provide a deeper insight in both the molecular
structure of the active site and polymerization kinetics. It would make possible a
better estimation of the turn over frequency which is valuable in kinetic studies. Up to
now the time it takes for completion of one chain by an active site – and therefore the
true propagation speed – remains controversial. Furthermore, understanding the
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importance of chromium distribution on the activity would come a step closer. Is the
chromium truly inhomogeneously distributed on the surface? How do activity and
chromium loading correlate? Does it support our proposition that high chromium
loadings are detrimental to activity? We think that our flat model catalyst in
combination with Transmission Electron Microscopy (TEM) offers opportunities to
obtain answers to these questions.
We have successfully developed a variation of the model system which makes it
suitable for studies with TEM. In order to achieve this the SiO2/Si(100) carrier is
modified by controlled etching of the silicon in such a way that locally only the silica
top-layer is present. The thickness of these “windows” is in the order of 10 nm so that
transparency of the model system is obtained for the TEM electron beam. These
specially prepared flat supports can be spincoated and calcined similar to the normal
SiO2/Si(100) carrier. Short time polymerizations as shown in this thesis will result in
the preservation of the chromium distribution upon transfer of the sample from the
reactor to the microscope. Images obtained by mapping of chromium on a nanometer
scale will now directly reflect the chromium distribution of the active catalyst.
Besides the great potential of TEM for analysis of the catalyst it is also of great value
in the study of thin polymer films and polymer islands. TEM can prove whether the
polymer aggregates as studied in Chapter 5A and 6 are truly small crystallites.
Furthermore, as shown in Chapter 5B the elemental quantitative mapping opens a way
in determining local polymerization activity with single chain resolution.

8.4.2 Catalyst characterization
Most of the catalyst characterization work concerning the flat Phillips model catalyst
took place during the pioneering studies summarized in the introduction (Paragraph
1.8). Catalyst characterization in this thesis has mainly concentrated on chromium
loading as a function of preparation parameters (Chapter 3 and Paragraph 8.1.8).
Initially one part of this thesis would be devoted to a Time-of-Flight - Secondary Ion
Mass Spectrometry (TOF-SIMS) characterization of the calcined and CO reduced
catalyst. Unfortunately the condition of the apparatus did not allow this technique to
be applied. However, it remains a very interesting possibility as the model catalyst is
perfectly suited for this kind of technique. Questions related to the dimerization of
chromate at high loadings during calcination or during reduction could for once and
all be answered.

8.4.3

Kinetics

The applicability of the flat Phillips model catalyst in kinetic studies was
demonstrated in Chapter 4 where we studied the polymerization properties of a single
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type of model catalyst (1 Cr/nm2, Tcalc = 650ºC) as a function of temperature. In
Chapter 7 we expanded the dataset by looking at the effect of both catalyst loading
and calcination temperature. In order to extend our kinetic study with these new
results the polymerization reactor needs to be improved in terms of base-pressure such
that the experimental procedure can be carried out in a similar way as in Chapter 4.
The model catalyst is extremely delicate after CO reduction and especially this phase
of the experiment should be carried out with great care. The effect of the method of
reduction on polymerization activity and selectivity is of course an interesting topic
on its own, especially in direct correlation with catalyst characterization (Paragraph
8.4.2).
A smaller reactor can be designed which allows polymerization at higher pressures
which makes it possible to investigate the effect of monomer concentration on
polymerization properties. This will make comparison with industrial catalysts even
more significant. Furthermore, if molecular weight increases with ethylene pressure as
is expected, annealing studies as in Chapter 5 and 6 can be repeated for polyethylene
samples qualifying as UHMW-PE. The increased chain length will add more realism
to the study concerning the improvement of UHMW-PE processibility.

8.4.4

Chain mobility

As polymer yields increased with the development of a new reactor allowing larger
samples to be processed, a new possibility appears for polymer analysis. Nuclear
Magnetic Resonance Imaging (NMR) of solid polyethylene will be a crucial technique
in the study of nascent polymer morphology on a molecular level. In chapter 6
indirect evidence was given for an increased chain mobility in polymer aggregates as
formed on the surface of the model catalyst in precisely controlled polymerization
conditions. Solid state NMR will be the technique which possibly can provide direct
evidence for increased chain mobility within crystallites. This can be achieved by
comparing the mobility of chains in the crystalline phase of both the nascent state and
the melt-crystallized state of the same polymer sample. Furthermore, the effect of
annealing on the percentage crystallinity and the average crystallite size will
contribute to our understanding of chain rearrangements taking place upon heating
nascent polyethylene.
In summary we believe that it is the combination of characterization techniques on
both low yield samples (AFM, TEM) and bulk polymer (DSC, NMR) as polymerized
on the flat model catalyst that forms a real advantage in fundamental studies of
nascent polymer morphology.
The possibility to form homogeneous polyethylene films in larger quantities has also
created opportunities for testing mechanical properties such as the drawability. When
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subjected to deformation, polymers show yielding, necking and strain hardening prior
to fracture. The type of polymer and its morphology has a large influence on the exact
behavior towards deformation. In tensile tests, a ductile polymer will exhibit a linear
increase in stress with increasing strain according to Hooke’s law. This behavior will
continue up to the yield point after which necking takes place leading to deformation
of the polymer. The draw ratio is defined as the length of a fully necked sample
divided by the original length. As the entanglement density of a polymer increases
also the stifness increases resulting in less deformation taking place and hence, a
lower draw ratio. Drawing experiments could be an interesting start to expand
characterization of nascent polyethylene as formed on model catalysts to another
level. What do all the observations on a microscopic level imply for the mechanical
properties? An aspect that, so far, has not been discussed for polyethylene formed
over flat Phillips model catalysts.

8.4.5

A final thought

Throughout this thesis the uses and possibilities of the flat Phillips model catalyst
have been shown. It is the combination of catalyst characterization, catalyst testing
and polymer characterization that forms a strong tool in the study of intrinsic kinetics,
polymerization properties and polymer morphology. The intrinsic differences of flat
model catalysts as compared to industrial catalysts, should not be seen as a
disadvantage but a unique way to gain additional information of the studied system.
While, in some respects, we have pushed the application of this system in research
towards the limits, new methods for model catalyst and polymer characterization are
developed at this very moment. We believe that the increasing number of possibilities
offers new opportunities that hold great potential in future catalyst and polymer
research.
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Chapter 8

Summary
Thermally activated chromium on silica is one of the most important ethylene
polymerization catalysts. It was discovered in the early 1950’s and is responsible for
the production of one third of the world market in polyethylene. After almost 50 years
of academic and industrial research, the Phillips catalyst remains a topic of debate.
Fundamental aspects such as the molecular structure of the active site and the
mechanism of polymerization remain unresolved. The large sensitivity towards
preparation has always troubled the combination of experimental findings from
different groups into one unifying picture. In order to combine different spectroscopic
studies, these studies should be applied to one and the same catalyst batch.
Furthermore this batch should also be characterized in terms of its polymerization
properties.
One of the main objectives of this thesis was the application of the flat Phillips model
catalyst in studying the influence of catalyst preparation parameters on the ethylene
polymerization properties. By combining catalyst characterization with extensive
catalyst testing we aim at understanding the fundamentals of the Phillips catalyst: how
does the structure of the catalyst on a molecular scale determine the polymerization
properties? The second objective was to use the flat model catalyst in studying the
nascent morphology of polyethylene. How do polymer properties depend on
polymerization conditions and catalyst architecture on a molecular level?
In this study spincoat impregnation was used to deposit chromate on top of a flat
silicon carrier with a silica top layer. Upon calcination in dry air at temperatures
between 300 and 750ºC chromate is anchored to the support via ester bonds. Upon
reduction by carbon monoxide or ethylene gas, the model catalyst becomes active for
ethylene polymerization. Similar to the industrial catalyst the model system looses a
part of the anchored hexavalent chromate upon calcination at increasing temperatures.
Chromate on porous carriers is generally thought to be converted to inactive
chromate(III)oxide while for the model catalyst desorption leads to a decrease in
anchored chromate. In Chapter 3 and 7 we quantified the amount of chromate that is
left on the catalyst surface upon calcination at various temperatures by using
Rutherford backscattering spectrometry (RBS) and X-ray photoelectron spectroscopy
(XPS). For initial catalyst loadings between 0.01 and 4 Cr/nm2 we found that
chromate desorbs from the catalyst surface until a saturation coverage is reached
which decreases with increasing calcination temperature.
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We studied the effect of chromium loading on polymerization activity in Chapter 3
and 7 and found that the activity per chromium atom is increasing with decreasing
chromium loading. This led to the proposition that high local chromium
concentrations are detrimental to activity. Possibly because short chromiumchromium distances facilitate dimerization leading to inactive chromium sites.
Besides a decrease in surface silanol groups, calcination at high temperatures may
also – due to desorption – facilitate the formation of isolated chromium sites and
hence, increase activity. In case of Phillips catalyst based on high surface area
supports, desorbed chromium remains in the pores and can readsorb on other
positions. We believe that this mechanism of desorption and readsorption is a key
process during calcination and serves as a mechanism to redistribute chromium
leading to increased activity.
Mass transfer limitation of monomer towards the active site is another factor
controlling activity and was proposed in Chapter 4. Here we investigated the
polymerization properties, namely the activity and molecular weight as a function of
temperature. Polymerization over the model catalyst was characterized by a constant,
tenfold higher activity and increased molecular weight relative to the industrial
catalyst. We observed an increased activity and a mild decrease in molecular weight
with increasing polymerization temperature. Upon a further rise in the temperature
above the melting point of polyethylene a sudden drop in both activity and molecular
weight was observed. In a kinetic study based on these results we found an activation
energy of polymerization of 27 ± 3 kJ/mol. Furthermore, we introduced a model
involving two propositions: 1) active chromium sites produce polymer chains in short
bursts of high activity followed by a dormant period, 2) ethylene polymerization of
active chromium sites can result in local ethylene depletions that limit activity and
molecular weight of the site itself and sites in close vicinity. This can severely affect
the polymerization properties in case of high active site densities as found on
industrial catalysts on porous support and in case of reduced mass transfer through the
formed polymer layer. The latter was demonstrated for polymerization over the model
catalyst above the melting temperature of polyethylene, when ethylene has to diffuse
through a melt rather than a porous film. The proposition of mass transfer limitation at
these conditions is enforced by trends in turn over frequency (TOF) and molecular
weight as a function of model catalyst chromium loading (Chapter 7). Decreasing the
chromium loading and therefore diluting the active sites leads to an increase in both
TOF and average chain length in the case of polymerization in the melt. In contrast,
polymerization below the melting temperature is probably not mass transfer
controlled as we observed a decreasing molecular weight with a decreasing loading.
In this case other effects are more important in controlling the polymerization
properties. Besides the catalyst loading, we also studied the effect of calcination
temperature on the polymerization properties. Upon a rise in calcination temperature
until 650ºC both the activity and molecular weight increase for polymerization at
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100ºC. The trend of increasing molecular weight with increasing calcination
temperature is opposite to trends observed for Phillips catalyst on porous supports.
Probably, the relatively high active site densities for the latter enlarge the risk of
ethylene depletion around the active sites for high activities, causing a decreased
molecular weight.
A method to obtain islands of individual polyethylene grains and small aggregates of
grains on the surface of the model catalyst was established in Chapter 5. The catalyst
loading and the polymerization time were chosen such that the polymer yield was low
and the catalyst surface was only partially covered with polymer. The resulting
morphology was investigated by atomic force microscopy (AFM). For a
polymerization temperature of 23ºC small polymer grains are formed with a lateral
size of about 30 to 50 nm. Increasing the polymerization time and therefore the
polymer yield, leads to a pile up of these grains. At higher polymerization temperature
(70ºC) larger crystalline structures were observed. Increasing the temperature further
to 100ºC leads to the formation of even larger structures which look similar to flat-on
polyethylene single crystals. We explained these trends by an increasing mobility of
chains on the catalyst surface during polymerization at increasing temperatures. At
low polymerization temperature the polymerization and/or diffusion rate is smaller
than the crystallization rate, hence small crystals are formed which continuously
displace the already formed crystals. If, at e.g., 100ºC diffusion and crystallization
rates are equal, larger crystals are formed because the size of a stable nucleus at
increased temperature is higher and chains have more chance to get incorporated in an
already formed crystal.
We discussed the importance of chain mobility and crystal growth for the
visualization of activity on the surface. Only in the case of low polymerization
temperatures (room temperature) the chains stick to their birth location and form
small crystallites. We observed that for catalysts with low chromium loadings the
activity is concentrated in islands which implies that local chromium-chromium
distances may be much smaller than the nominal chromium coverage suggests.
Furthermore, we showed that transmission electron microscopy (TEM) can be
successfully applied to our model catalyst.
In Chapter 6 we investigated the thermal behavior of both individual polyethylene
grains and closed polymer films with AFM and differential scanning calorimetry
(DSC) respectively. Melting temperature and crystallinity of nascent polyethylene
samples are noticeably higher than the same but melt-crystallized samples. Small
polymer grains – most probably small crystals – were visualized with AFM. Upon
annealing, these crystals show an increase in height already at temperatures far below
the melting temperature of polyethylene which indicates that rearrangements take
place. DSC analysis of polyethylene films formed at temperatures ranging from 25 to

162

Summary

100ºC supports this as we observed a period of decreased heat prior to melting which
is largest for the lowest polymerization temperature. Both the DSC and AFM study
point to a high chain mobility already far below the melting temperature of
polyethylene.

Samenvatting
Thermisch geactiveerd chroom op silica is één van de meest belangrijke etheen
polymerisatie katalysatoren. Deze Phillips katalysator is in het begin van de vijftiger
jaren ontdekt en is verantwoordelijk voor de productie van meer dan éénderde van de
wereldmarkt voor polyetheen. Na bijna 50 jaar academisch en industrieel onderzoek
naar deze katalysator, zijn er nog steeds een aantal belangrijke zaken onduidelijk.
Fundamentele aspecten zoals de moleculaire structuur van de actieve centra en het
polymerisatiemechanisme blijven onbekend. De grote preparatiegevoeligheid van
deze katalysator heeft er altijd voor gezorgd dat verschillende experimentele
resultaten van verschillende onderzoeksgroepen niet goed gecombineerd konden
worden tot één duidelijk beeld. Om verschillende spectroscopische studies te
combineren zouden ze toegepast moeten worden op één en dezelfde katalysator.
Verder is het van belang dat deze katalysator ook getest wordt op polymerisatieeigenschappen.
Een van de hoofddoelen van dit proefschrift was het toepassen van een vlak model
voor de Phillipskatalysator in een studie naar de invloed van katalysator
preparatieparameters op de etheen polymerisatie eigenschappen. Door karakterisering
en uitgebreid testen van de katalysator te combineren, beogen we de fundamentele
aspecten van de Phillipskatalysator te begrijpen: hoe bepaalt de structuur van de
katalysator op moleculaire schaal de polymerisatie-eigenschappen? Het tweede doel
was de toepassing van het Phillips modelsysteem in het onderzoeken van de
morfologie van “nascent” polyetheen. Hoe worden de eigenschappen van het
gevormde polymeer beïnvloed door polymerisatiecondities en katalysatorarchitectuur
op moleculaire schaal?
In dit proefschrift werd spincoat-impregnatie gebruikt als een methode om chromaat
op een vlakke silicium drager met silica toplaag aan te brengen. Calcinatie in droge
lucht bij temperaturen tussen 300 en 750ºC zorgt ervoor dat het chromaat aan de
drager verankert via esterbindingen. Reductie met behulp van koolmonoxidegas of
etheengas resulteert in een katalysator die actief is voor etheenpolymerisatie. Gelijk
aan de industriële katalysator verliest de modelkatalysator een gedeelte van het
verankerde zeswaardig chroom tijdens calcinatie bij toenemende temperaturen.
Algemeen verondersteld wordt dat chromaat op poreuze dragers omgezet wordt in
inactief chroom(III)oxide. Bij de modelkatalysator treedt echter desorptie van
verankerd chroom op. In hoofdstuk 3 en 7 hebben we de hoeveelheid verankerd
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chroom dat achterblijft op het oppervlak na calcinatie op verschillende temperaturen
gekwantificeerd met behulp van Rutherford backscattering spectrometry (RBS) en Xray photoelectron spectroscopy (XPS). Voor initiële katalysator chroombeladingen
tussen 0.01 en 4 Cr/nm2 hebben we gevonden dat chromaat van het oppervlak
desorbeert totdat er een bepaalde verzadigingsbelading is bereikt. Deze
verzadigingsbelading neemt af met toenemende calcinatietemperatuur.
We hebben het effect van chroombelading op polymerisatie-activiteit onderzocht in
hoofdstuk 3 en 7. We vonden dat de activiteit per chroomatoom toeneemt met
afnemende chroombelading. Dit heeft geleid tot de stelling dat hoge lokale
chroombeladingen nadelig zijn voor de activiteit. Waarschijnlijk vergemakkelijken
korte chroom-chroom afstanden dimerisatie wat leidt tot inactive chroomcentra. Naast
een afname in de oppervlaktesilanolgroepen, zou calcinatie op hoge temperatuur – als
gevolg van desorptie – ook kunnen leiden tot de vorming van geïsoleerde
chroomcentra wat een toename in activiteit tot gevolg heeft. In het geval van
Phillipskatalysatoren gebaseerd op poreuze dragers blijft het gedesorbeerde chroom in
de poriën achter en kan het weer op andere plaatsen adsorberen. Wij zijn van mening
dat dit mechanisme van desorptie en readsorptie een belangrijk proces is tijdens
calcinatie en dient als een mechanisme om chroom te herverdelen. Dit leidt weer tot
een verhoogde activiteit.
Massaoverdracht limitatie van momomeer naar de actieve centra is een andere
belangrijke factor die activiteit beïnvloedt en is beschreven in hoofdstuk 4. Hier
hebben we de polymerisatie-eigenschappen, te weten activiteit en molecuulgewicht,
onderzocht als functie van de temperatuur. Polymerisatie over de modelkatalysator
werd gekarakteriseerd door een constante, tienvoudig hogere activiteit en een groter
molecuulgewicht in vergelijking tot de industriële katalysator. Wij namen een
toenemende activiteit en een milde afname in molecuulgewicht waar met toenemende
polymerisatietemperatuur. Een verdere toename in temperatuur tot boven de
smelttemperatuur van polyetheen resulteerde in een plotselinge afname van zowel de
activiteit als het molecuulgewicht. In een kinetische studie gebaseerd op deze
resultaten vonden we een activeringsenergie voor polymerisatie van 27 ± 3 kJ/mol.
Verder introduceerden we een model dat gebaseerd is op twee stellingen: 1) actieve
chroomcentra produceren polymeerketens in korte stoten van hoge activiteit gevolgd
door een rustperiode, 2) etheenpolymerisatie van actieve chroomcentra kan resulteren
in lokale etheentekorten die activiteit en ketenlengte beperken van zowel het active
centrum zelf als aktieve centra in de nabijheid. Dit kan grote gevolgen hebben voor de
polymerisatie-eigenschappen in het geval van hoge dichtheden van actieve centra
zoals bij industriële katalysatoren. Ook kan het grote gevolgen hebben in het geval
van een gereduceerd massatransport door de gevormde polymeerlaag. Het laatste
werd gedemonstreerd voor de modelkatalysator bij polymerisatie boven de
smelttemperatuur van polyetheen, wanneer etheen door een smelt moet diffunderen in
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plaats van een poreuze film. De stelling dat massaoverdracht limitatie optreedt in deze
condities wordt versterkt door trends in de omzetfrequentie en het molecuulgewicht
als een functie van de chroombelading van de modelkatalysator (hoofdstuk 7). Een
afname van de chroombelading en daardoor een verdunning van de actieve centra
leidt tot een toename van zowel de omzetfrequentie als de gemiddelde ketenlengte bij
polymerisatie in de smelt. Polymerisatie beneden de smelttemperatuur leidt echter tot
een omgekeerd effect wat volgens ons model betekent dat in deze condities
polymerisatie over de modelkatalysator niet massaoverdracht gelimiteerd is. In dit
geval worden de polymerisatie-eigenschappen door andere factoren bepaald. Buiten
de katalysatorbelading hebben we ook gekeken naar het effect van de
calcinatietemperatuur op de polymerisatie-eigenschappen. Een toename in de
calcinatietemperatuur tot 650ºC leidt tot een toename van zowel de activiteit als het
molecuulgewicht bij polymerisatie op 100ºC. Een toenemend molecuulgewicht met
toenemende calcinatietemperatuur is tegengesteld aan de trend die normaal wordt
waargenomen voor Phillipskatalysatoren op poreuze dragers. Waarschijnlijk leidt de
hoge actief-centrum-dichtheid van de laatste tot een verhoogde kans op lokale
etheentekorten bij hoge activiteiten. Dit heeft een afnemend molecuulgewicht tot
gevolg.
In hoofdstuk 5 werd een methode ontwikkeld om eilandjes van individuele
polyetheenkorreltjes en agglomeraten van korreltjes te verkrijgen op het oppervlak
van de modelkatalysator. Hiervoor werden de katalysatorbelading en polymerisatietijd
zodanig gekozen dat een hele lage polyetheenopbrengst resulteert in een
katalysatoroppervlak dat slechts gedeeltelijk door polymeer bedekt wordt. De
resulterende morfologie werd onderzocht met atomic force microscopy (AFM). Bij
een polymerisatietemperatuur van 23ºC worden kleine polymeerkorreltjes gevormd
met een laterale afmeting van 30 to 50 nm. Een verhoging van de polymerisatietijd en
daardoor de polymeeropbrengst resulteert in een opeenstapeling van deze kleine
korreltjes. Bij hogere polymerisatietemperatuur (70ºC) worden grotere kristallijne
structuren gevormd. Bij een verdere toename in de temperatuur (100ºC) worden nog
grotere structuren gevormd die lijken op flat-on polyetheen éénkristallen. Deze
observaties schrijven we toe aan toename van de mobiliteit van de polymeerketens op
het katalysatoroppervlak tijdens polymerisatie bij toenemende temperatuur. Bij lage
temperatuur is de polymerisatie- en/of diffusiesnelheid kleiner dan de
kristallisatiesnelheid wat leidt tot de vorming van kleine kristallen die al bestaande
kristallen wegduwen. Als, bij bijvoorbeeld 100ºC, diffusie- en kristallisatiesnelheden
vergelijkbaar zijn, worden grotere kristallen gevormd omdat de afmeting van een
stabiele kristallisatiekern groter is bij hogere temperatuur en ketens meer kans hebben
om zich in te bouwen in een al bestaand kristal.
Wij behandelden het belang van ketenmobiliteit en kristalgroei voor de visualisering
van activiteit op het oppervlak. Alleen in het geval van lage
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polymerisatietemperaturen (kamertemperatuur) blijven de ketens in de nabijheid van
het punt waar ze ontstaan zijn en vormen daar kleine kristallen. Op deze manier
konden wij zien dat bij modelkatalysatoren met lage chroombeladingen de activiteit
geconcentreerd is in kleine eilanden. Dit betekent dat de lokale chroomchroomafstanden veel kleiner kunnen zijn dan op grond van de gemiddelde belading
verwacht zou worden. Verder hebben we laten zien dat transmission electron
microscopy (TEM) succesvol toegepast kan worden op een aangepaste vorm van onze
modelkatalysator.
In hoofdstuk 6 hebben we het thermische gedrag bestudeerd van zowel individuele
polyetheenkorrels als gesloten polymeerlagen met AFM en differential scanning
calorimetry (DSC) respectievelijk. Smelttemperaturen en kristalliniteit van nascent
polyetheen monsters zijn opmerkelijk hoger dan hetzelfde maar smeltgekristalliseerde
monster. Kleine polymeerkorreltjes – hoogstwaarschijnlijk kleine kristallen – werden
gevisualiseerd met AFM. Als gevolg van verwarming, vertonen deze kristallen een
toename in de hoogte ver beneden de smelttemperatuur van polyetheen. Deze
hoogtetoename wijst op herschikking van ketens. Een DSC analyse van
polyetheenfilms gevormd op temperaturen tussen 25 en 100ºC ondersteunt dit.
Voordat smelten optreedt is er in het DSC-spoor een verminderde warmte-opname
zichtbaar wat ook wijst op een reorganisatie van ketens. Deze verminderde warmteopname is het best zichtbaar bij het monster dat op de laagste temperatuur gevormd is.
Zowel de DSC als AFM studie wijzen op een hoge ketenmobiliteit ver beneden de
smelttemperatuur van polyetheen.
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colleague and I enjoyed our discussion sessions about pretty much everything, such as
Seinfeld, the wing size of angels and the wobbling of the earth’s rotation axis. During
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contained quite some wisdom. I will always remember the great time we had (together
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South-African soil. Thanks for everything. Han, the “Chinees” working on the same
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miserably. I know you had a hard time, being an “inhabitant of STW3.59” and I
remember the times that you came to my office to find some peace. Thanks for the
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years we had a lot of fun and I enjoyed our stay in Italy together with Adelaida. You
were an excellent guide in Rome. Thanks! Chen, my graduate student, I hope you had
a great stay in the Netherlands. I remember you as a hard working person that asks
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which must have been far from easy. I thank you a lot for the great work you did and
your contribution to the results in this thesis. Many thanks also for your invitation to
have Chinese food at your place. I wish you a lot of luck and fun with your new job
and your driver’s license! Dilip, I really had a lot of fun in witnessing your and
Davy’s first live F1 experience. I enjoyed our trip to Hockenheim and our stay in
Heidelberg. Neelesh, I think it was you who started calling me Kimmi and if not, you
definitely made it popular. Armando, you were always making fun of people from the
south (of the Netherlands). But remember, you live many more kilometers to the south
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juggling. Denzil and Prabashini, I hope you two will like your stay in the Netherlands
as much as Abdool did. Prabashini, good luck with the high-throughput reactor
system. Denzil, good luck with all your top secret work.
Verder wil ik bedanken: Thérèse-Anne, Marianne, Emiel, Bruce, Ben, Svetlana,
Stefania, Diana, Sanne, Jos O., Jos P., Mabel, Michiel, Chrétien, Bouke, Tom, Willy,
Christian, Joost, Kees, Paul, Paco, Jose, Vladimir, Tracey, Nishant en Ashriti en alle
SKA leden die ik niet met naam genoemd heb. Jullie hebben allemaal bijgedragen aan
de leuke tijd die ik heb gehad zowel op het werk als tijdens de uitstapjes, groepsuitjes,
koffiepauzes, borrels en filmavonden.
En last but not least wil ik mijn ouders en zus bedanken voor de steun die zij mij
gegeven hebben al die jaren. Zonder jullie was dit boekje er nooit gekomen. Bedankt!
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