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Abstract

Given the undeniable relevance of polyolefin production, it is of great interest to understand the key
phenomena determining the quality of the polymerization process. Industrial scale polymerization
reactions could be metaphorically compared to the launching of a space rocket, in which the success
of the entire process is highly dependent on the mastery of the initial moments. This so-called ‘nascent
phase’ of the polymerization (10 to 107 s) is crucial in ensuring a satisfactory operation and properties
of the final polymer. It is then that the catalyst activation takes place, the particle morphology is
defined and the system is in its highest potential for mass transfer and heat transfer limitations.

Studying such short time-frames is challenging for a number of reasons (that we will see throughout
this work) and requires specially adapted tools. Previous works from our research group have shown
how the stopped-flow technique is a promising method to study aspects related to heat transfer and
morphology evolution at early stages in gas-phase. It is mainly for this reason that the focus of the
current project was on the improvement of such tools. The novel reactor developed in this work was
especially designed to tackle some of the limitations encountered with the previous versions, mainly
aspects related to poor heat evacuation, lack of robustness and imprecision in experimental
measurements.

The first part of this PhD describes all steps taken until successful optimization of the hardware
component of the novel stopped-flow reactor. The new set-up was a product of our innovative
approach towards the reactor geometry (annular) and the tailored execution from a specialized
engineering firm. Several improvements were achieved, such as the optimization of the reactor
dimensions, the automated control of all functions and a wider range of operation conditions.
Moreover, the capacity was highly improved by the possibility of injecting several gases
simultaneously, as well as components that are liquid at room temperature. The new tool allows to
perform polymerization reactions as short as 3s in gas phase, in reaction conditions that are
representative of heat and mass transfer phenomena present in industrial scales.

In the second part of this work, we have developed a software component for the novel reactor, which
consisted of a reactor model and state-observer. This tool was developed to estimate the dynamic
polymerization rates from the temperature measurements and overcome the one-point character of
such experiments (which provide no real information on the catalyst kinetics). For this purpose, a
simplified one-dimensional model at the macromolecular level was developed and validated with
experimental data.

At last, with hardware and software components at hand, we have demonstrated the usefulness of
the new tool in specific case studies with different silica supported metallocene catalysts. In the first
case study, we evaluated the impact of the pore structure of the support on the catalyst kinetics,
polymer properties and particle morphology at short reaction times. On the second case study, we
investigated the effect of various experimental conditions (reaction time, comonomer and hydrogen
content) on the behavior of two different catalyst families. From both studies, the estimated reaction
rates at early stages (<90s) reflected those observed in standard conditions (60 min). Moreover, the
microscopy observations indicated that the catalyst surface seems to be inactive and polymer is being
produced from the particle core. At last, we demonstrated how the new reactor set-up is a flexible and
robust tool that can be used in the rapid evaluation of catalyst performance.
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1. Introduction to polyolefins

The term “polyolefins” is a generic name that includes all polymers of lighter a-olefins (such as
ethylene and propylene) and their copolymers with varying fractions of higher a-olefins (most
commonly 1-butene, 1-hexene, and 1-octene).

They are an integral part of our daily lives. From familiar items such as food packaging, containers,
bottles, toys, adhesives and house appliances to high performance applications such as engineering
plastics, construction pipes, automotive parts, medical applications and prosthetic implants;
polyolefins present an immense range of applications. Besides their great versatility, polyolefins are
highly durable materials, resisting damage by water, air, grease and most cleaning solvents. They are
light materials, easy to manipulate into different shapes, yet resistant enough to be transported
without damage. Finally, these polymers are cost effective materials, produced from relatively
inexpensive natural gas, and despite the vast array of remarkable applications, polyolefins are very
simple molecules formed of monomers, themselves composed only of carbon and hydrogen atom:s.

These factors (chemical simplicity, large applicability, low cost) make polyolefins extremely useful and
economically attractive, leading to production volumes in the order of 150 million tons (in 2015)*3,
about half the global polymer production.

Despite having the same chemical structure, different polymers present very different physical
properties. The properties of the final material are defined by how the monomer molecules (ethylene,
propylene and higher a-olefins comonomers) are bound to the polymer chain. A given range of specific
properties is achieved by manipulating the production conditions, which are a combination of the
process in place, the reactor configuration and the chosen catalyst. These aspects will be further
discussed in the following sections covering manufacturing processes and polymerization catalysts.

Polyolefins can be split into two main types of polymer resins: Polyethylene (PE) and Polypropylene
(PP), accounting for different grades (compositions, copolymers) for each of them.

Polypropylene resins

Polypropylene resins represent close to one third of the global polyolefin production. Given the
asymmetric character of the propylene monomer, the stereochemical configuration — the orientation
of the pendant methyl group — of polypropylene plays a significant role in the final properties of the
polymer. The most commonly found stereochemical configurations for propylene are shown in Figure
1: isotactic, syndiotactic and atactic propylene. In the isotactic configuration, the methyl groups are
positioned on the same side of the chain backbone. In the syndiotactic configuration, the methyl
groups are placed on alternating sides of the long chain. Finally, in the atactic configuration, the methyl
groups are placed randomly across the backbone chain.

Atactic polypropylene is an amorphous polymer and, therefore, not commercially attractive. Isotactic
and syndiotactic polypropylene are both semicrystalline polymers with a high melting temperature.
Out of the three, the isotactic configuration is commercially preferred due to its efficient and
inexpensive production with Ziegler-Natta and, to a lesser extent, with metallocene catalysts.

The production of polypropylene resins is out of the scope of the current project and the reader can
find more information in a wide range of available sources, such as the review article from Maddah. *
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While the focus of this work is polyethylene, it should be kept in mind that the tools and methodologies
developed herein can also be applied to polypropylene.
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Figure 1: Main types of polypropylene resins: (a) isotactic, (b) syndiotactic, and (c) atactic. Reprinted with permission>.

Polyethylene resins

Polyethylene is the polyolefin produced in largest volumes. ¢ These resins are commonly divided into
three main categories: low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE) and
high-density polyethylene (HDPE).

These categories are based on the characteristic density ranges for each polymer: typically on the order
of 0.915-0.940 g.cm™ for LDPE, 0.915-0.94 g.cm™ for LLDPE and 0.941-0.970 g.cm™ for HDPE,
although these limits can somewhat differ according to the source. Occasionally, polyethylene resins
with densities ranging between 0.926-0.940 are also referred to as medium density (MDPE). HDPE with
average molecular weight of several millions is referred to as Ultrahigh Molecular Weight Polyethylene
(UHMWPE). Polyethylene with densities lower than 0.915 g.cm™ are occasionally referred to as ultra-
low-density polyethylene (ULDPE) or very-low-density polyethylene (VLDPE); which are actually
considered as polyethylene wax. ®

Nonetheless, while density values are commonly used to classify polyethylene resins, they provide
little to no information on the complex microstructure of the polymer. The microstructural
characteristics are better described by their chain structure and chemical composition distribution
(CCD). The chain structure of commonly found polyethylene resins is represented in Figure 2.

LDPE is made via free radical polymerization at pressures from 1200-3500 bars and at temperatures
on the order of 250°C, leading to microstructures that are very different from those of HDPE and LLDPE,
which are produced via catalyzed processes. LDPE contains short-chain branches (SCB) and long-chain
branches (LCB) produced by different radical transfer steps, while polyethylene made using
coordination catalysts generally contains only SCBs created by copolymerizing ethylene with short
chain a-olefins.
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LDPE LLDPE/VLDPE HDPE
0.910-0.940 g cm™3 0.915-0.94/ 0.88-0.915 g cm™3 0.941-0.970 g cm™

Figure 2: Polyethylene (PE) classification according to branching and density

1.1. Manufacturing Processes

In order to cover the market demand for a high variety of polyolefin products, a broad range of
polymerization conditions is applied, each of them adapted to cover a specific need of polymer grade
range and market necessity. The polymerization reactors, processes and catalysts are closely linked
and will be determining for the properties of the final polymer (MWD, CCD and branching
distributions).

When designing and controlling polymerization processes, several factors are considered, such as the
residence time distributions (RTD) of a particular reactor, the ease in recovering the polymer formed
while maintaining its properties intact and, most importantly, the effective heat removal from the
reactor. Since olefin polymerization reactions are highly exothermic, effective and sufficient removal
of heat from the reactor plays a crucial role in the choice of processes and reactors. Given the enthalpy
of polymerization reactions (3600 kJkg™ for polyethylene, 2400 klkg* for polypropylene), heat removal
is especially critical in polyethylene processes. When heat removal is not effective, the formation of
hot spots in the reactor can lead to polymer melting and particle agglomeration. The formation of
lumps can cause issues related to product transportation or blockage of the reactor outlet.

In a general manner, polyolefin production is carried out in solution, slurry or gas-phase reactors. A
thorough discussion on the processes described hereafter can be found in the work of Soares and
McKenna’.

1.1.1. High Pressure (Free Radical Polymerization)

This type of process, the first used and perhaps most simple to implement, is carried out in tubular or
autoclave reactors, in solution processes where catalyst and reactants are in the same phase.
Temperatures range from 150 to 350 °C and pressures between 1200 and 3500 bar.

Free radical polymerization is used to produce LDPE, which contains the highest content of long and
short chain branching of polyethylene resins. The high level of chain branching achieved with this
process (therefore polymers with lower melting temperatures, 105-115 °C) leads to products that are
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highly processable and moldable into different shapes. Examples of LDPE products include: plastic
bags, soft packaging, containers, dispensing bottles, computer components.

The reactors used in this process count with short residence times that allow for rapid and low cost
grade changes. The manufacturing by free radical polymerization is, nonetheless, out of the scope of
the current project and the reader can find more information in a wide range of available sources, such
as the review article from Bisht et Chatterjee. 8

1.1.2. Low Pressure (Catalytic Polymerization)

The development of coordination catalysts marked the 1950’s with the discovery of Ziegler—Natta and
Phillips catalysts, leading to intense and continuous scientific research that led to several process
improvements overtime.! As new systems were discovered and processes refined, the range of
possibilities for producing polyolefins continued to grow, each catalyst family and process adequate
for a different application.>®

In low pressure processes (low with respect to the pressures used in the earlier LDPE processes),
polymers are produced under mild conditions through catalytic polymerization. These processes
account for about 80% *° of the world production of polyethylene resins. Low pressure polymerization
processes are energy efficient and easy to implement, thanks to the discovery of highly active
catalysts.! Catalytic polymerization can be carried out in solution, slurry and gas-phase processes.

Solution

In solution polymerization processes, the unsupported (molecular) catalyst and polymer are soluble in
the liquid reaction medium.

Homogeneous catalysts such as vanadium-based Ziegler—Natta, metallocene or constrained geometry
(CGC) catalysts are employed in solution processes. Since all reactants are in the same phase, no mass
transfer resistance is encountered. High temperatures are maintained to keep the polymer in the
solution (140-250°C), which leads to very rapid polymerizations and reduced residence times (1-20
minutes). High temperatures also lead to polymers with lower molar masses.

Autoclaves and, more recently, tubular loop reactors are used in solution processes with reactor
volumes ranging from 3 to 15m3. Examples of polymers produced in solution process: PE grades
(usually with 1-octene as comonomer) with soluble metalocene and ZN catalysts, ethylene-propylene-
diene (EPDM) rubbers with Vanadium ZN or Titanium post-metallocene catalysts.’

Slurry

In slurry processes, heterogeneous (supported) catalysts are dispersed in a chosen diluent and the
reactor operates in two (liquid/solid) or three (liquid/solid/gas) phases.

In diluent slurry processes for the production of HDPE and MDPE, linear alkanes are frequently used
as inert diluents, such as: supercritical propane, subcritical isobutene and n-hexane. In bulk slurry
processes for the production of polypropylene, liquid propylene is used both as a diluent and
monomer. Given the reactants are not in the same phase, mass transfer resistance are possible and
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solubility limitations for hydrogen and comonomers reduce the range of applicability in slurry
processes.’

Loop reactors are the most common type of reactor used in slurry processes. Autoclave reactors are
also used, although less frequently than in the past as loop reactors offer far better heat transfer
conditions, and thus higher space time vyields. In flashing units, the produced polymer is separated
from the diluents, which are then recycled into the process cycle. Reaction temperatures lie between
75 and 100 °C and pressures vary between 8 and 65 bar, according to the reactor and diluent in case.
The type and number of reactors applied impact the residence times, usually between 45 minutes and
5 hours. Process technology for slurry processes include those developed by, for instance, Chevron
Phillips (CP Chem), Mitsui, LyondeBasell, Borealis and INEOS. The Phillips loop reactors from CP Chem
is the most used for producing PE.1!

While solution and slurry processes are commercially important, the focus of the current work is gas
phase polymerization using supported catalysts. The remainder of the discussion in this, and
subsequent chapters will focus on issues related to gas phase polymerization of ethylene on supported
catalysts.

Gas-Phase

Gas phase processes were the last to be developed, but now account for nearly 75% of the global
production for LLDPE and 25 % of the HDPE, in 2011. *2 This process offers an advantage to the use of
liquid solvents (hydrocarbon diluents) employed in solution and slurry, besides providing an easier
recovery of the produced polymer since the monomer is in the gas phase.

Given that there are no solubility limitations for hydrogen and comonomers in the gas phase, polymers
with higher comonomer contents (a-olefin fraction) and Melt Flow Index (MFI) can be obtained. The
MFI refers to the amount of polymer than can flow through a standard capillary in 10 minutes under
the influence of a weight placed on top of the sample, and indicates the ease of flow and processability
of a given thermoplastic polymer. 13

Nevertheless, heat removal in gas-phase reactors is more critical than in solution and slurry, given the
poor heat transfer properties of the gaseous medium. Overheating in the reactor can compromise the
quality of the produced polymer as several properties (e.g. molecular weight, chemical composition
and catalyst kinetic behavior) are dependent on the reaction temperature. Besides, particle softening
and agglomeration can cause operational problems such as formation of sheets in the reactor walls,
resulting in ineffective operation of reactor components, such as the fluidization bed. 714

To avoid such issues, several steps are commonly taken to enhance the heat removal of gas-phase
reactors, such as incorporating gas-phase components with high heat capacities (e.g. propane). *?
Further heat removal can be achieved through the latent heat of vaporization in what is referred to as
condensed mode operation, where small amounts of condensable materials are injected in the reactor.
Frequently used condensable materials are monomers (for propylene), comonomers such as 1-butene
or 1-hexene (for LLDPE), or inert alkanes such as isobutane or isopentane (for PE).2#1617

Gas-phase reactors are divided into Fluidized Bed Reactors (FBR) and stirred bed reactors (further
subdivided into horizontal or vertical reactors).” In FBRs, a flow of monomer and inert gases at high
superficial velocities (0.5-1 ms™) is used to fluidize the polymer.* The high relative gas-particle
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velocities reached in FBRs make these the reactor with best heat removal capacity amongst the gas-
phase reactors. This accounts for the fact that, with the exception of the new Hyperzone process for
HDPE which uses a multizone recirculating reactor, virtually all gas phase PE processes use a FBR.”*

Operating temperatures range from 70 to 110 °C, and pressures typically from 20 to 25 bar.” Reactor
volumes lie between 50 and 150 m?3, with particle residence times of 1.5 to 3 hours. The two most
widely licensed technologies for gas-phase processes that use FBRs are theUnipol PE from Univation
Technologies'® producing about 48 million tons per year (mTA) and the Innovene G from INEOS
Technologies'®, with 5-8 mTA. Other processes include the Spherilene process from LyondellBasell, and
the Evolue process from Mitsui.”

1.2. Heterogeneous Polymerization Catalysts

In the scope of the current work, heterogeneous catalysts refer to catalysts that have been chemically
or physically fixated onto a solid organic or inorganic support.

The history of polyolefins is a success which was made possible by the discovery and design of catalysts
that allow one to effectively control the microstructure and properties of the final polymer. The main
types of catalysts used in olefin polymerization are Ziegler-Natta catalysts, Phillips (or Chromium)
catalysts, Metallocene catalysts and late transition metal catalysts. ¥?° These are all called coordination
catalysts, given that the monomer coordinates with the transition metal in the catalyst active site
before inserting in the polymer chain. Since the monomer insertion happens in the transition metal-

carbon bond, the nature of the active sites will determine the polymer chain formation. 22

This coordination step is responsible for the different properties of the final material and provides a
different kind of control of the polymer microstructure than in free radical polymerization. Since each
catalyst provides a specific electronic and steric environment for the monomer insertion, important
polymerization parameters will be affected with variations in this step, such as propagation and chain
transfer rates, comonomer insertion ratios, stereoselectivity, and regioselectivity of the formed
polymer.

Since each catalyst possesses specific features, it is useful to provide a brief overlook of their properties
and commercial applicability. A thorough introduction to the catalysts described hereafter can be
found in the work of Soares and McKenna. %°

1.2.1. Phillips (or Chromium) catalysts

Phillips catalysts were discovered in 1951, marking the first major revolution in the field of olefin
catalytic polymerization. !

In general, Phillips catalysts are prepared by the impregnation of chromium compounds (E.g. CrOs)
onto silica (Si0y), followed by high temperature (200-900 -C) calcination under vacuum. %

Unlike Ziegler-Natta catalysts (which need a cocatalyst for catalyst activation), here the activation is
due to the thermal effect of the calcination that aids the attachment of the Cr species on to the surface
silanol groups of the silica. The thermal treatment applied during the activation step will affect the
catalyst activity and properties of the final polymer, such as the MWD and the formation of long-chain
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branches (LCB). For these catalysts, the MWD is dependent on the preparation of the catalysts, and on
the porosity and pore volume of the support, whereas hydrogen has little effect on chain transfers.
Concerning the activity of Phillips catalysts, long induction periods are often observed before the
polymerization takes place.

These catalysts are not used to produce LLDPE, given their low incorporation of higher a-olefins.
Nevertheless, they are a favorite when it comes to HDPE, controlling about 40% of the market
production for this resin. Produced polymers possess broad MWD indicating the presence of different
active sites.

Nonetheless, Phillips catalysts are not in the scope of this project, which is focused on the behavior of
heterogeneous Ziegler-Natta and metallocene catalysts in gas-phase conditions.

1.2.2. Ziegler-Natta catalysts

The discoveries of Ziegler's organometallic catalysts and Natta’s application to the stereoselective
propylene polymerization were the second major breakthrough that revolutionized the plastic industry
and initiated a wave of remarkable advances in polyolefin technology.'?? For their contribution, they
were awarded the Nobel Prize in Chemistry in 1963.

In a broad definition, Ziegler-Natta catalysts are formed by salts (ionic assemblies) of a transition metal
from groups IV-VII with metal alkyls from groups I-lll.

The metal alkyls are known as cocatalysts or activators, as they are required to activate the catalyst in
a two-step process of alkylation followed by reduction of the metal center. In the activation mechanism
initially proposed by Cossee, 2% the monomer coordinates to the vacant site in the metal. This
coordination step activates the C-C double bond that inserts into the Ti-C bond, resulting in
augmentation of the polymer chain by one unit. After the insertion step, the metal vacant site becomes
available for another insertion step and the polymer chain progressively grows.

In fact, the transition metal salts are accurately referred to as precatalysts prior to activation by a
cocatalyst, since the metal alkyls are necessary to create the metal-carbon bond where monomer will
insert. The most widely used cocatalysts are alkyl aluminum compounds, such as: trimethyl aluminum
(TMA), Triisobutylaluminium (TiBA), triethyl aluminum (TEA) and diethyl aluminum chloride (DEAC). %°
The most used formulation for Ziegler-Natta catalysts is TiCl, with an activating alkyl aluminum
compound (mainly TEA). Ziegler-Natta catalysts exist in homogeneous and heterogeneous forms.
Nevertheless, focus here will be given to the heterogeneous form, since it is more widely used in the
industry for the production of LLDPE and HDPE.

For more than 60 years after their discovery, Ziegler—Natta catalysts have been the focus of continuous
research, and the many innovations over time are generally divided into catalyst generations.
Classifications vary between four of five generations, according to the author.

According to Soares and McKenna®, the first generation entails the use of crystallite TiCls activated
with DEAC. Important aspects of this stage of development are that most potential active sites in the
crystallite catalyst were not promptly accessed by the monomer, leading to low polymer production
activities. Moreover, costly post reactor purification steps such as the removal of atactic polypropylene
and catalyst residue deashing were needed to obtain satisfactory products.
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The second generation counted with the addition of electron donors (Lewis bases such as ethers and
esters) to TiCl; as a means of increasing catalyst activity and stereoselectivity (for PP).

The third generation was marked by the discovery of MgCl, as an ideal support for TiCls due to its high
specific surface area and compatibility with active titanium species. These features improved the
accessibility of the monomer to the active sites and resulted in high performance heterogeneous
catalysts and polymers with controlled morphology. 2* Together with the use of internal donors (added
during the catalyst preparation) and external donors (added to the polymerization reactor), the third
generation catalysts jointly eliminated the issue of post-reactor purification steps and improved
catalyst activity and stereoselectivity.

Finally, the fourth generation entails the development of larger catalysts with precisely controlled
morphology that eliminated the need for polymer pelletization.

Ziegler-Natta catalysts are often referred to as multi-site catalysts because the metal active sites can
be sterically and electronically influenced by their surroundings. Such slight variations in the active site
behavior are reflected in the monomer coordination-insertion step and, therefore, on the properties
of the produced polymer. Figure 3 illustrates how this heterogeneity in the behavior of active sites can
be remarked on the bimodal chemical composition distribution (CCD) of a LLDPE resin derived from
heterogeneous Ziegler-Natta catalysts. >2%?

The chemical composition distribution (CCD) describes the a-olefin distribution in the main polymer
chain and relates to the density of the polymer and also, to a lower extent, to its molecular weight.
Given the multi-site character of ZN catalysts, each site will react differently with the monomers, thus
leading to polymer chains varying in their a-olefin content (thus SCBs) and molecular weight.

In Figure 3, the sharp crystallinity peak reflects low a-olefin incorporation, while the broad low-
crystallinity peak translates a higher a-olefin fraction in the polymer chain. The incorporation of SCBs
acts as irregularities in the polymer chain, leading to a decrease in the polymer density, crystallinity
and melting temperature, therefore lowering the polymer crystallinity.

Itis, then, not surprising, that different catalysts will lead to very different CCD profiles. Moreover, the
CCD will be affected by the ethylene/a-olefin ratio in the monomer feed, the type of a-olefin used and
the polymerization temperature applied in the production process.
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Figure 3: Generic CCD of an LLDPE resin derived from a heterogeneous ZN catalyst. Reprinted with permission.>

1.2.3. Metallocene catalysts

Metalocene catalysts, often called ‘sandwich compounds’, are organometallic compounds formed by
a transition metal atom, usually of group IV, placed between two cyclopentadienyl or
cyclopentadienyl-derivative rings — shown in Figure 4. The possibility of combining different ligands is
essentially endless and will affect the catalyst behavior as the accessibility to the active sites is
modified. The choice of metal atom will equally affect the catalyst behavior, with most common
choices being Zr, Ti and Hf.

The sterically hindered configuration typical of metallocenes results (in theory) in only one type of
active site, which is the main difference between metallocenes and Ziegler-Natta and Phillips catalysts,
and why metallocenes are commonly referred to as single-site catalysts. The single-site character of
metallocene catalysts leads to polymers with a narrow MWD and CCD profile. This unique
characteristic is what makes metallocenes catalysts particularly attractive, due to the precise tailoring
of polymer microstructures that their configurations allow. 2022242627

Metallocenes catalysts need an activator or cocatalyst (such as aluminum alkyls and ammonium
borate) % to generate the Al Met* ion pair vacancy on which the monomer will coordinate and allow
chain growth through monomer insertion. Such cocatalysts are usually more expensive than the
catalyst itself. 2 Metallocene catalysts only became a viable and attractive option for industrial
purposes in the 1970s, after the discovery made by Kaminsky and Sinn of methylaluminoxane (MAOQ)

as a catalyst activator and stabilizer. 1242
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MAO is a product of the controlled hydrolysis of Trimethylaluminium (TMA) and exists in several
grades, depending on the synthesis procedure. Despite the value of MAO in the metallocene industry,
there is still debate on its chemical structure and several options have been proposed; such as linear,
cyclic and cage structures. % Nevertheless, there is general consensus that MAO is a bulky molecule

30,31
l,

with molecular weights ranging between 700-18000 g/mo with several studies agreeing on a

cage-like structure. 243032

While metallocene catalysts lead to polymers with extremely well controlled microstructures (narrow
CCDs), this can often impair the processability of such polymers, especially at higher molecular weights.
In polymers produced with ZN and Philips catalysts, the fraction of low molecular weight polymer in
broader molecular weight distributions (MWDs) increases the shear thinning character of the polymer,
which facilitates the polymer processing in common industrial extruders and blowers. This limitation
in the processability of metallocene based polymers can be improved by introduction of LCBs in the
polymer backbone through copolymerization reactions, significantly increasing the polymer melt
elasticity.

Other approaches used in the industry include blending of polymers from different catalysts,
combining different reactors and using catalysts with more than one active site (also called tandem
catalysts). 2% Half-sandwich or Constrained Geometry Catalysts (CGC), represented in Figure 4-c, are
an example of metallocenes with only one cyclopentadienyl ring. This family of metallocenes is known
for their high a-olefin incorporation capacity due to easier accessibility of a-olefin comonomers to the
active sites (achieved by the absence of the second Cp ring), as well other factors such as the electronic
environment around the metal atom. As a consequence, long chain branches (LCBs) are formed from
the copolymerization reaction, resulting in polymers with higher melt flow index (MFI) than those

obtained with classic metallocene catalysts. 2933

~
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Figure 4: Representation of: a,b) metallocene catalysts and c) CGC. Reprinted with permission?1.
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Metallocene catalysts can be used in their homogeneous form in solution processes, for which large
ratios of aluminum to transition metal (at least 1000) are needed to obtain satisfactory catalyst
activities, where an excess of MAO is required to shield adjacent active sites and prevent possible
bimolecular deactivation reactions?®**. On the other hand, slurry and gas-phase processes require
metallocene catalysts to be in their heterogeneous (supported) form.

The supporting of metallocene catalysts leads to several advantages in relation to the homogeneous
catalyst, such as increased average molecular weight of the produced polymer, broader MWD allowing
easier polymer processing ability, possibility of incorporating different catalysts to the same support
to produce specific and tailored polymers.?>** Moreover, the needed aluminum to transition metal
ratio is significantly reduced (at least 100) for heterogeneous metallocene catalysts, lowering the
needed amount of the expensive MAO cocatalyst for slurry and gas-phase processes.

A commonly employed technique for the preparation of supported catalysts is the ‘incipient wetness
method’, due to its simplicity in execution and reduced amount of solvent needed and byproducts
produced. In this technique, the support is exposed in a controlled manner to a solution (ca. 100-150
% of the pore volume of the support) containing the active catalyst components. Capillary forces draw
the solution into the pores, usually resulting in a homogeneous distribution of the active sites
throughout the support particles. The solvent used to solubilize the active species is then removed
through vacuum drying. 3739 One approach to this technique is to first graft the alkyl aluminum (such
as MAOQ) on the silica support and then introduce the metallocene over the modified support. This
approach has been shown to shield the silica surface and avoid possible side reactions that could lead
to catalyst deactivation or leaching from the support. *®*® This two-step technique will be used, later
in this study, for the synthesis of different supported metallocene catalysts.

Amongst the different materials commonly used as supports for heterogeneous catalysts (e.g. MgCl,,
clays, zeolites, y-Al,0s, silica), silica seems to be the most used in the preparation of heterogeneous
metallocene catalysts. Several aspects contribute to this preference, including the low cost of silica,
ease of handling and the presence of hydroxyl groups throughout its structure that promptly react with
metallocenes and cocatalysts. Physicochemical properties, such as the concentration of OH groups on
the surface, can be easily tailored by thermal treatment. ** Besides, the characteristic physical
properties such as the particle size and pore structure particular to each type of silica play an important
role in defining the catalyst behavior and allow a wide range of possible applications in catalyst
synthesis.

A thorough discussion on more methods, supports and cocatalysts used for the preparation of
heterogeneous catalysts can be found in the works of Bashir. 1

The choice of material for supporting metallocenes will directly affect the behavior of the resulting
catalyst and quality of the produced polymer. Besides, the physical properties of the support play a
significant role on the growth and fragmentation of the growing particle, as will be discussed in more
depth in the following sections.
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1.3. Conclusion

Polyolefins are an integral part of our daily lives. The great economic attractiveness of such materials
is due to their simplicity, low production cost and great versatility. Such a wide range of properties are
achieved by different manufacturing processes and polymerization catalysts, each adapted to specific
applications and commercial needs.

In the scope of the current project, we have introduced the several low-pressure processes (solution,
slurry, gas-phase) and catalysts applied in the polyolefin production, with emphasis on polyethylene
resins produced via low pressure polymerization processes. More precisely, our focus is on the use of
heterogeneous Ziegler-Natta and metallocene catalysts in gas-phase processes, which cover an
important portion of the global production of LLDPE and HDPE resins.

The fact of supporting a catalyst provides several economic advantages in relation to homogeneous
catalysts. Nonetheless, it also adds complexities to the system, mainly related to the fragmentation
step of the growing particle. Supporting a catalyst can lead to potential mass and heat transfer
limitations, which are mostly related to the physical structure of the support particle, as will be viewed
in more depth in the following sections.
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2. Polymer particle growth: Heat and Mass transfer at early stages

As briefly introduced in the previous sections, heterogeneous catalysts cover about 70% of the world
production of polyethylene resins. Using a catalyst in its heterogeneous form entails several
advantages in relation to the unsupported counterpart, such as lowering the needed amounts of the
costly cocatalyst and allowing for easier recovery of the produced polymer (in gas-phase), given that
the support provides structure for the formation of solid polymer particles that are easier to handle.

Nonetheless, the act of anchoring the catalyst active sites on a solid support will affect the catalyst
behavior and, therefore, the microstructure of the polymer. For the polymerization to happen, the
monomer must reach the active sites, a process that is inherently more complex in heterogeneous
systems and where issues related to heat and mass transfer limitations can arise. For instance,
significant mass transfer limitations can lead to concentration gradients at the active sites, which can
lead to inhomogeneous particle growth, impact the quality of the polymer and the functioning of the
reactor. %

Moreover, significant heat transfer limitations can lead to overheating at the particle level, which can
lead to catalyst deactivation, polymer melting, particle agglomeration and even reactor shut-down.
Besides, given that several polymer properties (e.g. molecular weight, chemical composition) are

temperature dependent, the quality of the final product can be compromised in case of overheating.
7,14,15

As we can see, describing the particle growth in heterogeneous systems is a coupled mass and heat
transfer problem and understanding the phenomena taking place during the polymerization is vital for
ensuring satisfactory processes.

2.1.  Particle morphology and fragmentation

When using heterogeneous catalysts, to reach the active sites, the monomer must be transported from
the continuous phase in the reactor, through the external boundary layer around the particles, traverse
the porosity of the solid support and, finally, through the internal boundary layer of forming polymer
around the active sites. %

Moreover, the heat generated at the active sites must be evacuated in the opposite direction, so
potential heat and mass transfer resistances (that could lead to catalyst deactivation, particle
overheating, polymer melting and even reactor shut-down) accompany each of these steps. */

The potential internal and external mass and heat transfer resistances in a polymerizing particle are
illustrated in Figure 5.
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Figure 5: Potential temperature and concentration gradients in a heterogeneous system; reprinted with permission 4>

Once the reactive and inert species present in the continuous gas phase diffuse through the catalyst
particle and to the active sites, the polymerization begins and the particle starts to grow.

The growth of the polymerizing particle happens in a complex process involving fragmentation and
expansion in a series of mass transfer steps. The growing polymer gradually accumulates and fills the
pores of the support, generating local stress build-up in the pores, which eventually leads to partial or
total fragmentation of the inorganic support particle. The fragments of the original support remain
bound by the polymer phase, transforming the particle into a continuous organic polymer phase in
which the catalyst active sites are spread. !

The fragmentation step is essential for particle growth as it creates new void spaces that allow the
monomer to continue diffusing to reach the active sites, thus leading to a cycle of particle growth by
expansion.

If the fragmentation proceeds correctly and there is suitable balance between the mechanical strength
of the particle and the rates of polymer production, one catalyst particle will transform into one
polymer particle that can be up to 20 times larger than it was at the beginning. Ideally, the overall
shape of the polymer particles (e.g. particle size distribution, overall particle shape) mimic those of the
originating catalyst in what is called the replication phenomenon. *’

Nonetheless, if the fragmentation process happens too quickly (e.g. if the support is too brittle or the
polymerization rates are very high), the inorganic support might sinter into several small pieces before
enough polymer has been formed to hold the fragments together and maintain the overall integrity of
the growing particle. In this scenario, the resulting morphology might be compromised and there can
be the formation of fine particles that can stick to the reactor walls and cause malfunction in various

reactor systems, 14748
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On the other hand, if the support is too firm or the stress produced by the polymer build-up is too little
(low polymerization rates), the particle will not fragment, and the reaction will eventually be
extinguished as the pores are filled with polymer and no more active sites become available. It
becomes clear that the physical properties of the support, such as particle size and pore structure, play
arole in the fragmentation step and correct catalyst activation. Indeed, previous studies have provided

experimental evidence that bigger catalyst particles lead to more important mass transfer limitations.
11,52

It is generally accepted that the risk of temperature gradients is most pronounced at early stages of
the polymerization, when the ratio of the external surface of the growing particle is low compared to
its volume — in other words, the capacity to evacuate heat is low compared to the amount of heat
produced. Excessive temperature gradients at the particle level must be avoided particularly during
the process of particle growth, as particle overheating can lead to issues such as polymer softening,
particle agglomeration, clogging of the pores and catalyst deactivation. Besides, the properties of the
polymer will certainly be affected as they are often temperature dependent. 6475354

Moreover, if we consider the potential mass gradients depicted in Figure 5, it is reasonable to assume
that longer diffusion paths for the monomer until reaching the active sites increase the chances of
mass transfer limitations. Likewise, if the polymer being formed is hard or flexible, this is will certainly
affect the monomer diffusion rates through the internal boundary layer. Therefore, the morphology
of the growing catalyst/polymer particle and also the properties of the growing polymer will be
influential in the particle growth process. °°

It is clear that the process of particle growth and potential heat and mass transfer limitations will be
critical for determining the properties and morphology of the final polymer. The polymer morphology
evolution is, therefore, influenced by a number of factors that impact the particle fragmentation,
including the catalyst physical structure, the rate of polymerization, the temperature at the particle
level, as well as the physical properties of the growing polymer. As we can infer, good control of the
fragmentation step during the nascent phase is key in ensuring what we consider to be satisfactory
polymer morphology, meaning compact and well-defined particles that do not break into fine particles
during the polymerization. %

A pre-polymerization step is frequently employed in order to avoid issues related to heat and mass
transfer limitations in the begging of the reaction that can lead to uncontrolled particle fragmentation.
This is done in a two-step process by starting the polymer production at mild reaction conditions (lower
than usual pressures and temperatures) that prevent the particles to polymerize and fragment too
quickly, thus ensuring proper morphology evolution. Once the risk of mass and heat transfer
limitations has been eliminated (or reduced), the produced polymer is injected into the main reactor
where the polymerization reaction continues in the standard conditions. Moreover, it has been shown
that this pre-polymerization step also contributes to an increase in the catalyst activity. 47486

As we have seen in this brief presentation of the particle growth process, the fragmentation step is
critical in the definition of the morphology and properties of the polymer. Additionally, several aspects
are involved in ensuring a controlled fragmentation process, including the kinetics of the reaction, the
morphology of the growing catalyst/polymer particle, the mechanical properties of the support and
the conditions of heat evacuation from the reactor. At last, the fact that particle overheating and

31



potential mass transfer limitations are more pronounced at the reaction start contribute to the
significance of the nascent phase to the whole polymerization process.

Understanding the reaction kinetics and particle growth has been focus of extensive research, mainly
in the development of predictive models to provide insight on how the particles will behave in these
critical early stages of the reaction. An overview of the main modeling approaches will be covered in
the following section.

2.2.  Single Particle Models (SPM)

As discussed thus far, the control over the polymer morphology and physical properties depends on a
number of factors related to how the catalyst particle expands during the growth process, the
conditions of heat evacuation as well as the physical properties of the growing polymer. Ultimately,
the polymer properties are a function of the concentration and temperature profiles in the growing
catalyst/polymer particles. It is then clear that understanding and predicting these phenomena is
significant for industrial applications, as well as for the tailored design of new catalysts.

Significant efforts have been made on estimating the temperature and concentration gradients inside
the particle, predicting how the fragmentation and morphology evolution take place, as well as the
polymer properties, as described in the review article from McKenna and Soares. “® Nonetheless,
despite the advances in this area, one mathematical model that provides information on all the
previous properties is still unavailable as it would be a very complex problem involving different length
scales and a number of simplifying assumptions. A more realistic approach is the use of different single
particle models (SPM) that focus on one or more of the aforementioned areas of interest and that are
applicable to specific cases. Furthermore, such models can be categorized as polymer property and
particle morphology models, according to their primary focus.

Particle morphology models, on the other hand, aim to describe the particle growth and fragmentation
process at the nascent phase, which has been the focus of a number of works. >’** Nonetheless, such
models require information on the material properties (such as evolving deformation and swelling

parameters) that are not usually included in the performance single particle models. %4>

The fragmentation process is generally described by two descriptive modes. In the first, the support is
said to fragment first at the larger macropores (which are more accessible to monomer) and progress
to smaller pores as they become available. Other researchers propose a “layer-by-layer” or “onion-
skin” fragmentation process, in which the polymer accumulation begins at the outer surface of the
growing particle and proceeds to the center. **% Nonetheless, there is still no consensus on the
definitive mechanism for the fragmentation process, mainly due to the challenge of studying such
phenomena experimentally, as will be reviewed in the following sections.

Polymer property single particle models are used to predict polymerization rates and some polymer
properties such as MWD and CCD and the fragmentation process is usually assumed to be
instantaneous. In general, polymer property single particle models consist of a set of mass and energy
balances around a polymerizing particle, coupled with a reaction term. Although, prior to writing the
mathematical problem, one must consider the initial morphology of the catalyst particle and how it
will evolve as the reaction progresses. The particle morphology can then be assumed to be defined by
two main particle growth model approaches, the MGM and PFM models illustrated in Figure 6.
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The multigrain model was the first major effort in relating the particle morphology with the reaction
mechanism. This model considers two levels of morphological organization including the macroparticle
and microparticle. The growing polymer particle (or macroparticle) is assumed to be a cluster of
micrograins, themselves consisting of catalyst fragments containing the active sites on the surface. The
micrograins are assumed to be identical and organized in a perfectly homogeneous manner. The main
assumption from the MGM model derives from SEM microscopy observations that confirm the
presence of primary (macroparticle) and secondary (microparticle) morphological structures. 495166768
Given the micrograins are assumed to be identical, they are equally exposed to the reaction monomer,
so the polymerization rate becomes a function of the radial temperature and concentration gradients
in the particle. In the scope of this work, our focus is on describing the phenomena taking place in the
mesoscale level (>10 — 102 m), where heat and mass transfer at the internal and external boundary
layers are taken into account. The main limitation of the MGM model is the assumption that the
internal structure of the polymer particle replicates that of the catalyst, which is not always true for
heterogeneous catalysts. Besides, this model has extra levels of complexity which add very little to a
mechanistic understanding of the particle growth and heat and mass transfer problem. For this reason,
the polymer flow model (PFM) is often used as a simpler approach. *

The polymer flow model (PFM) is a simplified or pseudo-homogeneous approximation of the MGM
model. Here, the polymerizing particle is assumed as a pseudo-homogeneous matrix where the
growing polymer chains and catalyst fragments form a continuum. It is in this matrix that mass and heat
diffusions take place. In the PFM model, the diffusion coefficient in the growing particle is used as an
adjustable parameter that takes into account diffusion in the pore space and the polymer phase. Even
though the PFM does not clearly describe the catalyst fragmentation and the heterogeneous character
of the formed polymer particle, this model remains a valid choice for several applications and is
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generally preferred due to its simplicity and the fact that it requires only the estimation of effective
mass and heat transfer parameters of the polymer particle.

In all cases, the radial profile of monomer concentration in the growing particle can be described by
the general diffusion-reaction equation in spherical coordinates:

oM, 10/ oM (1)
—= =D - 2P _ R, :
ot eff vz gy <r or > P’

With the following boundary conditions:

oM,
—ar (r =0, t) =0; (1a)

oM,
Depp—-(r =R, 1) = k(My — My);
(1b)
And initial condition:

M,(r,t =0) = My, ;
p 14 (1C)

Where M, is the evolving concentration of monomer inside the particle, t is the polymerization time,
7 is the radial position in the particle, D, is the effective diffusion of monomer in the macroparticle
and R, is the polymerization rate. k is the mass transfer coefficient in the external film layer and M,,
the bulk monomer concentration in the reactor. My, ; is the initial concentration of monomer in the
particle. The value of R,, depends on the radial monomer concentration at the active sites.

Similarly, the temperature profiles are described as follows:

aT, 10 < , 0T, 2)

ppCpE = kc T'_Za r ar > — (AHP)RP ;
With the following boundary conditions:

aT,
—Lr=0t)=0; (2a)
or

oT, B .
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And initial condition:

Tp(T‘,t = O) = Tp'o ; (ZC)
Where p,, is the particle density, C,, is the heat capacity of the particle, T, is the particle temperature,
k. is the particle effective thermal conductivity and AH,, is the heat of polymerization. h is the film
convective heat transfer coefficient and T}, is the bulk temperature. Ty, is the initial particle
temperature.
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Both the MGM and PFM models have been applied to study mass and heat transfer limitations at the
particle level. The MGM model has been widely used to study and predict mass and heat transfer
resistances in slurry and gas phase polymerizations with different monomers and comonomers using
supported Ziegler-Natta catalysts. °35978

A comprehensive work on modelling olefin polymerization at the meso-scale has been done by the
research group of Ray et al. >***7274 One of the most significant conclusions from these works with the
multigrain model were that mass and heat transfer resistances are more pronounced at the beginning
of the polymerization reaction. *>*°Kosek et al. observed similar results for the temperature gradient
inside the particle, and extended their study to include dynamic changes in the catalyst activity.”” The
observations on particle overheating are in agreement with those achieved by Yiagopoulos et al .2,
who applied a PFM-based model including internal and external mass and heat transfer resistances.
The authors observed that there can be considerable particle overheating at early stages of the
reaction for highly active catalysts, which can be drastically reduced by implementing a pre-

polymerization step.

2.3. Conclusion

The act of supporting the catalyst active sites onto a solid support provides advantages in relation to
homogeneous catalysts, such as the need for less cocatalyst and ease in recovery of the produced
polymer. Nonetheless, heterogeneous catalysts are inherently more complex than homogeneous
systems, especially in terms of particle growth and possible transport limitations that accompany the
fragmentation of the solid support. Concentration and temperature gradients can potentially exist in
the internal and external boundary layers of the polymerizing particle and very few experimental
settings are adapted to studying such phenomena in gas-phase conditions, as we will see in the
following sections and throughout the current work.

Single particle models are often employed to understand and predict potential heat and mass transfer
limitations, as well as to estimate polymerization rates and polymer microstructure. The most
commonly used single particle models (PFM and MGM models) for olefin polymerization were
introduced in the previous sections, highlighting the importance of the solid support on the
fragmentation step, proper catalyst activation and overall good quality of the polymerization reaction.

Studies carried out applying the multigrain model have resulted in several insights concerning
transport resistance in supported catalysts and, most importantly, that such effects are more
pronounced at the beginning of the polymerization reaction. At last, the particle growth evolution is a
sensitive process involving fragmentation and expansion, which are crucial for the polymerization
process and quality of the final polymer. The physical properties of the catalyst support are critical in
ensuring a satisfactory fragmentation step.

It should be evident from this short discussion that if we are to develop a mechanistic SPM, we need
to be able to have more accurate information of what really occurs in the polymer particles, especially
during the nascent polymerization step. Given the length and, in particular, time scales of the events
involved here, it would be very useful to have tools that can allow us to experimentally explore these
issues.
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3. Studying early stages of the polymerization

As introduced in the previous sections, the development of particle morphology is usually dictated by
the catalyst particle break-up process. Besides, modelling studies indicate that heat and mass transfer
resistances are more pronounced at the early stages of the polymerization reaction. It is generally
accepted that the quality of the reaction outcome is highly dependent on the development of the
growing catalyst/polymer particle during the first seconds, or fractions of a second, depending on the
catalyst being used.

Thus far, it is clear that, given the economic importance of the polyolefin market, understanding all
steps of the polymerization process is of great interest; including the so-called nascent phase of the
polymerization, which refers to the first fractions of a second up to a few tens of seconds of the
reaction.

The nascent phase englobes very short time frames that might seem negligible in relation to the
residence times applied in industrial conditions (10 seconds up to a couple of minutes). These
moments are, nonetheless, critical in terms of ensuring proper catalyst activation, good development
of the particle morphology and heat transfer limitations that could lead to reactor shut-down. The
nascent phase of the polymerization is, therefore, crucial in ensuring the quality of the entire process.

3.1.  Introduction to experimental studies at early stages

There has been a growing interest in the experimental study of the nascent phase of olefin
polymerization over the past 20 years as its importance was recognized by the scientific community.
Investigations on early stages of the polymerization can provide insights on aspects related to the
evolution of catalyst kinetics, polymer properties and particle morphology, thus being valuable for the
improvement of industrial processes and design of new catalysts.

Nevertheless, the main drawback to studying these early stages is the lack of properly adapted
apparatus that allow to collect data in meaningful (industrially relevant) experimental conditions.
Experimental studies at short reaction times and under industrially relevant conditions is definitely not
an easy assighment.

Several aspects, theoretical and practical, contribute to the challenge of studying early stages
experimentally:

e The short time scales that define particle morphology and polymer properties impose a
challenge in ensuring stable experimental conditions;

e The rapidity of the corresponding changes, such as the particle fragmentation, are difficult to
capture with precision;

e The high catalyst activities at the reaction start-up and the risk of particle overheating;

e The small length and time scales in play: catalyst supports of tenths of microns, pores of tenths
of nanometers and fragmentation times of few seconds;

e Thefact that the polymerization takes place at several bars in an oxygen-sensitive environment
and is highly sensitive to other impurities such as humidity.
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This is not to say that progress has not been made on the study of the nascent phase. Several
techniques, briefly introduced in this section (more examples found in the works of Tioni and Mckenna
et al.**8!), have been used as attempts to study different aspects of the early stages of olefin
polymerization.

In the earliest attempt to study early stages, mercury porosimetry and nitrogen adsorption were
applied to study fragmentation patterns on Phillips catalysts polymerized with ethylene. Different
studies carried out in slurry (McDaniel et al.)® and gas phase (Weist et al.)® indicated similar trends,
suggesting that the particle fragmentation initiated at the bigger pores of the silica support, a different
behavior than the ‘layer-by-layer’ mechanism proposed by Chiovetta et al.”*® . Nonetheless, these
studies were carried out under low conversion and mild reaction conditions, very different from those

obtained in industrial scales.

Offline microscopy analysis (mainly SEM, TEM and EDX) is perhaps the simplest technique to study
early stages, in which the polymerization reaction is interrupted after a short time and the structure
of the recovered particles is observed. A number of groups used this technique to elucidate interesting
phenomena. Fink et al.2*®® observed an induction period of a few minutes for the activation of silica
supported metallocene catalysts in slurry propylene polymerization. SEM analysis indicated the
formation of a highly crystalline polymer layer, suggesting mass transfer limitations at the active sites
(thus the observed induction period), that were overcome once the particle fragmentation was
completed and more active sites became available. Nevertheless, despite the simplicity of microscopy
analysis techniques, the experimental conditions used in the polymerization process are not always
representative of industrial processes. For instance, if a highly active catalyst is employed, recovering
low polymer vyields requires very mild reaction conditions that can slow down the fragmentation
process and morphology evolution.

Computer X-ray microtomography (CXRT) is a non-invasive technique that allows 3D observations of a
solid structure by applying an X-ray beam and recording the photons that traversed the sample. This
technique was first applied by Conner et al.2°! for systematically studying catalytic fragmentation.
The authors studied HDPE polymers with yields between 11 and 200 g/g, deriving from silica-supported
chromium catalysts. The obtained 3D topographies showed non-uniform distribution of fragments and
void spaces within the particles, with larger fragments visible on the particle exterior for higher yields
and bits of unfragmented support still visible for lower yields. The authors related this behavior to non-
homogeneity of the active sites throughout the polymer phase, as well as the fact that the monomer
transport length to reach the active sites is smaller than the particle diameter. This is a very promising
technique if the analyzed polymers are obtained under controlled and representative conditions.

A similar technique called laser scanning confocal fluorescence microscopy was applied by Jang et al.*?
to study particle fragmentation of supported metallocene catalysts at varying reaction temperatures
in ethylene slurry polymerization. This technique consists of incorporating a fluorescent dye in the
catalyst support, which is then detected by moving laser scanning to generate a 3D image of the
analyzed particle. This is a promising technique for obtaining a 3D distribution of the fragments at the
interior of the particles, but one must make sure there are no interactions between the fluorescent
dye and the active sites. Even if CXTR microtomography and confocal microscopy allow evaluating the
particle morphology, these techniques provide no information on the evolution of the particle
morphology or possible temperature gradients during the reaction.
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Online techniques have also been applied to gain insight on the phenomena taking place during the
polymerization reaction. The combination of micro reactors (with a transparent window) with video
microscopy showed to be a useful technique for studying different aspects of gas phase polymerization
reactions, such as measuring the catalyst activities without manipulating the particles. The group of
Weickert was the first to apply this technique in industrially relevant conditions (up to 70°C and 35 bar)
to study homo and co-polymerization reactions with ZN catalysts in gas phase.®** The technology
developed by Weickert was later adapted and used by Hamilton et al.?® to study the behavior of active
silica supported metallocene catalysts in gas phase ethylene and propylene polymerization at high
temperatures and pressures (80-100°C, 21 bar). The authors observed two maximum activity peaks
during the reactions, which they assigned active sites being exposed due to particle fragmentation.
Nonetheless, this technique provided no information on the temperatures at the particle level.

Nonetheless, when combined with online Infrared measurements, video microscopy allows measuring
both the reaction kinetics and temperature data. Using this approach in small gas-phase reactors,
Hamilton et al. *> observed that introducing particle clusters in the reactor led to higher temperature
gradients than those observed in case of single particles. While this technique is useful in estimating
the reaction rates of individual particles, the fact that the gas is stagnant exposes the particles to
completely different heat transfer limitations than those expected in an industrial reactor.

At last, melt microscopy was applied to study internal aspects of the particles that were previously
done only by SEM and EDX. Abboud et al.*® used this technique to study the evolution of fragment size
distribution and location with time. Polymers produced under mild conditions (50°C, 5 bar propylene)
using different supported ZN and metallocene catalysts were melted at 170°C under a microscope.
Following, the melting and crystallization phases were interpreted with a software. The authors
observed that the fragment size and distribution was dependent on the catalyst support. Nevertheless,
this technique provided no kinetic data, which made it difficult to correlate the morphological
observations with the fragmentation process.

As we have seen, each of the aforementioned techniques is suited for a specific facet of the study of
early stages, and they each present a number of limitations, mainly related to the use of mild reaction
conditions that are not representative of the phenomena taking place in industrial scales.

These topics are discussed in more depth in a review article from our group, “¢ in which it was clearly
stated that if one wishes to preserve the realistic nature of the experiment, stopped flow reactors
appear to be the practical and effective way to do so. Itis, in large part, for this reason that the current
thesis is focused on further developing and improving such tools.
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3.2.  The stopped-flow technique

Out of the several techniques employed to study different aspects of the nascent phase of the
polymerization, the stopped-flow technique is the most promising if one wishes to preserve the
realistic nature of the experiment, allowing conditions that are representative of industrial scales.

At the risk of over-simplifying, the stopped-flow technique consists of rapidly mixing the reactant
components so the reaction will take place in a well-defined environment for a specific time.
Subsequently, the reaction is quickly and precisely quenched by changing the reaction environment.
The ability to perform reactions in short and well-defined periods of time under meaningful reaction
conditions makes the stopped-flow technique the most promising for studying nascent stages of olefin
polymerization. #6°7

The stopped-flow technique was first applied in the early 1940s for studying kinetics in fast enzyme
reactions. %% When used to investigate catalytic olefin polymerizations, the technique proved to be a
powerful means for elucidating kinetic mechanisms and obtaining real-time information concerning

100-104 and

108-110

active species, reaction intermediates and other kinetic parameters for heterogeneous

105-107

homogeneous catalysts , as well as looking at the development of particle morphology.

Given the physical constraints imposed by gas phase and slurry phase polymerizations, stopped-flow
reactor configurations will be quite different than those observed in large scales. It is less challenging
to control flows of small particles suspended in a liquid than those suspended in a gas, meaning that
slurry phase stopped flow experiments can be carried out in either flow-through or fixed bed
conditions. Nevertheless, as will be discussed in the following sections, the options for gas phase
reactions are limited.

3.2.1. Stopped-flow reactors for slurry phase polymerization

An example of a stopped-flow set-up for solution and slurry reactions can be seen in Figure 7. Vessels
A and B contain the polymerization reactants such as catalyst, co-catalyst and monomer. The
polymerization reaction is initiated when the reactants come in contact (on the T mixer C). The reaction
duration is determined by the length of the tube D and the pressure drop. The reaction will be instantly
guenched when entering vessel E, where a suitable quenching agent is placed.
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Figure 7: Schematic view of slurry phase stopped-flow reactor. Vessels A and B contain the reactants (catalyst, co-catalyst,
monomer). Polymerization is initiated on the T mixer C, with reaction duration determined by the length of the tube D. The
reaction is quenched when entering vessel E. Reprinted with permission. 46

Most of the research conducted on nascent polymerization in solution and slurry
phases has used the type of set-up described above, given the simplicity and effectiveness of this
technique. As discussed in the following paragraphs, several works conducted with unsupported
catalysts indicate that certain catalysts show an induction period during polymerization and also that
only a small fraction of the catalyst actives sites are actually active for polymerization.

Keii et al. 1! pioneered in using the stopped-flow technique (Figure 7) in kinetics investigations using

12113 jnvestigated

a supported Ziegler-Natta catalyst. Using a similar set-up, Kaminaka and Soga
several aspects related to the kinetics of supported Ziegler-Natta, amongst them the nature of the

active sites, determining true kinetics parameters, the effects of hydrogen and catalyst preparation.

The group of Fink et al. applied the stopped-flow technique coupled with C-NMR to elucidate
mechanisms of monomer insertion in soluble Ziegler Natta catalysts as well as determination of kinetic
parameters. These studies, in which polymerizations were carried out at about 220 K, showed that the

slowest insertion step is the first monomer insertion. 114115

Studies on the activation of homogeneous metallocene catalysts (Cp,TiCl,-based precursor) with MAO

. 1% using a similar apparatus described

in ethylene polymerization were carried out by Shiono et a
above. While working under mild conditions (20°C, 1 bar), they were able to demonstrate the presence
of an induction period at short reaction times (30 ms) as well as a nonlinear increase of the polymer
yield and number average molecular weight (Mn) at short reaction times. An induction period was also
observed by Liu et al. 12193 when performing solution co-polymerizations with 1-hexene in stopped-

flow reactions.

Busico et al. 1% applied the stopped-flow technique to study kinetics at different temperatures with a
homogeneous metallocene catalyst. They found that the concentration of active sites is significantly
lower (5 to 25%) than the analytical Zr concentration in the catalyst. They also observed higher rates
of chain propagation (Rp) than at experiments performed under standard conditions. Kinetic studies
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conducted by Song et al. 17 with homogeneous metallocene catalysts also observed low fractions of
active sites, as well as a non-linear dependence of yield with increasing reaction times.

Works conducted by Ranieri et al. 1® using the stopped-flow technique to study kinetic parameters of
molecular catalyst and showed that only 25% of the catalyst sites were active in polymerization. The
authors concluded that the stopped-flow technique is not adapted for the study of highly active
catalysts, as quasi-living polymerization conditions cannot always be achieved, even with very mild
experimental conditions. In addition, they found that variable pressure drops across the system during
the polymerization also made it difficult to achieve short times accurately with the device that they
were using.

Di Martino et al. 108110117

modified the set-up used by Keii et al. to increase the range of reaction
conditions, allowing one to work up to 90°C and 20 bar. They also used a CO,/heptane quenching
solution that allowed one to recover the particles and study their morphology on the undamaged
support. For the first time in the literature, the authors concomitantly followed the kinetic profiles of

the catalyst as well as the evolution of the polymer properties with reaction time.

While working with supported ZN catalysts, Di Martino et al. %1917 ghserved an unusual kinetic
profile at short reaction times, with very high catalyst activities at early stages that rapidly decreased
(after about 1s) to activity values obtained at standard reaction conditions (1L semi-batch reactors,
longer reaction times). They attributed this behavior to the complex nature of the catalyst chemistry,
and perhaps to the presence of ‘one-off’ active sites that polymerized rapidly but also deactivated
rapidly.

A similar kinetic behavior was previously observed by Busico et al. 1° when working with homogeneous
systems, which suggests that reaction rates could be more linked to the chemistry of the catalysts in

I. 117 also

hand than to physical factors such as mass and heat transfer limitations. Di Martino et a
studied the effect of pre-contacting the catalyst with its co-catalyst on the kinetic profiles and particle
morphology. The authors were able to show the presence of uneven reaction rates when the catalyst
is activated in situ, leading to undesirable particle morphologies (observed the particle shell expanding
more than the core). On the other hand, satisfactory particle morphologies were obtained with pre-
activated catalysts. This demonstrated the impact that heterogeneous site distributions can have on
the resulting particle morphology. Another interesting observation from these authors was an increase
of melting temperatures with reaction time (from 118 °C at 40 ms to 131 °C at 1 s), as well as low
crystallinities (20% at 40 ms) that increased with reaction time. The authors attributed this behavior
to the high reaction rates in the reaction start, which could lead to highly disordered chains, thus
limiting the crystallization process. However, it is more likely (see below) that this is due to geometric
constraints.

In a more recent study by Taniike et al. 1%, the stopped-flow technique was used to follow the
morphology development for supported ZN systems. By combining SEM, mercury porosimetry and BET
analysis, the authors elucidated key aspects related to the particle fragmentation and filling of the
particle pores by the forming polymer. The authors observed the macropore filling accompanied by
decrease in pore diameter, thus concluding that macropores are the first to be filled by the growing
polymer and, therefore, have a dominant role at early reaction stages.
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A limitation found in most works in solution and slurry stopped-flow reactions was the use of
guenching agents that disrupted or destroyed the particle support, thus disabling the possibility of
following the morphology of the particles. In addition, with the exception of the work done in our lab
by Di Martino et al., a limitation in a number of these studies is the fact that they were carried out

under mild conditions (low pressures and temperatures). 102110117

3.2.2. Stopped-flow reactors for gas phase polymerization

The main challenge in studying gas-phase polymerization reactions at early stages is to mimic the
conditions found in industrial reactors and, in particular, the heat transfer conditions that are governed
by the relative gas-particle velocities and can be strongly influenced by the composition of the gas
phase. For that, it would be necessary to expose the catalyst particles to several different process
gases, at moderate pressures and relative gas-particle velocities. Clearly, making a miniaturized
fluidized bed reactor is neither practical nor representative of a larger scale device given the reaction
hydrodynamics are scale-dependent.

One promising manner of applying the stopped-flow technique in gas phase polymerizations is to cause
monomer to flow over a fixed bed of dispersant and catalyst for a defined amount of time, then
abruptly stop the reactant flow and the instantaneously quench the reaction by changing the reaction
environment by, for example, applying the flow of a quenching gas such as CO,. While this is clearly
not what happens in a lab or industrial scale reactor, the essential component of the experiment is to
expose the particles to both reasonable reaction conditions and heat transfer conditions.

In a broad-spectrum description, at the single particle level, gas phase heat transfer is governed by the
relative gas velocity relative to the particles. Therefore, using a fixed bed reactor that can expose the
particles to the same range of relative velocities allows one to explore different conditions of heat
transfer at temperatures and pressures representative of a full-scale production.

Polymer particles can be recovered with little effort and their morphology and properties can be
investigated at early reaction stages. The gas phase stopped flow reactor also allows one to follow the
evolution of the temperature in the reaction medium by applying a heat balance around the reactor,
as proposed by Tioni et al. ¥ This is particularly useful given the known heat transfer limitations for
heterogeneous systems operated in gas-phase.

The first stopped-flow reactor adapted to gas-phase olefin polymerization was developed by Silva et
al. in 2005.7%° The micro fixed-bed reactor developed by Silva et al., seen in Figure 8, proved to be a
useful tool for studying morphology, fragmentation and reaction kinetics on supported catalysts for
reaction durations as short as 100 ms. This set-up, however, did not allow for controlled flow rates and
presented difficulties associated with back flow at low pressures and temperature gradients in the
reaction bed. This eventually prompted a redesign of the reactor in the C2P2 lab by Olalla et al (2008)***
with further improvements by Tioni et al. (2012). %
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Figure 8: Fixed-bed micro reactor developed by Silva et al. Reprinted with permission.120

The reactor designed by Olalla et al.*?! and later optimized by Tioni et al.?7, seen in Figure 9, consisted
of an improved configuration of the first version by Silva et al.120, including solenoid valves for accurate
feed rates, as well as a reduced aspect ratio (a cylinder of d=0.5 cm and L= 1 cm) that aimed to lower
the temperature gradients in the reaction bed. The reactor consisted of a metal chamber closed with
a fritted metal cartridge with thermocouples at the entry and exit of the reactor that allowed to
measure the inlet and outlet gas temperatures.

The catalyst/dispersant mix was packed inside the cartridge and placed in the metal chamber. For the
polymerization reaction, process gas was caused to flow through the bed under a specific set of
conditions for a predetermined period of time. At the end of the specified time of polymerization a
solenoid valve automatically switched from the reactive gases to CO,, which rapidly poisoned the
catalyst and quenched the reaction without destroying the particles. This allowed to obtain kinetic
data by gravimetrically following the polymer production, as well as to obtain information on the
polymer morphology and physical properties. However, in order to measure the polymerization rate
as a function of time, it was necessary to perform one experiment per data point.

Figure 9: Stopped-flow reactor developed by Olalla et al. Reprinted with permission.®?

In a subsequent study, Tioni et al. used the stopped-flow reactor to study the influence of various
reaction conditions on the heat transfer regime at start up conditions. *¢*° Tioni et al. sought to find
optimum reaction conditions in order to maximize the heat removal at the particle level. The authors
concluded that a combination of factors should be applied to obtain optimum performance of the set-
up and avoid thermal runway while producing enough polymer for analysis, including: increased
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thermal conductivity of the gas feed obtained through different gas compositions, increased linear
velocity of the gas phase and the properties of the seedbed particles (decreased particle size of the
dispersant appeared to improve the heat-transfer coefficient from solid to gas, undoubtedly by
increasing the conduction portion of the heat transfer). Details of the experiments can be found

elsewhere. 8197119

In addition to studying the influence of certain reaction parameters on heat transfer, Tioni et al.
observed an effect of constrained crystal growth in the silica pores by following thermal properties of
the polymers at increasing reaction times, leading to a suppression of the crystallization temperature.
The authors used the notion of constraining porosity introduced by the research group of Woo et
al.1?212 The idea is that polymer formed in the pores that have not yet fragmented suffer a space
confinement that affects the crystallization, limits crystal growth and reduces the crystallization and
melting temperatures. As the polymerization progresses, more polymer grows free from this confined
space until reaching temperature peaks that are characteristic of bulk polymer (or polymer formed
after several minutes). The use of differential scanning calorimetry thus allowed to see the nano and
meso pores of the silica ‘disappear’ as a function of time during the initial stages of reaction, thus
providing a time frame for the particle fragmentation. While the results obtained by Tioni et al. 1*
were for a single type of silica and one catalyst formulation, it would be interesting to use this type of

analysis as one additional tool for understanding catalyst activation and morphology development.

Tioni et al. proposed a heat balance around the stopped-flow reactor using the inlet and outlet gas
temperatures recorded during the experiment. This heat balance allowed the authors to calculate an
upper estimate of the particle temperatures inside the reactor. 1*° Regardless of the careful choice of
reaction parameters to avoid thermal runway, Tioni et al. estimated that the particle temperatures
could raise up to 20°C in the first few seconds of the reaction. Being able to estimate the particle
temperature presented a significant advantage with respect to other online techniques (such as IR
Microscopy) since it allowed one to study kinetics in realistic conditions with a reasonable
approximation of the particle temperature rather than relying only on the gas temperature. ¥ The
heat balance described by Tioni et al. is described as follows.

By using the polymer yield (Y') and knowing the mass of catalyst used in the experiment (m,4;) and the
enthalpy of polymerization (—AH,,), one can calculate the amount of heat generated (Q ¢, ) during the
reaction by equation (1-1).

Qgen = Ymcat(—AHp) (1-1)

The total amount of energy transferred to the gas phase (Q¢ransfer) in time t is given by equation (1-
2), with g the volumetric flow rate of the gas phase, p, the density of the gas, C, 4 the heat capacities
of the solid and gas phases, T oyt and Ty ;, the recorded inlet and outlet experimental temperatures.

. t
Qtransfer ={4pPyg Cp,g fo (Tg,out - Tg,in)dt (1'2)

If one neglects heat losses to the environment and to the reactor itself, the maximum amount of
energy that is transferred to the solid phase (salt, catalysts, polymer), Qs,1iq, is the difference between
the heat generated during the reaction Qg., and the heat removed by the gas phase Qtransser,
described in equation (1-3).
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Qsolid = Qgen - Qtransferzmsolid Cp,solid (Tsolid—TO) (1‘3)

Here, T, is the initial temperature of the solid temperature (assumed to be the same as the initial
temperature of the gas phase), mgy;q is the mass of the bed (assumed to quickly reach uniform
temperature) and G, s01iq is the total heat capacity of the bed. Therefore, reaction (1-3) can be
rearranged to provide an estimate of the average temperature of the solid particle in the reactor
(assuming negligible temperature gradients in the particles®®).

Tgotiq = To + 2enransfer (1-4)
solid Cp,solid

This provides us with as upper bound of the estimate of the particle temperatures, as heat absorption
by the salt particles around the catalyst and by the metal frit were neglected, as well as any heat loss
to the surroundings. Calculations showed that even under controlled heat transfer conditions, the
particle temperature could increase by 15-20°C in 2 to 5 seconds, sometimes reaching values
responsible for polymer melting. This implies that the assumptions made by Tioni at al. for the heat
balance (such as uniform temperatures in the bed) were not necessarily valid.

A detailed modelling work on this set-up was carried-out by Browning et al.!*>7'?7, in which a dynamic
model of the stopped-flow reactor used by Tioni et al., represented in Figure 10, was developed and
validated. The results obtained by Browning et al. allowed one to interpret the temperature rises
observed experimentally and demonstrated that there was the possible existence of non-negligible
temperature gradients inside the reactor despite its small volume.

2mm

Inlet thermocouple Outlet thermocouple

Stainless steel frits

Figure 10: Section of the stopped-flow reactor used by Tioni et al. and modelled by Browning et al. Reprinted with
permission.126

Simulations showed that temperature excursions exceeding the melting point of polyethylene were
possible at early stages of the polymerization (2s), as shown in the modelling results shown in Figure
11, but not necessarily detected at the outlet. Browning et al. attributed this to the high heat capacity
of the stainless steel frit at the reactor exit, which could partially absorb the energy produced at the
reaction zone and, consequently, mask the effect of the sudden temperature rise of the reaction bed.
Therefore, the temperatures measured experimentally at the reactor outlet didn’t necessarily reflect
temperatures inside the reactor.
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Figure 11: Calculated temperatures of gas and inert solid along the stopped-flow reactor at different reaction times,
performed by Browning et al. Reprinted with permission.126

3.3. Conclusion

The early stages of the polymerization, also referred to as nascent phase, encompass the first fractions
of a second up to a few tens of seconds of the polymerization reaction. The early stages are critical in
ensuring the quality of the entire polymerization process, as it is then that the catalyst activation takes
place, the particle morphology is defined and when heat transfer limitations are at their highest risk.

Collecting experimental data on the nascent phase of the polymerization is challenging for several
reasons including the short time and physical scales at play, the rapidity of the corresponding changes,
the high catalyst activities coupled with the risk of particle overheating, plus the fact that the
polymerization takes place at several bars in an environment that is highly sensitive to oxygen and
impurities.

Several experimental approaches have been applied to investigate different aspects of the nascent
phase, but it appears that for gas phase polymerization the stopped-flow technique is the most
promising in terms of preserving experimental conditions that are representative of industrial scales.

The stopped-flow technique in gas-phase conditions has been applied to investigate aspects related to
heat transfer, particle fragmentation and morphology evolution. Studies from Tioni et al. provided
insight on the evolution of the particle temperature inside the reactor, the peculiar crystallization
behavior on inorganic supports and, finally, how thermal properties of the polymer could be used as
‘sensors’ for framing the particle fragmentation. Nonetheless, modelling studies carried out by
Browning at al. demonstrated the possible existence of non-negligible temperature gradients inside
the reactor, despite its small volume.

To the best of our knowledge, experimental studies on nascent polymerization in gas-phase have not
been conducted elsewhere, so the only work discussed in the open literature was that presented
above.
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4. Overall Conclusions

In this literature review chapter, we have highlighted the crucial role that initial stages of the
polymerization reaction have on the quality of the entire production process and properties of the
final polymer.

Given the importance of polyolefins in the global market and in our daily lives, it is not an
understatement to say that understanding all stages of the polymerization process is necessary in
order to continue refining existing industrial processes and designing new catalysts.

In the scope of the current project, focus was given to low pressure polymerization processes with
emphasis on polyethylene resins produced with heterogeneous Ziegler-Natta and metallocene
catalysts in gas-phase processes.

As we have reviewed, heterogeneous catalysts offer several advantages in relation to their
homogeneous counterparts, such as reduced needed amounts of the activating cocatalyst (which are
often more expensive than the catalyst itself) and easier recovery of the produced polymer.
Nonetheless, heterogeneous systems are accompanied by several complexities mainly related to the
morphology development of the growing particles. The fact of supporting a catalyst, despite its
advantages, increases risks related to mass and heat transfer limitations, which are mostly related to
the physical structure of the support particle.

Several modelling efforts have been made to better understand such transport limitations, as well as
to predict polymerization rates and microstructures of the final polymer. Single particle models, such
as the commonly used Polymer Flow Model (PFM) and Multigrain Model (MGM) are often employed
to describe the growth of the polymerizing particle and estimate potential temperature and
concentration gradients. As seen throughout this chapter, the evolution of the particle growth is a
delicate and complex process involving fragmentation and expansion, which are crucial for the entire
course of the polymerization reaction. Moreover, the physical properties of the catalyst support are
critical in ensuring a satisfactory fragmentation step, particle growth and good morphology
development.

The very beginning of the polymerization reaction, also referred to the nascent phase, describes the
first fractions of a second up to a few tens of seconds of the polymerization process. As several studies
have pointed out, these early stages are crucial for the quality of the whole polymerization process. At
the nascent phase, the catalyst activation takes place, as well as the definition of particle morphology.
Moreover, heat transfer limitations are at their highest risk and there is the real risk of particle
overheating which could lead to several complications such as polymer melting, particle agglomeration
and reactor shut-down.

Studying these initial moments of the reaction is a challenging task given the short time and physical
scales at play, the rapidity of the corresponding changes, the high catalyst activities coupled with the
risk of particle overheating, plus the fact that the polymerization takes place at several bars in an
oxygen sensitive environment that is highly sensitive to oxygen and impurities.

Several experimental approaches have been carried out to investigate different aspects of the nascent
phase in homogeneous and heterogeneous systems. Nonetheless, the stopped-flow technique is the
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most promising in terms of preserving experimental conditions that are representative of industrial
scales.

The stopped-flow technique has been previously applied to investigate aspects related to heat
transfer, particle fragmentation and morphology evolution in gas phase. However, as we have seen in
the previous sections, options for studying early stages in gas-phase conditions are limited and the
existing tools still encounter issues related to poor heat evacuation that are less than ideal if one wishes
to evaluate the kinetic performance of heterogeneous catalysts under meaningful conditions.

Finally, we are convinced that there is room for improvement on the existing gas-phase stopped-flow
reactors and it is, in in large part, for this reason that the current project is focused on further
developing and improving such tools. In the scope of this project, we have pursued other alternatives
to build the optimum tool for studying the nascent phase in gas-phase systems.
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1. Introduction

As discussed in Chapter 1, the heterogeneous catalysts used industrially have both complex chemical
and physical structures that play important roles in the polymerization process, especially in regards
as to how the catalyst activation will take place. The physical nature of the supported catalyst will have
a direct impact on the fragmentation step and, therefore, the growth of the polymer particle, the
evolution of its morphology, and, in the case where overheating is a problem, on the deactivation of
the catalyst.

Itis widely accepted that the early stages of the polymerization, a time frame we are arbitrarily defining
as ranging from seconds to a couple of minutes, are crucial in ensuring the quality of the entire process.

L2 many of them

This so called nascent phase is particularly difficult to study for several reasons,
discussed in chapter 1. Besides the aspects related to the chemical reaction, a great part of the
challenge lies in the lack of especially adapted tools that allow to study early stages, particularly for

gas phase.

As discussed in chapter 1, the stopped-flow technology seems the most promising technique for
studying early stages. ! Previous works have shown the potential of this tool for studying the impact of
reaction conditions on heat transfer and provided insights on particle fragmentation in gas-phase.*™
However, as will be discussed in this chapter, the version of the gas phase stopped flow reactor present
in the laboratory had significant limitations; limitations that we will discuss as we move through the
chapter. Improving such tools is the main focus of this project.

The main objective of this PhD project was to design, build and test an optimized tool that can be used
to study gas phase polymerization reactions at early stages under controlled and meaningful reaction
conditions, and that provides the user with a maximum amount of information on how the
polymerization unfolds. This was carried out by the development of an improved stopped-flow reactor
tool that included both a hardware and a software component.

The development of the hardware component included improvements to the previously existing set-
up and operation protocol, leading to the conception of a reactor prototype that was constructed and
tested in our lab. Finally, an optimized stopped-flow reactor that fulfilled our initial criteria was
designed in collaboration with an engineering company specialized in the construction of made-to-
measure laboratory equipment for chemistry R&D. In this chapter, the reader will find all stages
involved towards obtaining the hardware component of the novel stopped-flow reactor set-up. The
software component consisted of the mathematical description of the novel stopped-flow reactor, in
which heat and mass exchanges were taken into account to build a mathematical tool for predicting
polymerization rates from the experimental data (temperature profiles). The development of the
software component will be described in Chapter 3.
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2. Experimental approach

Throughout this chapter, we have experimentally assessed the performance of different stopped-flow
reactor set-ups. Our approach in evaluating the reactor performance consisted in following the
performance of catalyzed reactions, as well as aspects unrelated to the polymerization.

The initial step in following the kinetic behavior of different catalysts was to test them in standard
laboratory conditions in order to have a reference for the catalyst behavior in full-time
polymerizations. The term ‘full-time polymerization’ is, in the scope of this work, refers to reaction
times in which most (if not all) of the catalyst particles have had sufficient time to polymerize. Unless
stated otherwise, all full-time polymerization tests had a duration of 60 minutes.

Next, catalysts were tested at short reaction times using the different stopped-flow reactors described
in this work, for durations of 60 seconds or less. Moreover, the effect of hardware components
unrelated to the polymerization reaction was assessed with cold tests carried out without catalysts,
with the inert seedbed only (salt).

2.1.  Full-time polymerization reactor

The full-time kinetic behavior of the catalysts used throughout this work was assessed using a semi-
batch lab-scale reactor of 2.5 L capacity. This reactor is commonly referred to as turbosphere reactor
due to its spherical shape and has been used in previous works from our group.®™

2.1.1. Polymerization procedure

In Figure 1, the turbosphere reactor is represented as R-1. Ethylene (B-1 in the diagram) was purified
prior to the reaction by columns C-1 of reduced BASF R3-16 catalyst (CuO supported on alumina), C-2
of molecular sieves (13X, 3A, Sigma-Aldrich), and column C-3 of Selexsorb COS (Alcoa), being later
stored in a gas cylinder — denominated ballast, B-2.

Cylinders B-3 and B-4 were respectively hydrogen and propylene vessels and were not used for the
current study, as well as liquid comonomer pump P-1 and the heat exchanger E-2. The vacuum pump
is represented by VE-1; PT is the pressure transmitter; Pl, pressure indicator; TIT, temperature
transmitter and indicator; and TI, temperature indicator.

The system was previously cleaned with heptane and kept under isothermal conditions with
vacuum/argon cycles to purge the reactor prior to the polymerization reaction. An injection cartridge
containing catalyst and seedbed was prepared inside a Glove Box of Argon atmosphere. For the
performed gas-phase polymerizations, 100 g of sodium chloride (NaCl) was used as seed bed,
previously dried under vacuum at 400 °C for 4 hours.

Alkylated agents were injected in the reactor prior to catalyst insertion. Catalysts were introduced to
the reactor through an injection cartridge under monomer pressure, which marked the beginning of
the polymerization reaction. The mechanical agitation was kept constant during the reaction at 200
rpm.

A pressure reducer was used to maintain the pressure constant throughout the reaction. Continuous
measurements of the monomer pressure in the ballast were interpreted using the SRK-EOS state
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equation'?, to obtain a continuous productivity. Finally, the derivative of the pressure drop provided
an estimate of the reaction rate.

The polymerization was quenched at the desired time by simultaneously venting the monomer and
cooling the reactor to room temperature. The formed polymer was then washed in water to remove
the NaCl seedbed and, finally, dried under vacuum at 70 °C for, at least, two hours.

Experimental conditions for the catalysts used in this chapter

For the Ziegler-Natta catalyst (ZN 1) used in this chapter, 10-15 mg catalyst were used and 1 mmol TEA
(Triethylaluminium) was used as cocatalyst and scavenger for impurities. The reaction temperature
was 70 °C and ethylene pressure kept constant at 7 barg.

For the classic metallocene catalysts (CpZ 1 and CpZ 2) used in this chapter, 50-100 mg catalyst were
used and 0.8 mmol TiBA (Triisobutylaluminium) was used as scavenger for the reactor environment.
The reaction temperature was 85 °C and ethylene pressure kept constant at 7 bar.

For the classic commercial CGC catalyst used in this chapter (CGC M), 100 mg catalyst were used and
0.8 mmol TiBA (Triisobutylaluminium) was used as scavenger for the reactor environment. The
reaction temperature was 70 °C and ethylene pressure kept constant at 7.5 bar.
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Figure 12: Turbosphere reactor experimental set-up and control system. Reprinted with permission.8

62



3. Existing stopped-flow reactor (SF1)

The existing stopped-flow set-up evaluated in this section was initially conceived by Ollala et al.}* and
further optimized and used by Tioni et al.1? This set-up will be hereafter referred to as Stopped-Flow
Reactor 1 (SF1).

The performance of this reactor set-up has been experimentally assessed, aiming to determine the
key aspects of potential improvement.

3.1.  Advantages and limitations of the existing set-up

The stopped-flow reactor described and assessed in this section was developed in our research group
by conceived by Ollala et al.!* and later optimized by Tioni et al.2. This set-up proved to be a valuable
tool for investigating aspects related to heat transfer®, reaction kinetics?, morphology and particle
fragmentation® in gas phase reactions as short as 100 ms, all in industrially realistic reaction conditions.

A simplified heat balance around the reactor, proposed by Tioni et al., allowed an upper estimate of
the particle temperature inside the reactor.” This was a significant advance in terms of getting a
realistic picture of the polymerization reaction in its earliest stages, given that previous studies relied
only on the temperature of the gas. Moreover, studies carried out by Tioni et al. showed this tool could
be used to follow the timeframe of particle fragmentation.® By following the evolution of polymer
thermal properties with increasing reaction times, the authors showed that the fragmentation step in
supported metallocene catalysts could take several tens of seconds to be completed.

Nevertheless, despite the advantages listed above, the geometry and conception of the SF 1 set-up
limited the heat evacuation from the reaction zone, often observed as temperature spikes as high as
20°C. This also contributed to inhomogeneous polymer formation throughout the reaction bed.

As shown in the detailed modelling work of Browning et al.'3, the presence of a metal frit with a high
heat capacity at the reactor exit absorbed a significant part of the heat of reaction. This meant that
the recorded experimental temperatures did not reflect the real temperature of the reaction bed,
which was detrimental to the correct interpretation of the reaction kinetics and estimation of kinetic
parameters.

Moreover, Browning et al. implemented a 2-D observer to estimate the reaction rate from the
experimental data. Nevertheless, the downside remained that the input data for the observer were
the calculated temperatures from the model, given the limitation of the set-up in accurately detecting
the temperatures in the reaction bed.'*

3.2. Experimental section

Considering all the aforementioned aspects of the existing set-up (SF 1) and the objectives of the
current project, our initial step towards improving the stopped-flow reactor set-up was to thoroughly
evaluate the existing set-up, hereafter referred to as Stopped-flow reactor 1 (SF 1) and determine the
main practical aspects to be improved.

Catalyst testing was first carried out in a ‘standard’ lab-scale semi-batch reactor as a reference of the
catalyst behavior in full time polymerizations of 60 minutes duration. Next, catalysts were tested with
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the Stopped-Flow reactor 1 (SF 1) at short reaction times of 60 seconds duration. The 60 second
duration was chosen, at this point, as it includes the critical period of catalyst activation and potential
overheating in the reaction bed.

Besides the pre-activation method described in the procedures section for the commercial Ziegler-
Natta catalyst, we also explored the possibility of activating the catalyst in-situ by injecting a desired
amount of TEA solution under argon flow directly over the reaction bed during the polymerization
reaction, aiming to minimize the pre-contact time between the catalyst and cocatalyst.

Particle temperatures were calculated with the heat balance proposed by Tioni et al. and described in
section 3.1.2. of Chapter 1.

Finally, several tests performed with no catalyst, hereby referred to as cold tests, to evaluate the
impact of hardware components unrelated to the polymerization reaction.

3.2.1. Materials

For the assessment of the existing set-up (SF1), we have used a classic commercial Titanium Ziegler-
Natta catalyst, hereafter referred to as ZN 1.

This catalyst was chosen for the high polymerization activities and fast activation observed at full-time
polymerization tests.

According to the available published information on this set-up (SF 1), the main hardware limitation
encountered were temperature excursions related to poor heat evacuation from the reactor.
Therefore, a classic Ziegler-Natta catalyst seemed like an appropriate choice for the purpose of
evaluating the heat evacuation in this set-up.

The performance of the SF 1 set-up was assessed in homopolymerization conditions with ethylene.

Triisobutylaluminum (TiBA) purchased from Witco GmbH was used as scavenger in a 1 M solution in
dry heptane. Ethylene with 99.95% purity purchased from Air Liquide — France was used as monomer
gas throughout this study.

3.2.2. Reactor description and polymerization procedure

The stopped-flow reactor 1 (SF 1), shown in Figures 2 to 4, consists of a fixed bed reactor in which the
catalyst is dispersed in a salt bed, and the process gases pass through the bed for a predetermined
duration. The reactor itself is composed of a circular stainless-steel cartridge with fritted base (20 mm
diameter, 10 mm depth), which is placed into a stainless-steel chamber that is closed with a fritted
metal filter.

The fritted metal filters present in the inlet and outlet of the reactor (3 mm thick with 13 um pores)
ensure the bed stability and prevent solid loss during the reaction. The system is equipped with 1 mm
T-type thermocouples that measure the inlet and outlet gas temperatures (before the inlet frit and
after the outlet frit), with information collection every 0.5 s. Additionally, the set-up is equipped with
solenoid valves that allow an automated control of the gas injection, the degassing of the reactor and
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injection of quenching gas. More details on the operation of this reactor set-up can be found in
4,11,12

previous works
The general mode of functioning consisted of filling the reactor chamber in a glove box with a mixture
of inert seedbed (salt, in this case) and catalyst (1-15 wt% depending on reaction duration). The fine
salt used in the experiments is prepared by re-precipitation in ethanol and citric acid and the protocol
has been described elsewhere. #*> The metal cartridge is weighed before and after packing to obtain
the amount of solid inserted.

The Ziegler-Natta catalyst is pre-activated in the glove box with a 1 M TEA solution in dry Heptane. The
desired amount of the TEA solution is added to the salt/catalyst mixture, aiming for a specific Al/metal
ratio. The mixture is vigorously agitated by hand, then dried under active vacuum for at least 15
minutes before inserting in the reactor.

The reactor system was attached to feed lines and plunged into a water bath set to the desired reaction
temperature. Reactions with catalyst ZN 1 were carried out at 70 °C and 7 barg of Ethylene pressure.
The gas liner velocities were calculated from the gas flowrates measured by a rotameter at the reactor
exit.

The reactor was purged with argon during the heating step. The polymerization started when the
solenoid valve was opened for monomer flow, set for a desired reaction time. The reactor was then
rapidly degassed and a shot of carbon dioxide simultaneously quenched any remaining catalyst
activity.

The polymerization yield was measured gravimetrically by weighing the cartridge bed before and after
the reaction. The polymer was recovered by washing away the salt seedbed and dried under vacuum
at 70°C for at least two hours.
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Figure 2: Stopped-flow Reactor 1 (SFR 1) experimental set-up and control system. Adapted from Cancelas et al.1®
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3.3. Heat evacuation assessment

Full time polymerization kinetics obtained from standard polymerization tests of 60 minutes duration
are seen in Figure 5. The activity profiles obtained in homopolymerizations with the commercial
Ziegler-Natta ZN 1 were in agreement with previously observed tests under similar conditions.®

Short time polymerization results obtained with the Stopped Flow Reactor 1 (SF 1) using a commercial
Ziegler-Natta catalyst (ZN 1) are seen in Table 1. The outlet temperature profiles recorded during the
60 second experiments are found in Figure 6 and the corresponding inlet temperature profiles are seen
in Figure 7. The temperature profiles of the reaction performed with in-situ catalyst activation can be
seen in Figure 8.

The obtained polymer yields are coherent with the catalyst activities obtained from the full-time
polymerization assessment. Moreover, they are in agreement with previously observed studies carried
out in our group at similar reaction conditions. * Nonetheless, as seen in Figure 6, all experiments led
to very high temperature gradients with excursions as high as 40 °C.

From the results seen in Table 1, we noticed that, at comparable reaction conditions (experiments
named ZN 1 #1 and #2), the obtained polymerization yields values were not reproducible. This
fluctuation was reflected in the estimated particle temperatures, as well as on the recorded outlet
temperature profiles seen in Figure 6. We related the lack of reproducibility to fluctuations in the gas
flowrates, often observed during the experiments. We attributed this phenomenon to the reactor frits
being partially clogged by remaining polyethylene and residual alkylated solutions built-up overtime.

Moreover, as observed for experiment named ZN 1 #3, the heat evacuation seems to be less effective
at lower linear gas velocities. This effect was obviously expected and was reflected in the estimated
particle temperatures (well over the polymer melting temperature) and the outlet temperature
profile. This observation is in agreement with the studies previously carried out by Tioni et al. on the
heat transfer conditions using this reaction set-up. **

Concerning the in-situ activation of the commercial Ziegler-Natta catalyst, we observed a noticeable
increase in the produced polymer yield (Table 1), leading also to polymer melting, seen in Figure 9.

Nevertheless, activating in situ under a gas flow did not allow us to know the real Al/Ti ratio and the
reaction bed. In addition, the direct injection of alkyl aluminum reagents in-line can lead to equipment
shut-down due to clogging (formation of alumina). Despite the high observed polymer yield, the outlet
temperatures are lower than those observed for the pre-activated ZN catalyst in the GB. We linked this
behavior to the fact that the liquid TEA/Heptane solution was injected in the set-up directly through
the reactor, not going through the heating coil in the water bath, an adaptation made to minimize the
path of the liquid solution. In addition to the impact of the sensible heat of this second feed to the
reactor, adding TEA and heptane also changes the heat capacity of the gas phase, causing it to absorb
more of the heat of reaction that is the case for a dry feed.

A common observation in the performed tests was a significant temperature drop (2 to 6 °C) in the
inlet gas temperatures. This behavior was later assessed in cold test experiments, discussed below.

Despite the satisfactory polymerization yields obtained, the reactions were often unsuccessful, with a
high failure quota of about 70%, where no polymer was produced. We suspected the reactor quick
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plug-in connections were a source of contamination by air. This hypothesis was assessed at the
hardware evaluation.
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Figure 5: Full polymerization kinetics for 60 minute homopolymerization reactions with commercial Ziegler-Natta catalyst ZN
1. Conditions: 70 °C, 7 bar ethylene,

Gas linear vel Estimated
Catalyst used Experiment # Yield (g/g) ’ Particle T
(cm/s) o
(°C)
ZN1#1 9 18 145
ZN 1 #2 5 18 73
ZN1
ZN14#3 12 4 209
ZN 1 in-situ TEA 17 18 277

Tableau 1: Polymerization yields for 60 second homopolymerization reactions with ZN 1 catalyst, using the FR 1 reactor.
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Figure 6: Recorded outlet temperature profiles 60 second experiments with ZN 1 catalyst. Reaction conditions described in
Table 1.
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Figure 9: Polymer obtained from in-situ activation of commercial Ziegler-Natta catalyst. TEA injection over catalyst bed
under Argon flow during polymerization reaction.

3.3.1. Conclusion

The obtained polymerization yields are satisfactory and in agreement with previous studies carried out
at similar experimental conditions. Nonetheless, important temperature gradients (as high as 40 °C)
were observed in homopolymerization conditions, seen in the outlet temperature profiles for the 60
second reactions performed with a classic Ziegler-Natta catalyst.

The polymerization yields were not reproducible for similar reaction conditions; an effect that was
attributed to fluctuations in the gas flowrates caused by partial clogging o the reactor frit (perhaps by
remaining polymer or residues from the alkylated agents). The lack of reproducibility was also reflected
on the estimated particle temperatures, as well as on the outlet temperature profiles obtained
experimentally. We observed that the heat evacuation is less effective at lower linear gas velocities,
an observation that is in agreement with the previous studies carried out by Tioni et al. 34

3.4. Hardware evaluation

Tests in this section were performed with no catalyst, hereafter referred to as cold tests. The reactor
was filled only with the salt seedbed to evaluate the impact of hardware components unrelated to the
polymerization reaction.

The influence of different flow velocities on the inlet gas temperature drop can be found in Figure 10.
Clearly, higher gas flowrates lead to more significant heat loss, as heat exchange with the heating coil
is reduced for higher flowrates. It seems reasonable to assume that this is linked to a limitation of the
set-up, as heating of the gases through the heating coil inside the water bath does not suffice to keep
temperatures constant.

We observed that heating the gas directly at the cylinder source led to no significant improvement on
the inlet gas temperature drop, which can be seen in Figure 11. For these experiments, the monomer
ballast was substituted by a heating ballast that allowed to set the desired temperature of the incoming
gas. Equal temperatures were set for the heated ballast and the water bath.
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Given the high experimental failure rate observed during polymerization tests, we added a bypass to

allow purging the quick plug-in connections with argon, which were suspected to be a source of
contamination by air. This modification of the set-up can be seen in Figure 12.

Nevertheless, the valves in the bypass added many moving parts to the system and were a significant

source of leaks and contamination, besides making the system quite heavy and more difficult to handle
in the glove box.
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Figure 11: Influence of heating monomer cylinder on inlet gas temperature drop
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Figure 12: Stopped-flow Reactor 1 (SF 1) reactors and their representations. Before (left) and after (right) addition of by-
pass for purging the plug-in connections.

3.4.1. Conclusion

The hardware evaluation was performed without catalysts in order to detect effects unrelated to the
polymerization reaction.

By varying the flowrates of the monomer feed, we remarked significant drops of the inlet gas
temperatures, which were more pronounced at higher gas flowrates. Heating the monomer ballast
seemed to have little to no effect in reducing the temperature drop. This indicated a limitation of the
set-up in effectively heating the inlet gas and keeping constant temperatures throughout the reaction.

A bypass route was added to the reactors, aiming to reduce possibilities of contamination by air.
Nevertheless, this approach made the set-up more difficult to handle in the glovebox and the addition
of moving parts increased the possibility of leaks during the reaction.

3.5. Conclusions on assessment of reactor SF1

The objective of this set of experiments was to determine the main sources of issues and aspects to be
improved in the existing stopped flow reactor set-up (SF 1). Tests in homopolymerization with ethylene
were performed with a commercial Ziegler-Natta catalyst (ZN 1).

When the experiments worked, we obtained satisfactory polymerization yields that were in agreement
with previous studies. Nevertheless, the experiments had a high failure rate (about 70%), often caused
by leaks in the system and catalyst contamination by oxygen or impurities. Moreover, significant
temperature drops were observed on the inlet gas due to a limitation of the set-up in sufficiently
heating the gas and keeping constant gas temperatures. This effect is detrimental to the precise kinetic
evaluation of a given catalyst.

The main factor leading to experimental failure was catalyst contamination with oxygen through leaks
in the set-up, an issue accentuated by the fact that the reactor had several moving parts and could not
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be completely sealed in the glovebox, given the size of the reactor itself. We also observed irregular
fluctuation of the gas flows, which were attributed to the reactor frits being partially clogged by
remaining polyethylene and residual alkylated solutions built-up overtime.

The Stopped-Flow Reactor 1 (SF 1) was first build in 2009, and counted several interventions during
the last decade, which made it challenging to track all modifications performed and the impact of each
of them. In addition, the reactor lines were all in copper alloy, far from ideal to be placed in a water
bath.

In spite of the satisfactory obtained polymer yields, the obtained polymer was often melted into a
block, indicating the reaction zone reached temperatures beyond the polymer melting point. The high
temperature gradients (often more than 30°C) observed were mainly linked to poor heat evacuation

[3*12 and

in the reactor due to its geometry and small volume. As observed by Tioni et a
mathematically described by Browning et al.,'*'” the presence of a metal frit before the outlet
thermocouple led to lower recorded outlet temperatures than those reached in the reaction zone.
Besides, the small volume of the reaction bed limited the polymer production to few milligrams per
experiment and the set-up allowed a limited possibility of reaction conditions, as the system was not
adapted for injecting liquids in a controlled manner in the reaction zone. Therefore, performing co-
polymerization reactions (e.g. with 1-hexene) or studies in condensed mode operation (e.g. with n-

pentane) were not straightforward with this set-up.

From the practical analysis of the existing set-up for stopped-flowed gas-phase polymerizations, we
concluded there was room for improvement of the set-up concerning its effectiveness in heat
evacuation, experimental robustness, risk of sample contamination, ease of handling, larger capacity
for polymer production and increased possibility of reaction conditions.

73



4. Stopped-flow reactor prototype (SF 2)

Based on careful analysis of the available tool (SF 1), we detected several aspects that could potentially
be improved in order to perform short-time polymerization reactions in gas-phase under precisely
controlled conditions.

Mainly, those aspects were: improvement of the heat evacuation in the reactor to avoid thermal
runway and polymer melting, improvement in the reactor inertness in terms of preventing
contamination by oxygen and water. Moreover, it would be helpful to allow larger capacity for polymer
production and make the reactor easier to handle during preparations in the glovebox.

4.1. Introduction

We aimed to tackle some of the aforementioned limitations of the existing set-up (SF 1) with a new
reactor geometry.

With focus on improving the heat evacuation on the reactor and eliminating any internal temperature

. %7 we targeted to improve the gas distribution by

gradients like those described by Browning et a
changing its configuration from a “disc-shaped” bed to a longer one that allowed for a more

homogenous gas flow through the entire bed.

This was accomplished by choosing an annular reactor design and incorporating a porous stainless-
steel membrane as the inner cylinder of the annulus, through which the inlet gas will flow before
reaching the catalyst particles. The catalyst/salt bed is placed in the outer space of the annulus, and
the gas fed through the center.

Our aim was to reduce the gas pathway to the catalyst and, therefore, obtain a more homogeneous
flow distribution with reduced possibility of temperature gradients inside the reactor, as shown in the
work of Al-Juaied et al.’® Moreover, several advantages have been claimed for the use of an annular
geometry for the study of highly exothermic reactions, such as improved gas-flow patterns, low (or
negligible) pressure drops, fast transport, and effective heat dissipation of the reaction heat, with
comparison to standard fixed-bed reactors. 2! Besides, the choice of an annular geometry has been
(experimentally and theoretically) shown to improve issues related to internal diffusion limitations in
the works of Groppi et al.??? The reactor prototype was named stopped-flow reactor 2 (SF 2) and its
schematic view is found in Figure 13.
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Figure 13: Schematic view of the stopped-flow reactor prototype (SF 2)

4.2.  Experimental section

In order to evaluate the performance of the new reactor prototype (SFR 2), we initially assessed the
heat evacuation with the new proposed reactor geometry. The assessment was carried out with a high
activity Ziegler-Natta catalyst and a classic metallocene catalyst that is much more sensitive to reaction
impurities.

At first, catalysts were tested in full-time polymerization conditions in the turbosphere semi-batch
reactor in reactions of 60 minutes of duration. Next, catalysts were tested with the stopped-flow
reactor prototype (SF 2) and evaluated in terms of polymerization yields and thermal properties of the
obtained polymer through DSC analysis. Polymerization times varied between 5 and 60 seconds.

Following, the inertness of the reactor hardware was assessed with a classic metallocene catalyst very
sensitive to impurities such as oxygen and water. Different purification measures in the system were
assessed in order to define an optimal protocol for reactor conditioning, aiming to minimize the
sources of contamination to the reaction medium.

Finally, we assessed the thermal response of the reactor prototype with a series of cold tests
(performed with no catalyst) at varying pressures of the inlet gas.

4.2.1. Materials

The SF 2 reactor prototype was built with Swagelok 316 stainless-steel male and female VCR locks
(Fitting 1/4 in), Swagelok Stainless Steel VCR 1/4 in. Tube Socket and porous frit by Stemm. The welding
work was done by the CNRS research workshop at the Institute of research on catalysis and the
environment (IRCE Lyon), located at University Claude Bernard Lyon 1 campus.

For the assessment of heat evacuation in the new reactor prototype (SF 2), we have used a classic
Titanium Ziegler-Natta catalyst (ZN 1), given the high polymerization activities and fast activation
obtained with this catalyst.

For the assessment of heat evacuation and hardware inertness in the new reactor prototype (SF 2), we
have used a classic Zirconium metallocene catalyst, hereafter referred to as CpZ. Two different batches
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of this catalyst were used in this study, referred to as CpZ 1 and CpZ 2. This catalyst was chosen for its
high sensitivity to impurities.

Fine Glass wool from VWR, France was dried in an oven for at least 2 hours close to 100 °C.

Sylopol 948 silica grafted with TEA, hereby referred to as Si-TEA, kindly provided by INEOS — Lavera,
France.

4.2.2. Reactor description

The new reactor prototype named stopped-flow reactor 2 (SF 2) was assembled using available
marketed components, seen in Figure 14. The reactor prototype is shown in Figure 15.

In order to reduce the chance of contamination by air, the quick plug-in connections used in the
previous version (SF 1) were removed and a three-way valve was added as a bypass to purge the
reactor entry prior to the polymerization reaction. The reactor dimensions of the SF 2 are as follows:

Diameter of external cylinder: 22 mm

Outer diameter of porous membrane: 17 mm
Pore diameter of membrane: 5 um

Reactor length: 11 cm

Figure 14: Commercial parts used in the construction of the SF2 reactor prototype

Figure 15: Stopped-flow reactor 2 (SF 2)
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4.2.3. Polymerization procedure

Before each experiment, the reactor was dismantled, cleaned with heptane and kept in an oven (close
to 100 °C) overnight.

Inside a glove box under argon atmosphere, a glass vial is filled with a mixture of an inert seedbed
(NaCl) and the desired catalyst amount (1.5 to 2 wt%). Coarse NaCl salt consisting of single cubes of
250-500 um were previously dried under vacuum for 6 hours at 400°C. The procedure for preparing
fine NaCl salt with singe cubes of 5 pm has been described elsewhere. #1°

The Ziegler-Natta catalyst was pre-activated in the glovebox with a 1 M TEA solution in dry Heptane.
The desired amount of the TEA solution is added to the salt/catalyst mixture, aiming for a specific
Al/metal ratio. The mixture is vigorously agitated by hand, then dried under active vacuum for at least
15 minutes before inserting in the reactor.

The solid mixture was then inserted in the annular reactor gap with the aid of a funnel and a layer of
glass wool (average of 1.5 g) was placed at the top to fill the void space in the reactor and keep the
solid from being expelled by the incoming gas, as shown in Figure 16.

The solid content inserted in the reactor was gravimetrically determined by weighing the mixing
container (vial) before and after filling the reactor with the solid. The reactor was manually closed with
the outer lid and hermetically sealed upon exit of the glovebox.

The reactor and feed lines were plunged into a water bath to set the bed and feed temperatures. The
reactor bypass isolated the reaction bed as the system was purged with Argon. The inlet and outlet gas
temperatures were measured with two 1 mm T-type thermocouples placed on the entry and exit of
the reactor. The polymerization occurred when a pulse of the monomer gas was fed to the reactor for
a fixed time (possible range: 0.01 to 100 seconds). At the end of the pre-determined polymerization
time, the reactor was simultaneously vented and fed with carbon dioxide, our quenching agent.

After the reaction, the polymer was recovered by washing away the salt seedbed. Finally, the
recovered polymer was dried under vacuum at 70 °C for, at least, two hours.

Experimental conditions for the catalysts used in this section

For the Ziegler-Natta catalyst (ZN 1) used in this study, 35-40 mg catalyst were used and 1 mmol TEA
was used as cocatalyst aiming for a ratio Al/Ti=60. The reaction temperature was 70 °C and ethylene
pressure kept constant at 7 barg with gas velocity of 18 cm/s in average.

For the classic metallocene catalysts (CpZ 1 and CpZ 2) used in this study, 40-45 mg catalyst were used
without addition of alkyl agents, unless states otherwise. The reaction temperature was 80 °C and
ethylene pressure kept constant at 7 barg with gas velocity of 18 cm/s in average.
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Figure 16: Open view of the stopped-flow reactor 2 (SFR 2): (a): before packing with solid mixture, (b): reactor after packing
with catalyst and glass-wool

4.2.4. Estimating the particle temperature

When estimating the particle temperatures with this reactor (SF 2), we applied the simplified heat
balance described in Chapter 1, section 3.1.2. The only difference were the terms included in the heat
contribution term (mC,), which are: the mass of solid (salt + catalyst) in the reactor and the addition
of glass wool in the reaction bed (average 1.5 g). A more detailed model of this reactor was developed
to estimate the particle temperatures and interpret the experimental data more accurately. The model
will be described further in Chapter 3.

4.3, Heat evacuation assessment

The heat evacuation in the reactor prototype was initially assessed with a high activity Ziegler-Natta,
the same catalyst used to assess the previous set-up (SF 1). Next, the impact of using coarse and fine
salt as inert seedbed was assessed with a classic metallocene catalyst (CpZ 1).

The catalysts used in this section were initially tested in full-time polymerization conditions as a
reference for the catalyst behavior at longer reaction times. Kinetic profiles were obtained with the
turbosphere semi-batch reactor, with reaction conditions for each catalyst described in section 2.1.1.
of this chapter. The activity polymerization profiles obtained for reactions of 60 minutes duration are
seen in Figure 17.

Next, as described in the following sub-sections, catalysts were tested with the stopped-flow reactor
prototype (SF 2) and evaluated in terms of polymerization yields, experimental temperature profiles
and thermal properties of the obtained polymer through DSC analysis. Polymerization times varied
between 5 and 60 seconds.

78



4000
3500
3000
2500
2000

—IZN1

1500 Cpz 1

Activity (g PE/g cat.h)

1000

500

0 10 20 30 40 50 60

Time (min)

Figure 17: Full polymerization kinetics for 60 minute homopolymerization reactions with classic Ziegler-Natta and
Metallocene catalysts used in this section

4.3.1. Improved temperature gradients with ZN catalyst

Results obtained using a commercial Ziegler-Natta catalyst are seen in Table 2. The obtained polymer
yields have acceptable reproducibility (standard deviation of 0.87) and are in agreement with the
values achieved using the previous reactor (SF 1) at similar experimental conditions. The obtained
yields are also coherent with the catalyst activities obtained from the full-time polymerization
assessment.

The polymers presented satisfactory thermal properties (crystallinity and melting temperatures) and
the estimated particle temperatures are lower than the ones obtained with the previous reactor (SF 1)
for similar polymer vyields, which is an indication that the heat removal from the reactor has been
improved.

Moreover, from the obtained outlet temperature profiles seen in Figure 18, we observed lower
maximum temperatures than those obtained using the previous reactor (excursions for SF 1 were as
high as 40 °C) for similar reaction conditions and comparable polymer yields. We observed some
variation in the temperature profiles, which could be due to fluctuations of the initial reaction
temperature, given the reactors are in a water bath exposed to room temperatures. Nevertheless, we
consider these experiments to be satisfactorily reproducible.

Catalyst used Experiment # Yield (g/g) Estima;eziicl;article Tm (°C) Crystallinity (%)
1 6,5 94 132 54
ZN1 2 8,3 98 131 52
3 6,4 108 131 41

Tableau 2: Repeatability assessment with commercial Ziegler-Natta catalyst. Reactions of 60s duration, performed with 30-
40 mg catalyst at 80°C activated with TEA at Al/Ti=60, 7 bars Ethylene with gas velocity of 18 cm/s in average
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Figure 18: Outlet temperature profiles of 60 s polymerizations performed with Commercial ZN 1 using the SFR 2 reactor.
Reaction conditions described in Table 2

4.3.2. Impact of seedbed on polymerization yield

Results from ethylene homopolymerization with a classic metallocene catalyst (CpZ 1) using coarse
(450 um crystals) and fine (5 um crystals agglomerated into particles of average diameter of 50 um)
salt as inert seedbed at increasing reaction times are seen in Table 3.

From the plot in Figure 19, we observed a linear trend between the polymer yield and increasing
reaction times, indicating coherence in the polymerization yield evolution with reaction time. Besides,
we observed similar polymerization yields for both types of inert seedbed.

In the works of Tioni et al.%, the authors observed that using fine salt particles improved the heat
transfer from solid to gas in relation to using coarse salt. The increased heat-transfer coefficient led to
lower temperature outruns and improved operational control when using finer particles. Given the
heat transfer studies carried out by Tioni et al., this can be taken as another indication that heat
removal has been improved with the new annular reactor geometry.

In Figure 20, DSC thermal analysis results for polymers obtained with coarse salt have been plotted,
showing an evolution of the thermal properties for increasing polymerization times. We observed an
increase of melting and crystallization temperature peaks with reaction time. A slight bimodality is
observed at 5s of reaction, which then progresses to one defined peak. This behavior can be related
to the increasing polymerization yields with reaction time and has been observed in previous studies.
Although evaluating different time scales, this behavior is in accordance with similar effects observed
by Tioni at al.> and Di Martino et al.?® This could suggest that the polymerization is happening in a
confined space, so full crystallization takes a certain amount of time to be completed.
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C19alyst used Reacti(cs); time Inert seedbed PE Yield (g/g) Tm (°C) Crystallinity (%)
20 1,2 130.3 23.3
40 Fine salt 4,8 131.1 47.5
60 7,3 131.0 49.8
5 0,9 130.5 26.6
cpz1
10 15 131.2 441
20 Coarse salt 2,8 131.8 43.1
40 4,6 131.9 50.7
60 8,2 131.5 43.7

Tableau 3: Impact of type of salt at increasing reaction times. Reactions performed with 60 mg catalyst at 80°C, 7 bars
Ethylene with gas velocity of 18 cm/s in average.
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Figure 19: Evolution of yield with reaction time for experiments performed with fine and coarse salt. Conditions described

in Table 3.
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Figure 20: Evolution of the polymer thermal properties with reaction time, done with coarse salt and metallocene CpZ 1

4.3.3. Conclusion

The heat evacuation in the reactor prototype was assessed with a high activity Ziegler-Natta.
Satisfactory repeatability of polymerization yields (with standard deviation of 0.87) and polymer
thermal properties were obtained. The measured outlet temperature profiles showed lower maximum
temperatures than those obtained using the previous reactor for similar reaction conditions and
comparable polymerization yields. This indicated a considerable improvement of the heat evacuation
in the reactor in relation to the previous reactor set-up (SF 1).

Next, the impact of different types of salt as seedbed on the polymerization yield and polymer
properties was assessed with a classic metallocene catalyst (CpZ 1). Similar polymerization yields were
obtained for both types of inert seedbed. Given the heat transfer studies carried out by Tioni et al.?,
this can be taken as another indication that heat removal has been improved with the new annular
reactor geometry.

4.4, Hardware inertness assessment

The inertness of the reactor prototype (SF 2) was assessed in terms of preventing catalyst
contamination by impurities such as oxygen and water. The assessment was done with a classic
metallocene catalyst, due to the sensitivity of this catalyst to such impurities.

Different purification measures using alkylated agents as scavenger were added to the system in order
to define an optimal protocol for reactor conditioning and minimize sources of contamination to the
reaction medium.

82



4.4.1. Improving inertness by reactor conditioning with alkyl agents

Alkylated agents were used as scavengers for impurities. They were added to the system in different
approaches in order to define an optimal protocol for reactor conditioning. The effect of each approach
was assessed in terms of polymerization yields and thermal properties of the obtained polymer.

Short time polymerization tests in this section were obtained with the Stopped Flow Reactor 2. Results
are seen in Table 4, in which purification measures were progressively added to the system, as follows:

Reaction bed composed of catalyst and fine salt;
Reaction bed composed of catalyst fine salt and 15 %wt silica grafted with TEA ;

3. Reaction bed composed of catalyst and fine salt. Addition of silica grafted with TEA cartridge
in the ethylene (C2) feed line: Si-TEA cartridge.

We see from the polymerization yields and polymer thermal properties in table 4 that the purification
measures seem to have a direct impact on the quality of the polymerization. This assessment indicated
that the presence of impurities, mainly in the gas feed, was problematic for the catalyst activity.
Therefore, we have hereafter conducted short-time polymerization reactions with a cartridge of inert
support grafted with TEA as an added purification measure for the monomer gas.

The presence of impurities acts as poisons to the catalyst and this effect is particularly pronounced at
the beginning of the polymerization reaction. At the reaction start, when catalysts are highly reactive
and incorporate high amount of monomer, the amount of impurities present in the feed gas will be
proportional.

Catalyst used Purification measures PE Yield (g/g) | Tm(°C) | Crystallinity (%)
Catalyst + fine salt 1.2 - -
Cpz1 Catalyst + fine salt + Si-TEA 1.5 126.5 7.6
Catalyst + fine salt + Si-TEA cartridge for C2 4.8 131.1 47.5

Tableau 4: Impact of incrementing purification measures. Reactions of 40 s duration, performed with 60 mg catalyst at
80°C, 7 bars Ethylene with gas velocity of 18 cm/s in average.

4.4.2. Conclusion

The inertness of the reactor prototype (SF 2) was assessed and improved by addition of alkylated
agents to the reactor system. Out of the different purification measures tested, the most efficient in
improving the polymerization yield and polymer properties was the addition of a cartridge filled with
silica grafted with TEA (Si-TEA) in the monomer feed line.

Therefore, we incorporated the use of this cartridge with silica grafted with TEA in the reaction
protocol for reaction conditioning.
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4.5. Hardware thermal response assessment

The influence of increasing monomer pressure on the inlet and outlet gas temperature profiles can be
seen in Figures 21 and 22, respectively. As observed, higher gas pressures led to more significant heat
loss in the inlet gas temperatures, as seen in Figure 21. This is linked to inefficient gas heating of the
set-up and is in agreement with what was observed in the previous set-up (SF 1).

In Figure 22, we observed temperature spikes at the first few seconds of reaction, which we linked to
the effect of gas pressurization. This effect was previously observed for the previous set-up (SF 1) in
the works of Tioni et al.}? As seen in Figure 22, this effect is more pronounced as the pressure of the
inlet gas increases. It is of no surprise that higher gas pressures lead to more significant temperature
spikes due to the heat of gas compression. Nonetheless, given that the temperature gain is of the same
order of magnitude as the temperature increase observed in some of the polymerization reactions at
similar reaction conditions, this effect is not negligible.

To try to circumvent this effect, we pre-pressurized the reactor with an inert gas prior to ethylene
injection, seen in Figure 23. The reactor was pressurized with Helium at 7 bar (0 to 60 s) and quickly
manually switched to ethylene (60 to 120 s) at the beginning of the polymerization reaction. We
noticed the temperature spike due to pressurization with Helium at the begging of the test.
Nevertheless, when switching to ethylene at 60 s, we noticed that the temperature increase due to
the heat of compression was successfully reduced when comparing to the same experiment performed
without reactor pre-pressurization.
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Figure 21: Effect of monomer pressure on inlet gas temperature drop
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Figure 22: Effect of monomer pressure on outlet gas temperature profiles
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Figure 23: Effect of pressurizing the reactor before ethylene injection. 0-60 s: 7 bar of Helium, 60-120 s: 7 bar of ethylene.

4.5.1. Conclusion

Increased monomer pressure led to more pronounced heat loss, seen in the inlet gas temperature
profiles. This effect was also observed in the previous set-up (SF 1) and was linked to inefficient gas
heating of the set-up by the coils in the water bath.

Increased monomer pressure also led to more pronounced temperature peaks due to the heat
released by the gas compression. Given the temperature gain was of the same order as the
temperature increase observed in some of the polymerization reactions, the pressurization effect was
not negligible. Pressurizing the reactor with an inert gas before the polymerization had a positive effect
in the stability of the outlet temperature profiles, significantly reducing the temperature spikes due to
gas pressurization.
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4.6. Conclusions on assessment of reactor SF 2

We have proposed a new reactor geometry with aim to tackle some of the limitations detected with
the existing set-up (SF 1), mainly the heat evacuation from the reactor. The reactor prototype, referred
to as stopped-flow reactor 2 (SF 2) was built from available marketed parts and assessed in terms of
heat evacuation, hardware inertness and thermal stability. The volume polymer volume capacity was
doubled in the SF 2 reactor in relation to the previous SF 1 set-up, which is positive for the
characterization analysis of the obtained polymer

From this series of experiments, we were able to conclude that several advances were gained with the
new annular geometry of the new reactor prototype (SF 2) in relation to the previous set-up (SF 1).

From the heat evacuation assessment, several factors indicated that the evacuation from the reactor
was improved in relation to the previous set-up (SF 1). Lower maximum outlet temperatures were
observed for reaction conditions and polymerization yields comparable to those obtained with the
previous set-up (SF 1). Likewise, estimated particle temperatures did not indicate temperature
overshoots that reached polymer melting temperatures (> 120°C). Our main goal with the new
prototype was to prevent the limitations observed in previous reactors (inaccurate temperatures
measurements) and provide temperature reading that are as consistent as possible to the real
temperatures inside the reaction bed. By using a layer of glass-wool (C,=0.84 J.g'K?) instead of the
metal frit (C, =0.45 J.g’K?), we reduced the amount of heat that is absorbed from the reaction and
thus improved the accuracy of the temperature measurements.

Moreover, similar polymerization yields were obtained when using coarse and fine salt as inert
seedbed. Given the heat transfer studies carried out by Tioni et al.,>* in which better heat evacuation
was observed with finer particles in the previous set-up (SF 1), we interpreted the similar yields as an
indication of improved heat removal with the new annular geometry.

With the assessment of hardware inertness, we gained some significant insight on the experimental
protocol and purification measures to be taken to improve the reaction process. We concluded that
using a Si-TEA cartridge for ethylene purification provided significant improvements in terms of
reaction yield and polymer thermal properties. Finally, we observed that pressurizing the reactor with
an inert gas prior do the monomer injection could significantly reduce the temperature increase due
to gas compression at the initial moments of the reaction.

Nonetheless, despite the aforementioned improvements achieved with the reactor prototype, several
limitations were still observed.

The set-up remained quite outdated and some of the issues observed with the first version (SF 1) were
still encountered. We were often faced with reaction failure due to unknown factors, mostly
contamination by air through leaks in the set-up, mostly due to many moving parts in the reactor
conception. Besides, a limited possibility of reaction conditions was possible with this set-up, as it was
not adapted for injecting liquids in the reaction zone. Therefore, performing co-polymerization
reactions or studies in condensed mode operation were not straightforward with this set-up.

As in the previous set-up (SF 1), significant temperature drops were observed due to insufficient
heating of the inlet gas. Finally, given its large dimensions, the reactor was not hermetically sealed
when leaving the Glovebox, which meant a window was always open for oxygen contamination.
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From the practical assessment of the Stopped-Flow reactor 2 (SF 2), we concluded the reactor has
great potential for studying gas-phase short time reactions. Nevertheless, there was still room for
improvement in the set-up in regards of its inertness, thermal stability, ease of handling, increasing
the range of reaction conditions (e.g., performing co-polymerizations with liquid reagents), speeding
up the assessment of reproducibility and reducing the risk of sample contamination.
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5. Novel professionally engineered stopped-flow reactor (SF N)

From the assessment of the reactor prototype done in the previous sections, we concluded that the
annular geometry provided significant improvements, mainly in terms of heat evacuation.
Nevertheless, the main limitations of this set-up (insufficient heating of inlet gas, several moving parts
leading to leaks and limited available reaction conditions) could not be solved with our available tools
in the usual laboratory setting. As discussed in the introduction of this chapter, one of the objectives
of the current project was the acquisition of an improved set-up, professionally tailored to our needs.

5.1. Introduction

At this point is has become clear that we have been able to identify the strengths and weaknesses of
the “in-house” stopped-flow reactors. It is clear that this type of reactor is useful in understanding
what happens during the initial moments of polymerization.

In the 15 years since Silva et al.?* proposed the first gas phase stopped flow reactor, there have been
feasible alternatives proposed in the open literature (whereas work has continued on slurry reactors
which are easier to design). The strong points are that we are able to estimate particle temperatures
during the nascent phase, able to recover the polymer particles to study their morphology and physical
properties, and get, for the first time, a picture of how the first few seconds of a gas phase
polymerization unfolds. However, we have also identified a number of short comings in the current
chapter that need to be overcome if we are to develop a robust process tool. Perhaps the principal
limitation to achieving this goal is the “do-it-yourself” nature of the experimental set-up. We have
designed and tested different reactor concepts, and in this chapter have demonstrated that adapting
the annular fixed bed approach allows us to overcome certain problems related to heat transfer and
sample volumes. However is also clear that we need to move toward a professionally engineered
reactor system to tackle the issues encountered with the Stopped-flow reactor 2 (SF 2), and to obtain
a reactor set-up that would fulfill our end-goal: to perform gas-phase polymerizations at short reaction
times with accurate control of reaction conditions, all while working in an inert environment. In
addition, the ideal set-up should allow a wider range of experimental conditions, including the ability
to inject different process gases, some of which are liquids at room temperature, in a user-friendly and
efficient manner.

As the C2P2 has successfully worked with a firm called ILS (Integrated Lab Solutions), a specialized
engineering firm based in Berlin, on previous projects, we decided to partner with them for the
construction of the new improved set-up. Details on the novel reactor set-up, hereafter referred to as
Novel stopped-flow reactor (SF N) are described in the following sections.

The engineering aspects of the novel reactor are discussed in the following paragraphs. A more
detailed description of the steps followed from the purchase agreement to reactor delivery can be
found in the Appendix 1 section.
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5.2.  Reactor description

The new reactors are based on the SF 2 prototype, but conceived to facilitate manipulation, to reduce
the pressure drop during the reaction and allow sealing in the glovebox to minimize the risk of oxygen
contamination. The dimensions of the new reactors were reduced to make it easier to manipulate
them in the glove box, while keeping a similar reaction volume (6.5 cm?) to the previous reactor
prototype (SF 2) in order to ensure that sample volumes were sufficient to obtain enough polymer to
do physical analyses, and to keep a 3 mm filling gap between the porous frit and outer cylinder so that
generating the fixed bad was a feasible task. The reactor dimensions are as follows:

e Diameters of external cylinder: 16 mm

e Quter diameter of porous membrane: 10 mm
e Pore diameter of membrane: 5 um

e Reactor length: 56 mm

In Figure 24, we find the concept and dimensions of the custom made reactors. The new reactors
followed the same design of the previously tested prototypes (SF 2) (annular geometry and porous
frits in the center) and the dimensions were reduced to facilitate handling and, most importantly, to
allow sealing the reactor in the glove box. The reactor sealing in the novel set-up is ensured by the use
of aluminum crimp caps with rubber septum.

Figure 25 shows a photo of the reactor parts (a), half assembled (b) and fully assembled (c).
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Figure 24: Reactor concept and dimensions (in mm).
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Figure 25: Custom made reactor from the novel set-up, a) reactor parts b) half assembled reactor with crimp caps, c) fully
assembled reactors

In Figure 26 we find the Piping and instrumentation diagram (P&ID) of the novel set-up. When zooming

on different regions of the P&ID, in Figure 26, we find representations of the system feed, the reaction

zone and the liquid injection system. In Figure 27 one can see a photograph of the finished system.

The improvements represented in this design include (numbers correspond to zones indicated in
Figures 26 and 27):

1.

Blue boxes: Multiple gas injection lines. The set-up allows feeding multiple gaseous
components in the reactor, such as: Ethylene or Propylene (monomers), Hydrogen (chain
transfer agent), Nitrogen (inert gas) and CO2 (quenching agent). There is no limit on which
components can be used in this section as long as they are not liquids at room temperature.
The system operates in pressures between 5 and 16 barg and allows gas velocities as high as
50 cm/s for reaction times as short as 3 seconds;

Red box: Liquid injection. One liquid component can be vaporized then injected into the
reactors along with the gaseous components. The liquid vessel is previously filled in the
glovebox with the desired liquid or mixture of liquids. The dosed liquids are evaporated in a
three-valve evaporator (CEM) and the vapor is carried with the feed gases to the reaction zone;

Green Box: Oven with 3 reactors in parallel. The reaction zone consists of three custom-made
reactors operated in parallel. The reactors are placed inside an electric heating chamber sealed
to ensure good thermal control and equipped with gas detectors that abort the on-going
reaction in case of gas leaks. A photograph of the oven with the 3 reactors in place can be seen
in Figure 28.

In the novel set-up, Coriolis Mass-Flow Controllers from Bronkhorst were employed for monomer and

liquid dosing instead of thermal mass flow controllers. This allows a better precision in the flow control

and to use any liquid, gas or mixed components without the need of recalibration. Temperatures are

recorded in intervals of 0.5 s by two 0.5 mm T-type thermocouples placed at the entry and exit of the

reactors.
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Mass Flow Meters from Bronkhorst control the gas flowrates with the following ranges:

e 43-2166 g/h for Ethylene or Propylene;
e 34-1700 NL/h for Nitrogen and CO2;

e 4.3-216.6 NL/h for Hydrogen;

e 18.6-930 g/h for the injection of liquids.

Moreover, all commands for the novel set-up are automated and controlled through a user-friendly
interface. The novel set-up allows to automatically pressurize the reactors prior to the polymerization,
in order to prevent a pressure drop when switching between gas feeds, as well as to avoid temperature
spikes due to gas compression (as observed for set-ups SF 2 and SF 1).

vaporisation
and
injection

gas injection
lines

g—‘:.\ - 3. Oven with 3 reactors in parallel

Figure 26: Piping and instrumentation diagram (P&ID) of the new 3 reactor design.
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Figure 27: Novel stopped-flow reactor installed in our laboratory

Figure 28: Three reactors operated in parallel, plugged into the heating chamber
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5.3. Experimental section

The novel stopped-flow reactor (SF N) was assessed in terms of its thermal response and hardware
inertness.

The thermal response was evaluated in terms of sufficient heating of the monomer feed, as well
maintenance of constant temperatures of the inlet gas throughout the reaction, an issue observed in
both previously assessed stopped-flow reactors (SF 1 and SF 2).

5.3.1. Materials

A classic Zirconium metallocene catalyst, hereafter referred to as CpZ 2, was used for the assessment
of the thermal stability in the novel reactor (SF N). The number in the catalyst name refers to the two
different batches of the same catalyst that were used throughout this study. This catalyst was chosen
for its sensitivity to impurities, as well as to compare the results obtained with the previous set-up (SF
2).

A commercial constrained geometry catalyst, hereafter referred to as GCG M was used for the
assessment of the hardware inertness in the novel reactor set-up (SF N). This catalyst was chosen for
its extremely high sensitivity to impurities (even higher than CpZ).

Balance from Mettler Toledo (model ME 2002) with 10 mg precision was used to follow the polymer
production. Nitrogen gas with 99.999% purity purchased from Air Liquide France was used as inert gas
in the short-time polymerization reactions for plugging in the reactors, purging the set-up and
pressurizing the reactor before polymerization. The remainder of the materials are the same as those
used in section 3.2.1. above.

5.3.2. Polymerization procedure

The reaction zone in the set-up contained three independent reactors operated in parallel inside the
electric heating chamber, shown in Figure 28.

For each set of reactions, the reactors were previously cleaned with heptane and dried in an oven at
80 °C for at least 2 hours.

The catalysts are dispersed in an inert seedbed of fine NaCl (preparation described elsewhere) *

n
the annular space of the reactors, as was the case with the SF2 prototype. The catalyst amount was

recorded and usually represented 2-5 wt% of the total weight of the bed.

The reactors were packed with the catalyst/inert mix inside a glove box under argon atmosphere. The
lower and middle parts of the reactors were tightened and around 150 mg of glass wool (previously
dried overnight in an oven at approximately 100 °C) was placed at the bottom of the reactor to
facilitate product removal and reactor clean-up. The prepared mixture was then inserted in the annular
gap and another layer of dry glass-wool (about 350 mg) was added to keep the mixture in place. The
reactors were closed in the glovebox and sealed with rubber crimp caps (Fisher, 13 mm diameter, 2
mm thickness) to prevent air contamination.
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The reactors were then plugged into the heating zone by piercing the crimp-caps under Nitrogen flow
(200 NL/h, 1 bar) and we waited until thermal equilibrium was reached, which usually took about one
hour. The gas flows, pressures and temperatures are collected automatically and recorded to the
linked computer.

All steps of the polymerization process were automated. Prior to the polymerization (monomer
injection), the reactors were pressurized with Nitrogen for 20 seconds. The polymerization took place
as monomer was inserted at the set pressure and flowrates for the desired duration of the reaction.
Following, the reaction was quenched by injection of a pulse of CO2 gas for 15 seconds. Finally, the
reactors were purged with Nitrogen for another 15 s.

The polymer production was followed gravimetrically by weighing the reactors before and after the
polymerization reaction in a balance from Mettler Toledo (model ME 2002) with 10 mg precision.

Experimental conditions for the catalyst used in this section

For the classic metallocene catalyst used in this section (CpZ 2), 30-50 mg catalyst were dispersed in
fine NaCl seedbed. The reaction temperature was 84 °C and ethylene pressure kept constant at 7.5
barg with gas velocity of 50 cm/s.

For the commercial CGC catalyst used in this section (CGC M), 40-60 mg catalyst were dispersed in fine
NaCl seedbed. The reaction temperature was 70 °C and ethylene pressure kept constant at 7.5 barg
with gas velocity of 50 cm/s.

5.3.3. Reactor conditioning

The reactor conditioning was done by proper reactor sealing and by applying purification measures for
the monomer gas, as concluded in the inertness assessment for the previous set up (SF 2).

The correct sealing of the reactors was assessed by shutting the reactors with the rubber septa (13 mm
diameter, 2 mm rubber thickness) from Fisher Scientific. We pierced one of the sides and applied an
Argon pressure (0.5 bar) while the other unpierced side was immersed in water. The fact no bubbling
was observed from the sealed end indicates that the crimp caps seal the reactor satisfactorily.

In addition to passing the monomers over the purification columns used for all processes gases, a
cartridge filled with 10 g of Alumina grafted with TEA was installed in the feed line as an additional
purification measure for ethylene. Given the high gas flows (order of 1700 g/h) applied with the new
set-up, we chose to graft TEA over Al,0; pellets (0.1 mm diameter) instead of silica particles (40 um
diameter) in order to avoid the possibility that the finer silica particles could eventually blow into the
reactor system. The procedure used for the grafting is described in the Appendix 1.

In order to determine when the AI-TEA cartridge was to be changed for a fresh batch, we carried out
a reference test at the beginning of every week. From following the behavior of the chosen catalyst in
the reference conditions, we then determined the purification cartridge was to be re-charged every
30 to 40 reaction runs.
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5.4.  Hardware thermal response assessment

The thermal response of the novel reactor assessed in polymerization reactions with a classic
metallocene catalyst (CpZ 2).

The catalyst used in this section was first tested in full-time polymerization conditions as a reference
for the catalyst behavior at longer reaction times. Tests were carried out with the turbosphere semi-
batch reactor and reaction conditions are described in section 2.1.1. of this chapter. The activity
polymerization profiles obtained for reactions of 60 minutes duration are seen in Figure 29.

Following, the thermal response of the novel reactor was evaluated with a classic metallocene catalyst
(CpZ 2), also used in the assessment of the reactor prototype (SF 2).
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Figure 29: Full polymerization kinetics for 60 minute homopolymerization reaction with classic metallocene (CpZ 2) and CGC
(CGC M) catalysts used in this section

5.4.1. Improved control of reaction conditions

The inlet and outlet temperature profiles obtained from a 60 second polymerization reaction with
catalyst CpZ 2 are seen in Figure 30. The indicated numbers in the temperature profiles correspond to
the different steps followed during the polymerization protocol, as follows:

Reaction conditions, polymerization yield polymer thermal properties are described in Table 5.

Reactor pressurization with Nitrogen (20s);
Polymerization reaction (60s);

Reaction degassing and quenching with CO2 (15s);
Purging of reactors with Nitrogen (15s).

PwnNPE

The obtained polymerization yield and polymer properties are in agreement with those achieved with
the previous set-up (SF 2) at comparable reaction conditions. From the temperature profiles in Figure
30, we observed that the inlet gas temperatures remained essentially constant throughout the
reaction. The observed thermal stability was achieved by satisfactory heating of the reactors and feed
gases in the sealed heating chamber. The gas flowrates and pressures recorded during the
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polymerization are shown in Figure 31. We observed satisfactory stability for these parameters during
the reaction.

Reaction time Reaction T Reaction C2 linear Crystallinit
Catalyst used (s) °C) P (bar) velocity Yield (g/g) Tm (°C) ¥ (%) ¥
(cm/s) ’
CpZ2 60 84 7.5 50 3.1 133,7 42,8

Tableau 5: Reaction conditions, yield and polymer properties for catalyst CpZ2 in homopolymerization conditions
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Figure 30: Inlet and outlet gas temperature profiles in all steps of the polymerization reaction: 1) reactor pressurization with
N2 for 20s, 2) polymerization reaction for 60s, 3) reactor degassing and quenching with CO2 for 15s, 4) reactor purge with
N2 for 15s
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Figure 31: Ethylene gas flowrates and pressures in a 60 s experiment with the novel set-up
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5.4.2. Conclusion

Several improvements related to the hardware operation and control of reaction conditions were
observed with the novel set-up. The use of mass flow controllers for precise regulation of gas flowrates,
coupled with the automatized control of the entire process let to extremely stable flowrates and
reactor pressures throughout the polymerization reaction, as seen in Figure 31.

The issue of thermal response observed in the previous reactors (temperature drops for inlet gas
during the reaction) was improved by use of a sealed electric heating chamber and reflected in the
temperature inlet profile seen in Figure 30, with nearly constant inlet gas temperatures kept during
the reaction.

Satisfactory polymerization yield was achieved for the classic metallocene catalyst CpZ 2. For tests
performed with the novel reactor, we observed a temperature peak at the first seconds, which then
decreased and continued to increase progressively (as the full-time polymerization kinetic curve would
suggest). This behavior, only captured at very early stages, is perhaps due to an inhomogeneity in the
size of the catalyst particles.

5.5. Hardware inertness assessment

The assessment of reactor inertness was done in homopolymerization conditions through catalyst
tests performed with a commercial CGC metallocene catalyst (CGC M), known for its very high
sensitivity to reaction impurities.

The catalyst was initially tested in full-time polymerization conditions as a reference for the catalyst
behavior at longer reaction times. Kinetic profiles were obtained with the turbosphere semi-batch
reactor, with reaction conditions described in section 2.1.1. of this chapter. The activity polymerization
profiles obtained for the 60 minutes reaction with this catalyst is seen in Figure 29. Next, the CGC
catalyst was tested with the novel stopped-flow reactor (SF N) and evaluated in terms of
polymerization vyields, experimental temperature profiles and thermal properties of the obtained
polymer through DSC analysis in a 60 second reaction in homopolymerization conditions.

5.5.1. Demonstration of hardware inertness with highly sensitive CGC catalyst

The inlet and outlet temperature profiles obtained from a 60 second polymerization reaction with
catalyst CGC M are seen in Figure 32. The indicated numbers in the temperature profiles correspond
to the different steps followed during the polymerization protocol, as described in section 5.4.1.

Reaction conditions, polymerization yield polymer thermal properties are described in Table 6. The
obtained polymerization yield is in agreement with those achieved in full-time polymerization
conditions (higher than for the classic metallocene CpZ 2 assessed in the previous section). The thermal
properties of the obtained polymer were considered satisfactory for a 60 second reaction.

From the temperature profiles in Figure 32, we observed that the inlet gas temperatures remained
essentially constant throughout the reaction and the outlet temperatures gradually increase for the
duration of the reaction, reflecting the catalyst kinetics. The interpretation of catalyst kinetics from the
temperature profiles will be assessed in more depth in chapter 3, in which a software was developed
for this purpose.
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Reaction time Reaction T Reaction C2 linear Crystallinit
Catalyst used (s) °C) P (bar) velocity Yield (g/g) Tm (°C) ¥ (%) y
(cm/s) 0
CpzZ2 60 70 7.5 50 5,0 133,5 37,3

Table 6: Reaction conditions, yield and polymer properties for catalyst CGC M in homopolymerization conditions
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Figure 32: Inlet and outlet gas temperature profiles in all steps of the polymerization reaction: 1) reactor pressurization with
N2 for 20s, 2) polymerization reaction for 60s, 3) reactor degassing and quenching with CO2 for 15s, 4) reactor purge with
N2 for 15s

5.5.2. Conclusion

The inertness of the novel reactor was demonstrated through satisfactory polymerization yields
obtained with the tested CGC metallocene catalyst. The obtained yield was coherent with the catalyst
activity profiles at full-time polymerization conditions, which are higher than catalyst CpZ 2 in the initial
moments of the reaction.

The novel set-up was engineered to target several issues related to hardware inertness observed in
the previous set-ups (SF 1 and SF 2), mainly the fact that the previous reactors had several moving
parts that increased the possibility of leaks. Moreover, the dimensions of the previous reactors did not
allow for complete sealing inside the glove box, increasing the chance of catalyst contamination by
oxygen.

In the novel set-up, the inertness was improved mainly through the custom-made reactors with
adapted dimensions (that allow sealing inside the glovebox), and the use of crimp caps.

The acceptable yields and polymer properties obtained with the tested CGC catalyst (highly sensitive
to impurities) demonstrated that we have achieved satisfactory inertness with the novel stopped-flow
reactor (SF N).
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5.6. Conclusions on assessment of reactor SF N

A novel stopped-flow reactor set-up incorporated the improvements demonstrated with SF 2, but was
professionally engineered to tackle certain operation limitations faced with the previous versions of
the SF reactors at the C2P2. The issues observed with the reactor prototype were mainly of structural
character, including: challenges in inertness due to the reactor dimensions and presence of several
moving parts, thermal instability due to insufficient gas heating, difficulty in handling inside the
glovebox, as well as reaction conditions essentially limited to homopolymerization conditions.

All of these challenges were tackled during the development of the novel stopped-flow reactor set-up,
which was professionally tailored to our needs resulting in a number of improvements with the new
set-up.

Stable gas flowrates and pressures were achieved through the use of automated switch valves and
mass flow controllers coupled with a full automatization of the polymerization process, controlled by
a straight-forward user-friendly interface. Stable thermal conditions and efficient heating of the
monomer feed were achieved by use of a sealed electric heating chamber. The thermal stability was
observed in polymerization tests carried out with a classic metallocene catalyst, in which the inlet gas
temperatures remain essentially constant throughout the reaction.

The reactor inertness was improved in relation to the previous reactors mainly through custom-made
reactors with optimized dimensions that allowed sealing inside the glovebox, as well as easier handling
during experimental preparations. Moreover, the reactor sealing with crimp caps prevented
contamination during reactor plug-in. The improvements in inertness were demonstrated with
satisfactory polymerization yields obtained with CGC metallocene, a catalyst highly sensitive to
reaction impurities.

Finally, the novel set-up allowed a much wider choice of reaction conditions and range of operations,
in particular with the ability to feed multiple gases independently, and to use liquid feeds. This was
achieved due to the addition of an CEM evaporator, thus permitting the injection of vaporized liquids
(such as liquid comonomers or inert alkanes) in the reaction zone and mass flow controllers allowing
for gas linear velocities as high as 50 cm/s.
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6. Chapter conclusions

This chapter describes the conclusion an essential milestone of the current project. We have
successfully acquired, tested and validated a novel stopped-flow reactor set-up that fulfills our
requirements for studying polymerization reactions at early stages under meaningful conditions
representative of industrial scales.

We assessed the existing set-up, originally conceived by Olalla et al.1* in 2008 (SF 1), and concluded
this set-up presented limitations mainly related to poor heat evacuation from the reactor. Moreover,
this reactor set-up was outdated, had a small polymer production capacity and the lack of experimental
inertness led to frequent contamination by oxygen or impurities.

With an eye to improving aspects related to heat evacuation while simultaneously increasing the
polymer production capacity, we proposed a new annular geometry to promote a more homogenous
gas flow through the entire reaction bed. The reactor prototype, named stopped-flow reactor 2 (SF 2),
was fabricated and tested in our lab facilities. With this set-up, we demonstrated that the annular
geometry had a positive impact on the heat evacuation with much lower temperature gradients
obtained in relation to the previous reactor as well as similar polymerization yields achieved with fine
and coarse NaCl seedbeds. The reactor prototype provided insights on purification measures to be
taken in order to optimize the experimental protocol, resulting in the addition of an alkylated support
for purification of the monomer feed. Moreover, we concluded that pressurizing the reactor prior to
the polymerization successfully avoided thermal instability caused by gas pressurization.

Nonetheless, the reactor prototype remained an outdated system and some limitations persisted. The
inertness of this reactor was not optimal. The reactor was not easy to handle and, given its large
dimensions, it was not sealed inside the glovebox, leaving room for catalyst contamination by oxygen.
Finally, the heating coil in the water bath was not effective in sufficiently heating the monomer gas,
resulting in significant temperature drops were observed during the experiments.

With the results of this analysis in hand, we contacted a partner that we have previously worked with
in the laboratory on a different project to help us create a professionally engineered stopped-flow
reactor that allowed us to use the concept of the improved reactor prototype (SF 2), and to overcome
many of the physical limitations of our previous systems. The new reactor set-up, named novel
stopped-flow reactor (SF N), was custom made by a specialized engineering firm (ILS, Berlin) to perform
short polymerization experiments with precise control of the reaction conditions, all while ensuring an
environment inert from oxygen, water and other impurities.

The issue of thermal response observed in the previous reactors (insufficient heating of the monomer
through a coil in a water bath) was improved by use of a sealed electric heating chamber, which
resulted in nearly constant inlet gas temperatures during the reaction. Besides, the use of automated
switch valves and mass flow controllers coupled with a full automatization of the polymerization
process allowed stable gas flowrates and pressures throughout the polymerization reaction.

At last, the inertness of the novel reactor was demonstrated through satisfactory polymerization yields
obtained in homopolymerization conditions with a CGC metallocene catalyst known to be extremely
sensitive to impurities in the reaction zone (such as oxygen and water). By reducing the number of
moving parts and applying crimp caps to seal the reactors inside the glovebox, the risk of reaction

100



failure due to catalyst contamination was drastically reduced in relation to the previous reactors (SF 1
and SF 2).

The novel set-up allowed a much wider choice of reaction conditions, mainly due to the possibility of
injecting vaporized liquids (such as liquid comonomers or inert alkanes) in the reaction zone, achieved
by the addition of a CEM evaporator to the set-up. Moreover, the set-up allows a larger range of
reaction operations (gas linear velocities as high as 50 cm/s) that are fully automated and controlled
by a straight-forward user-friendly interface.

The novel stopped-flow reactor allows to perform gas-phase polymerization reactions as short as 3
seconds. The minimum reaction times achieved with this set-up are longer than those obtained with
the reactor built by Olalla et al.?* (SF 1), which were as low as 100 ms. Nevertheless, the time
adjustment was a necessary trade-off in order to work under reaction conditions that allow to expose
the catalyst and growing polymer particles to heat and mass transfers that are representative of those
reached in industrial reactors.

In this chapter, we have completed the development of the hardware component of the novel
stopped-flow reactor. As presented in the introduction of this chapter, the new set-up includes both a
hardware and software component, which are to be used together in order to best extract and
interpret the experimental data. The development of the software component, which consists of a
mathematical model and state observer describing the reactor, will be subject of chapter 3.
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Chapter 3

Development of software component for novel stopped-flow reactor
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1. Introduction: why implement a software component?

The reactor presented in Chapter 2 was conceived to promote efficient heat removal from the particle,
aiming to avoid thermal runway, polymer melting and particle agglomeration. In the previous chapter,
we described the development of the hardware component: the novel stopped-flow reactor set-up,
custom-made to study polymerization reactions at early stages under meaningful conditions. The final
tool consists of both a hardware and a software component, to be used together in order to optimize
the data extraction and interpretation of the experimental results.

The main purpose of the software component, at this point, is to use the recorded experimental data
to predict polymerization rates and kinetic parameters, allowing to interpret the kinetic behavior of
the catalyst under study.

Moreover, the estimation of polymerization rates is particularly useful for the current stopped-flow
set-up given that the experiments provide one-point information on the polymer formation, with
polymerization yields followed gravimetrically. Even if the recorded temperature profiles reflect the
catalyst kinetics, they provide no insight on the evolution of the polymerization rates during the
reaction.

The approach developed in the current work builds on previous studies carried out to describe the
earlier version of the stopped-flow reactor 1 (referred to as SF 1 in this work). The modeling works of
Browning et al. >* resulted in a 2-D dynamic model of the tubular gas-phase stopped-flow reactor (SF
1). The model allowed the authors to predict the temperature runways observed experimentally and
showed the presence of non-negligible temperature gradients inside the reactor, despite its small
volume. The model was used to implement a 2-D observer to estimate the reaction rate from the
experimental data, ® but due to certain uncertainties in measuring the outlet temperatures accurately,
the input data for the observer were the calculated temperatures from the model, not the
experimental data. The end result was that the output from the observer was not a reliable picture of
the rate of polymerization.

In the current project, the set-up to be modelled was optimized to prevent the limitations observed in
previous reactors and provide temperature readings that are as consistent as possible to the real
temperatures inside the reactor. As described in chapter 2, an annular geometry was implemented to
allow more uniform flow distribution, reduce the possibility of temperature gradients inside the
reactor and improve the evacuation of the heat of reaction.

In this chapter, the development of the software component has been described. This software
consisted of the heat and mass balances that constitute the model for the reactor set-up, together
with a High-Gain Observer, implemented to access the reaction rates from the experimental data.
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2. Set-up description

The system to be modeled consisted of a laboratory scale reactor, named novel stopped-flow reactor
(SF N), especially developed for short-time polymerization reactions in gas-phase reactions. A more
detailed description of this set-up, including the P&ID and ranges of operation, can be found in chapter
2. The set-up allowed three stopped-flow reactors to be operated in parallel. The reactors fit into an
electric heating chamber that sets the reaction temperature.

The diagram of the annular reactor with its dimensions can be seen in Figure 1.

Thermocouple Reaction zone

Membrane Glass wool

Inlet gas Outlet gas

Figure 1: Diagram of annular reactor described in this work

2.1.  Materials and operating procedure

As described in chapter 2, the system allows a wide range of operation conditions, such as injection of
hydrogen and liquids in the feed stream. Nonetheless, in the model development phase, the reaction
gas consists purely of ethylene in order to simplify the presentation and the kinetic model. Adapting
the model for multiple gases should be straightforward.

A commercial constrained geometry catalyst (average particle diameter of 40 um), hereafter referred
to as CGC M, was used to validate the current reactor model and High-Gain Observer. Validations were
done with a 60 seconds experiment carried out in homopolymerization conditions with Ethylene.

The reaction medium is composed of a solid mixture of catalyst and fine salt as inert seedbed (5 um
crystals agglomerated into particles of average diameter of 50 um (prepared as described elsewhere)*®
to disperse the catalyst and increase the heat capacity of the bed. The catalyst represented 2-5 wt% of
the total weight of the bed. The solid mixture is kept in place by a layer of dry glass wool (approximately
500 mg, on average). The reactors are packed inside a glove box under Argon atmosphere and

contamination is prevented by use of rubber crimp caps.

The reactors are then plugged into the heating chamber under Nitrogen flow and the polymerization
is launched once thermal equilibrium has been reached. Inert gas (Nitrogen in our case) is injected to
pressurize the reactors before the polymerization, thus preventing compression heat effects when
ethylene is injected as well as pressure drop when switching between gas feeds. Nitrogen gas with
99.999% purity from Air Liquide — France was used for plugging in the reactors and purging the system
after the reaction was completed.
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Ethylene with 99.95% purity from Air Liquide — France was used as monomer gas throughout this study.
The gas was purified by flowing through tree purification columns. The first was filled with reduced
BASF R3-16 catalyst (CuO supported on alumina), the second with molecular sieves (13X, 3A, Sigma-
Aldrich), and finally a column of Selexsorb COS (Alcoa).

Carbon dioxide with 99.995% purity from Air Liquide — France was used to quench the catalyst activity,
thus ending the polymerization reaction.

The polymerization yields were followed gravimetrically by weighing the reactors before and after the
reaction in a balance from Mettler Toledo (model ME 2002), with 10 mg precision. We assumed the
precision in yield measurement to be that of the balance (10 m).

2.2.  Interpreting experimental results

For each experiment, the following data were recorded: the catalyst and inert masses, mass of glass
wool, final polymer yields and the oven temperature. Other data is recorded every 0.5s for each
experiment: reaction time, inlet gas mass flow rates and pressures, inlet and outlet gas temperatures.

The recorded temperature profiles for a typical experiment of 60 second duration is shown in Figure
2, in which all steps followed during the experimental protocol have been portrayed:

Reactor pressurization with Nitrogen (0 to 20s);
Polymerization reaction (60s);

Reaction degassing and quenching with CO2 (15s);
Purging of reactors with Nitrogen (15s).

N WU

We observed a peak in the measured outlet temperature at the start of each experiment, which was
linked to the heat of compression as the reactor is suddenly pressurized with Nitrogen from the initial
atmospheric pressure. As discussed in chapter 2, pressurizing the reactor prior to the polymerization
prevented the heat of pressurization to be added to the heat of reaction, as well as avoiding pressure
drops in the reactor when switching between gases.

We observed that, in all experiments, the inlet temperatures were approximately 2 °C higher than the
outlet temperatures at the beginning of the experiment. This is counterintuitive, since both
temperatures should be equal before the experiment starts. We attributed this effect to an artefact of
the system. Given the mass of the reactor (weighing over 1.5 kg), it has a high thermal inertia and long
times were needed to reach perfect thermal equilibrium (well over 2 hours). We therefore determined
to launch the reactions once the inlet temperatures were stable to the set values. The catalysts used
in this study were suited for working under slight temperature variations around the set-value, which
is reached in about 1 hour. As discussed below, this variation was accounted for in the description of
the heat balances by a correction term that added the difference between the two probes to the inlet
temperature.

This 60 second experiment (Figure 2) was carried out with catalyst CGC M and will be used as reference
for validating the current model. The applied experimental conditions were: 38 mg catalyst in 1.2 g
fine NaCl seedbed, 500 mg glass wool, reaction temperature set to 70 °C, ethylene pressure of 7.5 barg
with gas velocity of 50 cm/s.
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As described a few paragraphs back, step 2 (depicted in Figure 2) is when ethylene is injected in the
reactor and when the polymerization reaction takes place. As this is the only step of the experimental
protocol in which heat is generated in the reactor, it is thus of interest to be modelled as it is the only
phase that allows to predict the reaction rate. Note that part of the generated heat is evacuated in
steps 3 and 4, but this amount is negligible due to the high ethylene flowrates applied (around 1700
g/h) in step 2.
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Figure 2: Inlet and outlet temperatures from a typical experiment with the novel stopped-flow reactor with catalyst CGC M

2.3. Conclusion

The stopped-flow reactor to be modelled (SF N) was presented. More details on the set-up
construction and range of operations are found in chapter 2.

Known experimental data with the current set-up include the reaction duration, catalyst and inert
masses, mass of glass wool, polymer yields (with 10 mg precision), inlet gas pressures and mass
flowrates, inlet and outlet gas temperatures. The temperature of the heating chamber is known and
considered constant throughout the reaction.

The observed experimental outlet temperatures, together with the high flowrates applied, suggest
that the heat generated during the polymerization reaction is evacuated from the reactor mainly
during the reaction step, which will be the step described in the current model and portrayed
hereafter.

The following assumptions are made at this point: constant temperature of the heating chamber, as
well as thermal equilibrium of the inlet gas phase. Unknown data include the temperature of the
reactor stainless steel walls, which is to be included in the reactor model.
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3. Development of reactor model

The principal objective of the model is to use it to link the changes in the inlet and outlet gas
temperature to the rate of polymerization in the bed.

In order to write the detailed mass and energy balances on which this model will be based, we need
to evaluate the transport processes taking place at different levels in the reactor.

A schematic view of the different components of a full reactor model is given in Figure 3. A full model
would include a set of mass and energy balances around the reactor, any eventual radial and axial
temperature and concentration gradients in the reactive particle bed (salt, catalyst, polymer), and
ultimately any temperature and/or concentration gradients in the polymerizing particles themselves.
This is a complex problem, and for reasons discussed in Chapter 1, it is not at all clear that an exact
model of transport phenomena in the growing particles is a feasible (or even useful) thing to do in this
context.

We will discuss the model construction and simplifying assumptions made in the rest of this section,
before moving on to the validation in section 4.

Catalyst/polymer particles

Reactor Wal| >
] Catalyst bed -

Fr]tted membrane ..................

Inlet gas
- Outlet gas

Figure 3: Levels of complexity to consider for the reactor model.
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3.1. Reaction rate and simplifying assumptions at the particle level
In its simplest form, the rate of polymerization (Rp,) can be represented by the propagation step for a
first order reaction, 7 as follows:

Ea
Rp = kpo C*CCZ,amorph = kpo e RTC*CCZ,amorph (3-1)

Where k,, is the pre-exponential propagation rate constant (m3.molt.s?)and C* is the concentration
of active sites of catalyst per unit volume of particle. Ultimately, C* could include the total metal
content of the catalyst (Cyera;) @nd the active fraction of active sites (@active). However, even if the
metal content of the catalyst is known, it is almost impossible to accurately calculate the value of
@active, SO this factor was considered in a lumped factor (k') together with the propagation reaction

rate constant, such as:

prI = kp0¢active (3-2)

So the reaction rate becomes:

Ea
R, = k;:oe RTC*CCZ,amorph (3-3)

The reaction rate (R},) can also be described in terms of the total heat produced by the reaction (Q;),
the reaction enthalpy (AH,.) and monomer molar mass (M,,). The reaction rate used in the model (and
the reaction rate that we will estimate in real time using the state estimator described below)
becomes:

Ea
_ e _ Qr
Rp - kpo e RTCMetalCZ,amorph - _AHer (3'4)

Itis also usually interesting to calculate the reaction rate per mass of catalyst (R, ¢ ):

_ Or -
Rp,c B (=AHp)mcat (3 5)

Where m,; is the catalyst mass.

3.1.1. Monomer concentration in the particles

As previously discussed in chapter 1, it is possible that monomer gradients can form at the level of the
individual particles, and that these gradients (like those for the temperature in the particle and
boundary layer) are more significant at short times. However, our major current objective is to develop
a software tool that allows us to estimate the rate of polymerization at each moment during the
polymerization experiment rather than to delve into details such as internal concentration gradients.
It is possible to use the information obtained based on the tool outlined below to do so in a separate
step, but we do not need this information at the level at which we are aiming. Furthermore, based on
an analysis by Floyd et al.% it is safe to neglect significant concentration gradients through the
boundary layer under the flow conditions used in this experiment. For these reasons we will assume
that the monomer concentration in the system is at equilibrium with the gas phase flowing through
the reactor. °
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Given the relatively short times and the fact that the gas is flowing continuously (i.e. the gas phase
concentrations are always constant and conversion can be considered almost negligible), any errors
caused with this assumption will be reflected in the estimated value for kpo’, and as we have discussed
this lumped parameter contains many different contributions. Similarly, we will develop the model for
homopolymerization in the current work. Again, this is a reasonable assumption for the same reasons.
Even if we have 2 monomers in the gas phase, the overall gas phase consumption is extremely small
and the outlet conversion extremely low. So once again, kpo’ is a lumped parameter. And again, we
are most interested in extracting rate data rather than exact kinetic data, so assuming constant
monomer concentration in the particles is not a poor hypothesis. We later used the estimated reaction
rates from the high Gain Observer to calculate the monomer conversion, seen in the Appendix 2. We
estimated ethylene conversions lower than 2%, which provides confidence in our assumption of
constant monomer concentration in the reactor.

In order to validate the model, we will calculate the monomer concentration in the amorphous phase
of the polymer using Henry’s law, as described by Hutchinson et al.’°, with the Henry coefficient (k*)
as follows:

CZ,amorph =10%k*P

2
logk* = —2.38 + 1.08 (TF) (3-6)

Where P is the pressure in atm, (3 amorph is the concentration of ethylene in the amorphous polymer
(mol.m-3), T is the critical temperature of ethylene and T is the gas phase temperature (named Tg in

the three phases model, Tinert (gas and salt) in the two phases model, and T in the observer).

Therefore, the balance for the mass of accumulating polymer (mpg) is:

dmpg _
ac

__ O
MuRpV = =3 (3-7)

Where Rp is the reaction rate and V is the volume of the reaction zone.

3.2. Energy Balances

The structure of the reactor model will depend on what simplifying assumptions of heat transfer and
mass transfer we can make.

At this point, we have assumed plug-flow conditions as the reactor length (56 mm) to particle diameter

)}, so axial conduction (on the

(average 0.040 mm) ratio is sufficiently large (well above the limit of 50
particle level) can be neglected. We have extended this assumption to neglect potential heat transfer
gradients on the radius of the reactor, considering the monomer flowrates are substantially higher
than the consumption rates and the improved heat dissipation provided by the annular geometry. This
simplifying assumption is in agreement with the experimental and theoretical studies performed by
Groppi et al.'>'? with highly exothermic combustion reactions with an annular reactor. In all cases,

describing the flow dynamics in more detail could be verified as an extension to the current project.

In terms of mass transfer, or at least the concentration of reactive species in the gas phase, it seems
very reasonable to neglect concentration gradients. The residence time of the gas phase in the reactor
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is a second or so at most, and fresh feed gas is constantly being fed along the entire length of the
reactor through the fritted membrane. For these reasons, we will consider that the gas phase in the
reactor has a uniform composition, equal to that of the feed gas. It should be pointed out that if this
assumption works reasonably well for a full-scale fluidized bed reactor, with a per pass conversion of
several mole percent, it should just as easily apply here.

Furthermore, given the high degree of dilution of the catalyst in the inert solid (2-5 wt%) and the high
heat transfer coefficient of the fine NaCl seedbed (hgy =2.9x10° W.m2.K?), it is reasonable to assume
that temperature gradients between the inlet gas and inert solid are negligible. The calculation of
hgae is described later in this chapter, in section 3.3.1. We have verified this approach by modelling
the reaction gas as a separate phase in the reactor, shown in the following sections.

Considering the glass wool used to keep the reacting solid in place and its inert nature, we have
assumed that any temperature gradients between the glass wool and the gas phase leaving the reactor
are also negligible. Therefore, the salt and the glass wool were jointly described in the reactor model
as pseudo-homogeneous phase, hereafter referred to as the inert phase of the reaction zone.

Based on the aforementioned considerations (1-D model), we have applied the general convection-
diffusion equation in cylindrical coordinates assuming no radial gradients, as follows:

oT 2T
pCy (v257) = ke 53 — RpAHy (3-8)
oT aT 9°T . Qr
pCy (Ge+va5) =heaga + 0 (3-9)

In which T is the gas temperature at time and axial coordinates (¢, z), pC, is the average volumetric
heat capacity, k. , the effective thermal conductivity, AH, the enthalpy of polymerization and @, the
reaction heat.

With boundary conditions: z=0 and at z=L, are given by: Z—Z =0

The supported catalysts used in this study are assumed to be spherical particles of known diameter
(average 40 um). The inert seedbed is formed of cubic NaCl crystals agglomerated into particles of 50
um average diameter. #3

The temperature of the external reactor wall was assumed equal to the set value of the heating
chamber and constant throughout the experiment. The internal reactor wall, in contact with the
reaction zone, can, in principle, exchange heat with the gas inside the reactor and we have
approximated by Ty, = (Toyen + Tg)/2. This assumption was made due to lack of experimental
measures of the reactor wall. A more precise estimation could be achieved by a separate heat balance
describing the reactor metal walls. We have estimated the heat transfer coefficient at the reactor wall
in section 3.3.2.

The metal frit used to feed the monomer into the reaction zone and was not accounted for as a
contributor to the total heat capacity of the reactor model. The feed gas is continually flowing through
the frit and exchanging with it on the way into the reaction. We judged that the frit is likely at
approximately the same temperature of the as the feed, and that it does not exchange significant
amounts of heat with the gas phase or bed in the reactor for the relatively short duration of the
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experiments. At last, the role of the metal frit in the reaction zone was assessed in a sensitivity analysis
study, in section 4.3.

Note that these assumptions were all made to allow us to develop a reactor model and state estimator
in a reasonable time frame. A sensitivity analysis will help us to identify any potential weakness in the
model, and future work could certainly involve applying a more complete reactor model, relaxing
several of the assumptions if need be. Given the time constraints associated with this work, we opted
to use a simplified model based on reasonable assumptions to demonstrate the feasibility of the tool
and approach.

3.2.1. Three phases in reaction zone

In this section, we have written the energy balances for the reactor accounting for three separate
phases: the inert phase (salt and glass wool), the reacting phase (catalyst and polymer) and the gas
phase.

By assuming the general convection-diffusion equation in cylindrical coordinates and neglecting radial
temperature gradients in the reactor scale, the heat balances on a volume element of the bed is
described for the three phases, subsequently in the matrix:

( ) aTg aTg v 62Tg )
2879 972 (Tén - Tg) +(Ts - Tg) + (T - Tg)
dT 92T
(m Cp) G, KezsVs 53 [+ FePelpg (Ty — 1) +
(mc,) (& (T~ T,)
le 622
S he (T — Tg) + SShS(TS —Ty) + Swhw(Tw — Ty) 0
—Sshs(Ts — Ty) +10 (3-10)
| —Sph (T, — Ty) Qr
With the heat capacity terms for the different phases in the reaction zone are as follows:
Gas phase: (MCp) VypgCp Py (3-11)
Inert phase: (MCp) SpSC + mglassWooleg1assWoo1 (3-12)
Reacting phase: (MCp)r = mpECppE + mcCp, (3-13)
The gas, salt and reacting volumes were calculated as follows:
Vs: The salt volume is constant overtime and known from the experimental preparation;
Ve = éVpea; (3-14)

V-: The volume of the reactive phase (catalyst and polymer) it is obtained from the polymer mass
balance in eq. (3-7).

Ve +Vs)

” (3-15)

€ is the volume fraction of gas in the reaction zone, calculated from: e = 1 —
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The volumetric flowrate(F,) is calculated from the experimental flowrate (Fz ) and the gas density

(pg) from the ideal gas law (pg = %): Fy = Fym/pg- (3-16)

F,
The linear velocity of the gas (v,) is obtained from the volumetric flowrates: v, = S—gg. (3-17)
r

The surface area of the polymer particles was calculated as:
Spg = 4mrégN, (3-18)

Where N, is the number of catalyst particles, and rpg is the radius of polymer particles calculated based
on the reaction rate as follows:

_ (3vpe\/3
Ry = (4-7TNC) (3-19)

The surface of the inert (NaCl) is given by:
S¢ = 6d2N, (3-20)
Where d; is the length of an edge of the salt cube.

The error bar for the produced polymer mass is determined by the precision of the balance used for
following polymer production (10 mg).

3.2.2. Two phases in reaction zone
Here, we have written the energy balances for the reactor accounting for two phases in the reaction

zone: the inert phase (salt, glass wool and gas) and the reacting phase (catalyst and polymer).

When considering the reaction zone as two components, the gas velocity term was excluded as the
gas was jointly described with the inert components. The gas is in motion, but the salt particles and
glass wool are not. Therefore, we excluded the convection term for the inert component. Besides, from
a numerical analysis which can be seen in the Appendix 2, we concluded these terms to be negligible.

The heat balance based on the general convection-diffusion equation then becomes:

arl a 9%T; .
eziVig2 (T —T;) + (T, - T)
] |: z +ngngg[ g 1 r 1

(me) (aTr e Z, r 62 _(Tr - Tl)
Sh (T, —T)) + SWhW(TW 1)] [ 0 ]

+ 3-21
[ —S:h (T, —T;) Qr 321
With the heat capacity term of the different phases described as follows:
Inert phase: (MCP)i = ngngg + VsPstS + mglaSSWOOICpglassWool (3-22)
Reacting phase: (MCp)r = mpgCy,, + mcCy, (3-23)
And: V; =1, +V; (3-24)
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3.3. Heat transfer correlations

The required heat coefficients were estimated using known correlations between the Nusselt number
and Reynold particle number, reminded bellow: **

pgvdp

* Particle Reynolds : Re = ? (3-25)
*  Nusselt number for gas-particle heat transfer: Nu = % (3-26)
*  Prandtl number: Pr = ﬂg;(ﬁ (3-27)
¢ Ranz-Marshall correlation:gNu = (2 + 0.6VRePr'/3) (3-28)
* By combining the 2 Nusselt correlations, we get h, = Z—E(Z + 0.6v/RePr'/3 ) (3-29)

The coefficients used throughout the model, together with their correlations, are found in Table 1.
Details on the calculations are found in the following sections.

Parameter Correlation Calculated value @

Heat transfer coefficients:

Catalyst particle Kunii and Levenspiel ** | h,=3.13x10*W.m2. K™
NaCl particle Kunii and Levenspiel 1* | h=2.78x103W.m2.K™
Reactor internal wall Specchia et al. *° hw=1.99x10® W.m2.K™

(hy); =791.13 W.m2.K™?

(hw)o =1.197x10° W.m2.K™

Effective heat conductivity of the bed | Zehner and Schliinder'® | 0.0392 W.m2.K™!

2 at 70°C, gas composition: only ethylene and P=8.55 bar, F= 4.94x10* m3/s

Tableau 1: Coefficients used in the model

3.3.1. Heat transfer coefficient between gas and particle

The heat transfer coefficient between particles and gas (h,) was obtained from the following
correlation proposed by Kunii et Levenspiel (chapter 11, eq. 25). 1*

k
hy = d—i (2 + 0.6VRePr'/?) (3-30)

Where k; is the thermal conductivity of the monomer gas and d,, the diameter of the corresponding
particle, then leading to catalyst (h;) and salt (hg) particle heat transfer coefficients when the
corresponding particle diameters are applied.
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3.3.2. Heat transfer coefficient at the reactor wall

The heat transfer coefficient at the reactor internal-side wall (h,,) is calculated from a combination of
both stagnant/conductive (h,,), contribution and turbulent/convective (h,); contributions, as

|15

elucidated by Specchia et al.™, as follows:

hw = (hw)O + (hw)t (3'31)

The stagnant contribution is obtained from relation (3-32), valid for low Reynolds number (between
10 and 1200). ** The heat transfer resistance between the particles, the fluid and the wall is taken into

account with the dimensionless number ¢, calculated from equation (3-33). **
hw)od -
(hw)odp — 24+ [1(1 €) (3-32)

kg Y2+ pw

S
2.\ 158
@, = 0.0024 (d—R) (3-33)
P

d,, is the particle diameter, where the salt diameter was used and dp, is the bed diameter (dg = dgUt —

di*)and y = 2/3 and B=1 in Kunii and Levenspiel. **

The turbulent contribution (hy, ), is obtained from relation (3-34), valid for low Reynolds numbers
(between 10 and 1200)*°. The relation was solved for the diameter of the salt particles, given the high
dilution of the catalyst particles in the inert seedbed.

0.0835 Re% %1k,

(hw)e = y (3-34)
p
The superficial temperature of the reactor wall from the reactor side was approximated by:
Toven+T;
T, = -2ven'le (3-35)

2
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3.4. Conclusion

A dynamic one-dimensional model was selected as an appropriate choice to describe the current set-
up. Plug-flow was assumed and axial conduction was neglected, based on the high ratio between the
reactor length and the particle diameter. Radial temperature gradients in the reactor were neglected
based on the improved heat dissipation provided by the annular geometry, which has been observed
experimentally in the current study (mainly discussed in chapter 2) and suggested in works of Groppi

et al. with a similar set-up. 113

After assessment of the transport limitations at the reaction zone, mass transfer limitations were
neglected at the intra-particle level; given ethylene is the only monomer gas, so potential diffusive
mechanisms were discarded - as described by Floyd et al. 7 In view of the high monomer flow rates
compared to the consumption rates, the concentration of monomer can be assumed to be uniform in
the bed and constant over time.

The reaction zone was assumed to be composed of three components (or phases). Catalyst and the
growing polymer were considered as a pseudo-homogeneous phase, referred to as the reacting phase
of the reaction zone. Likewise, the salt seedbed and glass wool were assumed to have the same
temperatures, referred to as the inert phase of the reaction zone. Finally, the gas phase was considered
separately as the third component of the reaction zone. This hypothesis for the number of phases in
the reactor was assessed in the model validation, discussed later in this chapter.

The superficial temperature of the reactor wall was supposed to increase gradually when the inner gas
temperature increases. Interactions of the metal frit with the reaction zone were neglected, given the
direction of the inlet gas. These assumptions were later assessed in the sensitivity study.

The reaction rate was defined as a first order reaction and the monomer concentration in the reaction
zone was assumed constant due to the high gas flow rates, small reaction volume and short reaction
times. The monomer concentration was assumed constant in the reactor and was calculated using
Henry’s law. The polymerization rate was also defined in terms of the heat produced by the reaction

(Qr)-

Intraparticle heat and mass transfer limitations were not included in the model at this stage as we
focused mainly on the reactor and macroparticle scales in the scope of this project. Nonetheless, the
particle growth model could be incorporated later.
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4. Validating the reactor model

In this section, the developed reactor model was validated with experimental data obtained with the
novel set-up. Simulation results were presented for both approaches in describing the reaction zone:
three phases and two phases, respectively.

4,1. Model programming

The reactor was described in a one-dimensional model using the pdepe'® solver function in MATLAB,
which solves a system of parabolic and elliptic partial differential equations with spatial and time
variables, in the following form:

2y _yom 2 (e (s, 6,0,25)) 5 (6,0, 2%) _
c(x,t,u,ax>at—x ax<x f x,t,u,ax +s x,t,u,ax (3-36)

The scalar m reflects the geometry of the problem, which is cylindrical in our case (m=1). The
discretization of space must be specified by the user prior to solving. For the current model, the reactor
was described in 20 intervals of 2.8 mm length. The MATLAB function was applied to solve the energy
balances described for the reaction zone. Finer meshing was also assessed and was found not
necessary as the precision of simulation results was not improved.

4.2.  Simulation results

In this section, we have evaluated the simulation results obtained for the reactor model initially for the
system described by three phases in the reaction zone, then by two phases.

4.2.1. Three phases in reaction zone

The model assuming three phases (inert phase - salt and glass wool, the reacting phase - catalyst and
polymer, and the gas phase) in the reaction zone was validated with a 60-second reaction with catalyst
CGC M, in homopolymerization conditions with ethylene.

Temperature simulations of the three phases using a mean value of kj, = 130 m* mol™ s* are found
in Figure 4-a, together with the experimental inlet and outlet temperatures. Figure 4-b shows the
simulation results of the polymer mass formation overtime, together with the experimental result. This
value of k;’;o was chosen in a way that the polymer mass at the end of the run corresponds exactly to
the experimental mass.

The temperature profiles estimated from the model considering three phases in the reaction zone
provide relatively good capturing of the average temperature values obtained experimentally, but did
not reflect the nonlinear behavior of the system. This is reasonable, as we did not include a kinetic
model that takes into account the activation and deactivation processes of the catalyst. In the
sensitivity analysis, we have assessed the impact of imposing an activation period for the catalyst on
the temperature predictions.

The predicted temperatures for the reacting phase (catalyst and polymer) only slightly exceed those
of the gas and inert phases. We took this as an indication of good heat evacuation from the reactor.

120



The temperature predictions of the inert phase (salt and glass wool) seem to superpose with those of
the gas phase. The very similar temperature profiles obtained for the two phase provides confidence
in our assumption of describing the inert and gas phases in a lumped factor, and so reducing the model
system to two phases.
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Figure 4: Simulation results for reactor model assuming three phases in reaction zone: a) estimated temperatures in reaction
zone, b) estimated mass of produced polymer with reaction time

4.2.2. Two phases in reaction zone

The model assuming two phases in the reaction zone was validated with a 60-second reaction with
catalyst CGC M, in hopolymerization conditions.

At this stage, the estimated phases were the inert phase (salt, glass wool and gas) and the reacting
phase (catalyst and polymer).

Figure 5-a shows the estimated temperatures for the two phases, obtained with a mean value of k;,o =
130 m* mol™? s, together with the experimental temperature profiles. Figure 5-b shows the estimated
polymer production, together with the experimental value.

The temperature profiles predicted from the model assuming two phases in the reaction zone provided
good fitting with the average temperature values obtained experimentally. As in the three phases
model, due to the consideration of a constant reaction rate (not accounting for
activation/deactivation), the predictions did not capture the nonlinear behavior of the reaction.
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Figure 5: Simulation results for reactor model assuming three phases in reaction zone: a) estimated temperatures in reaction
zone, b) estimated mass of produced polymer with reaction time

4.2.3. Conclusion

In this section, we have simulated the energy balances previously written, which included two
approaches as to how to treat the reaction zone.

The initial approach was to model the reactor assuming three phases in the reaction zone, including
the inert phase (salt and glass wool), the reacting phase (catalyst and polymer) and the gas phase.

Following, since the salt and gas temperatures were equal in the three-phase model, we assumed only
two phases in the reaction zone, the inert and reacting phases. We considered that there were no
temperature gradients between the inert phase and the gas phase, which were jointly described as
‘inert phase’.

In both approaches, the predicted temperatures provided reasonable fits with the average values
recorded experimentally, but do not reflect the nonlinear behavior of the catalysts.

Based on the obtained simulation results, we have validated the description of the reaction zone in
two phases for the reactor model.
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4.3.  Sensitivity analysis

In this section, we have performed a sensitivity study on some of the parameters and assumptions
used for the reactor model, in order to verify their impact on the model predictions.

The evaluated parameters were the heat transfer coefficients (hyy, hsait, fcar), the superficial
temperature of the wall and the values for axial thermal conductivities.

The evaluated assumptions for the model were the treatment of the metal frit and the activation
period for the catalyst.

We have defined a variation margin for these terms, in order to observe their effect on the

temperatures predicted by the model, as well as the sensitivity of the model in capturing variation in
the parameters.

In the current section, we have presented the terms that we deemed to have a more important impact
on the quality of the model. The effects of the remaining assessed factors were judged to have
negligible impact on the quality of model predictions and can be found in the Appendix 2.

4.3.1. Superficial temperature of reactor wall (Twan)

In the development of the current model, we have assumed that the superficial reactor temperature
wall is approximated by T, = (Toyen + Tg)/2. This assumption was made due to lack of experimental
measures of the reactor wall.

In the sensitivity analysis, we observed this assumption has a significant impact on the temperatures
estimated by the model. Imposing T, = Toven led to significant decrease of all predicted
temperatures, as seen in Figure 6. However, it is logical to assume that the wall temperature (at least
at the inner surface) will be influenced by the gas temperature inside the bed. Therefore, we keep our
initial simplified approximation assumption.
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Figure 6: Assumption for reactor wall temperature equal to: a) Ty = (Toven + Tg)/2, b) Ty = Toven
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4.3.2. Catalyst particle heat transfer coefficient (hcat)

The heat transfer coefficient for the catalyst particle were calculated using the correlation proposed
by Kunii and Levenspiel'*, as previously described in section 3.6.1. We have assessed the importance
of this parameter by reducing its value by 50%. As seen in Figure 7, reducing the value of this parameter
affected the predicted temperatures of the reacting phase, indicating higher particle temperatures.
Nonetheless, varying this parameter had no impact on the temperatures of the gas and inert phases.
No impact was observed on the produced mass either, indicating that the difference observed in the
temperature profiles had little impact on the reaction rate. These results are in agreement with what
is expected in reality (lower values h.: would lead to reduced heat transfer and thus hotter particles)
and indicate good response of the reactor model.
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Figure 7: Assessing impact of he: on model prediction, a) heat calculated from correlation in literature??, b) calculated value
reduced by 50%

4.3.3. Diameter of catalyst particles

From this assessment, we observed that the catalyst particle diameter has a direct impact on the
predicted temperatures of the reacting phase.

As shown in Figure 8, doubling the particle diameter (from 40 to 80 um) led to significant increase in
the predicted temperatures of the reacting phase, but had no effect on the gas and inert. The observed
response is coherent with previous studies!® on the impact of the particle sizes and indicates
satisfactory sensitivity of the developed model.

124



in
— = Tin — — Exp
80r Tgas Exp 80r gits
TZ:; EXp — gas Exp
T e | el e Toven Exp
78 S TS oven p 78 " o
5 s T2 Modlel 5 = T jas Model
°_T6F samnmnnn Treactive Model °_ 76 '.... """" Treactive Model
o — — -~ T Model o 3 e, = = = = T o Model
=] inert S --..--.--.. amEmEmEmEs
= . = 74k Eemmmag
o O "TammmEEEn —
() (]
o o
e €
(O} (0]
I— —
68 . . ! 68 = = .
0 20 40 60 0 20 40 60
Time (s) Time (s)

Figure 8: Assessing impact of catalyst particle diameter, a) 40 um (value used in model calculation), b) 80 um

4.3.4. Conclusion

A sensibility analysis was carried out for several terms and assumptions used in the development of
the reactor model. For each term, we have imposed a variation margin to assess their influence on the
estimated values.

The sensitivity analysis indicates that variabilities in the superficial temperature of the inner reactor
wall have a direct impact on the predicted temperatures in the reaction zone. To avoid errors due to
this assumption, we would ideally include experimental measurements of the reactor wall
temperatures (from the reactor side, which could be difficult given the physical nature of the reactor
contents) or propose a detailed model to describe it.

We estimated a moderate impact of the catalyst heat transfer coefficient of the reactor temperature
and thus the produced mass, which validates the calculations based on the equation proposed by Kunii
and Levenspiel®. Decreasing the value of the catalyst heat transfer coefficient led to higher
temperatures of the reacting phase, but not on the gas and inert phases in the reactor. This observation
is in agreement with what is expected in reality and indicates good sensitivity of the developed model.

Finally, we observed that increasing the catalyst diameters resulted in higher predicted temperatures
for the reacting phase, but no impact on the predicted temperatures for the gas phase and only a
negligible impact on the produced mass. This is in agreement with previous studies that indicated that
catalysts with larger particle diameter can lead to transport limitations. *°

The remaining evaluated parameters were judged to have unimportant impact on the model
predictions. It is worth mentioning that we observed no effect of the effective thermal conductivity
(ke ) on the model outcome (even when extrapolated to *1000), indicating that this term can be
neglected from the energy balance.

The assessment of the parameters judged negligible can be found in the Appendix 2.
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4.4, Conclusions on model validation

A dynamic 1-D model to describe the current stopped-flow reactor was developed and validated.

The model was validated for the assumptions of two and three phases in the reaction zone. The
assessment indicated that the assumption of two phases was satisfactory for describing the system, in
which gas and inert phases were considered jointly in the heat balance.

The predicted temperatures for the reacting phase (catalyst and polymer) only slightly exceed those
of the gas and inert phases, which we took as an indication of satisfactory heat evacuation from the
reactor. This is in agreement with the experimental observations assessed in chapter 2.

From the sensitivity study performed on the parameters and assumptions used in the reactor model,
we concluded the main source of error in the model are the assumption for the surface temperature
of the reactor wall. Imposing variations of the heating chamber temperature had a direct impact on
the temperature profiles predicted by the model. To avoid this factor of uncertainty, ideally
experimental measures of the reactor wall temperatures would be used instead of assuming constant
values or a more detailed model could be proposed.

We observed that reducing the value of the catalyst heat transfer coefficient led to higher
temperatures of the reacting phase, while the temperatures of the gas and inert phases were not
affected. This indicated satisfactory sensitivity of the developed model, as the observed response was
in agreement with what is expected in reality.

Moreover, we observed that increasing the particle diameter led to an increase in the predicted
temperatures of the reacting phase but showed no impact on the gas and inert phases. This behavior
is coherent with the potential transport resistances demonstrated by Bashir et al. ¥ and indicate good
sensitivity of the developed model.

As last, the sensitivity analysis indicated that the effective thermal conductivity (k. ,) plays a negligible
role in the energy balance.

From the simulation results and sensitivity analysis, we concluded the developed model provides
satisfactory predictions for average temperature profiles for the current reactor under study.

5. Development of a High-Gain Observer

A High-Gain Observer was implemented to estimate values for unmeasured parameters, such as the
heat produced by the reaction (Q;) and the reaction rate (7).

The method consisted of minimizing the relative errors between the experimental and the calculated
outlet temperature values by use of a tuning parameter 0.2%?! The recorded experimental outlet
temperatures are used as input data for the observer, as depicted in the block diagram in Figure 9. A
detailed description of the development and application of non-linear observers can be found in the

open literature, 292223
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5.1. Introduction

As discussed in the introduction of this chapter, the main objective with the current modelling efforts
were to interpret the experimental results and gain insights in terms of the catalyst kinetics. One of
the approaches taken with this purpose was to use the reactor as a calorimeter.

In a broad definition given by Soares et al. 2%, calorimetry is “the monitoring of heat balances in a
reacting system, which allows inferring of the rates of exothermic (or endothermic) reactions and of
some additional correlated variables, such as compositions. The technique is characterized by its
simplicity, as it depends almost exclusively on the availability of temperature and flow-rate
measurements of the main process streams...”.

Calorimetry is perhaps the oldest analytical technique (see the ice calorimeter from Lavoisier and
Laplace, 1780s %) which is still commonly used to investigate chemical reactions, often providing
immediate access to characteristic quantities such as reaction kinetics or thermodynamics. Calorimetry
is often used as a tool for on-line monitoring of industrial polymerization reactors and has also been
successfully applied, in previous studies, to monitor reactions in the laboratory scale. %

This technique has been applied to study polymerization reactions in the lab scale at short reaction
times. In these cases, estimation methods such as High-Gain Observers were applied to obtain
polymerization rates from experimental temperature profiles.

One example is the work of Tisse et al. %, who implemented a non-linear state observer to obtain
precise reaction rates in short time slurry polymerizations with supported metallocene catalysts.
Likewise, Browning et al. ° adapted the approach from Tisse et al. to construct a 2-dimensional high
gain observer to estimate kinetic parameters for short polymerization reactions in gas phase. In fact,
the approach followed by Browning et al. to describe the earlier stopped-flow reactor (named SF 1,
presented in chapter 2) was not too different from the one used in the present study.

In broad terms, an observer is a mathematical representation of a given system, which allows
estimating internal states that usually cannot be directly accessed. The observer correlates the output
values from a model (output data) with the available experimental (or input) data through a corrective
term. This corrective term is proportional to the difference between the input and the output data
times a gain (dependent of the structure of the system).?°

The observer X(t) for a given system can be written as follows: 202223

x(t) =2() — f()EE) — x(D) (3-37)

Where %(t) are the values estimated from the model, x(t) are the available experimental
measurements. The function f(x), which includes the corrective term 6 and the stablished gain,
minimizes the difference between estimated and measured data.
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Figure 9: Diagram for High-Gain Observer

5.2. The novel reactor as a Calorimeter

According to Kammona et al. 2, an isothermal condition is primordial for monitoring polymerization
reactions with a calorimeter.

The stopped-flow reactor currently under study does not fulfill this criterion, as it is strictly an
isoperibolic system, in which the only temperature of the reactor external wall is kept constant by the
heating chamber. The reaction temperature is not actively controlled and the heat evacuation from
the reactor is done mainly by the outlet gas stream. In this case, the reaction kinetics are influenced
by the temperature changes and must be determined by the model. Nonetheless, these effects are
accounted for in the heat balances, which were described and validated in the previous sections.

5.3. Implementing a High-Gain Observer

The initial step in treating the reactor as a calorimeter is the definition of heat balances, as these are
the link between the reaction rate and the outlet temperature.

In the current study, we have treated the reaction zone as one single compartment, which
fundamentally means viewing the system as a CSTR. The single element observer is the simplest
approach to overcome the lack of some experimental data, such as the temperature of the metal frit
and that of the reactor walls (internal and external).

While this is clearly an approximation, it is a reasonable one consideration the geometry and small
dimensions of the reactor. Besides, as demonstrated in chapter 2, the annular geometry provided a
significantimprovement in the heat evacuation, meaning that the measured outlet temperatures more
closely reflect the real temperature of the reaction bed. At last, the single element observer remains
the most straightforward method to gain direct access to the reaction rate.

The corrective term was determined by simulation and fixated at 6 =1. This value allowed the
simulations to converge quickly without losing sensitivity. The effect of the tuning parameter was
assessed in the sensitivity analysis, in section 5.5. of this chapter.

Using the heat balances previously developed and validated for the reactor model (equation 3-21), we
have implemented and validated a single element observer for the current set-up. These steps are
described in the following sections.
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5.3.1. Heat balance and reaction rate

The heat balance for the High-Gain Observer was based on the heat balance previously developed and
validated for the reactor model, with the assumption of the reaction zone as a single compartment.

As for the heat balances developed for the reactor model, the temperature of the reactor wall was
assumed equal to the temperature of the heating chamber, both assumed constant throughout the
experiment.

The effective diffusivity thermal diffusivity was neglected, as the sensitivity analysis carried out for the
reactor model indicated this term plays no role in the current system.

The heat balance for the single-element observer then becomes:

dTr

MG 5 = FepgCpg(Tg" —T) + Sy U(Tyw = T) + Q; (3-38)
With:
MCp = SVngpg + VSPSCpS + mglaSSWOOICpglassWOOl + mpECpPE + mcCpC (3'39)

The high-gain observer of the heat produced by the reaction is given by:

% = MLCP(Q\F + nggcpg(Tén - T) + SWU(TW - T) ) — ZG(T — T) (3-40)
With:
dd—% =—02MC,(T-T) (3-41)

The reaction rate (Rp)for the propagation step, in terms of the heat produced by the reaction,

remained as developed for the reactor model, as follows:

R — QI‘/V

P T AH M, (3-42)

5.4.  Validating the High-Gain Observer

The single element High-Gain Observer was applied for a 60 second experiment with the CGC
catalyst, as for the reactor model.

The calculated outlet temperatures can be seen in Figure 10-a, together with the experimental
temperature profiles. Figure 10-b shows the estimated results for the polymer mass formation
overtime, together with the experimental result. Figure 11 shows the estimated dynamic reaction
rates.

The obtained temperature profiles showed satisfactory fitting in relation to the experimental data and
the nonlinear behavior of the polymerization process was captured. Moreover, the calculated mass of
produced polymer provided insight on the catalyst activation and deactivation steps (effects not
detected by the reactor model). At last, the predicted polymerization rates were in agreement with
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the catalyst kinetics observed at full-time polymerization, which can be found in chapter 2 (section

5.5.1.).
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Figure 11: Estimated reaction rates

5.5.  Sensitivity analysis

The tuning parameter for the Observer was determined by simulation. In this section, we have
performed a sensitivity study on the effect of the tuning parameter on the temperature profiles

estimated by the Observer.
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5.5.1. Effect of tuning parameter

Figure 12 shows simulation results obtained with two values for the tuning parameter 6.

As seen in the following assessment, applying tuning parameters >1 provided very little improvement
to the obtained estimations. Nonetheless, computational times were higher.

Therefore, we fixated the tuning parameter at 8 =1. This value allowed obtaining satisfactory
conversions at short computation times.
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Figure 12: Effect of tuning parameter on predicted temperatures, a) 6=0.5, b) 6=10
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5.6. Conclusion

A single element High-Gain Observer was implemented and provided robust results in relation to the
experimental data. The observer allowed capturing the nonlinear behavior of the polymerization
reaction and estimating the polymerization yields with acceptable accuracy.

The tuning parameter for the Observer was determined by simulation and assessed in the sensitivity
analysis. The predicted polymerization rates were in agreement with those obtained in full-time
polymerization conditions, previously carried out in chapter 2 (section 5.5.1.). At last, the implemented
single element High-Gain Observer provided satisfactory estimates of the reaction temperature
profiles, dynamic reaction rates and kinetic parameters.

We applied the estimated reaction rates to calculate the monomer conversion, for the catalyst used in
this study — found in the Appendix 2. We obtained monomer conversions lower than 2%, which
confirms our initial assumption of constant monomer concentration in the reactor.
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6. Chapter conclusions

The development of a software component for a novel stopped-flow reactor was described and
validated.

The software component consisted of a 1-D model of the reactor set-up, together with a High-Gain
Observer, implemented to estimate reaction rates and kinetic parameters from the experimental
temperature profiles.

Heat and mass transfer limitations at the reaction zone were assessed for the inter-particle and
intraparticle levels. At this point, intraparticle gradients were neglected and the model did not include
the description of a kinetic model.

Heat balances were described for the reactor in two approaches, assuming two or three components
(or phases) in the reaction zone. The reactor model was validated with experimental data for both
approaches and we confirmed our assumption of two phases in the reaction, for which we considered
the reaction gas was in thermal equilibrium with the inert solids. The parameters and assumptions
used for the model development were assessed as part of a sensitivity analysis, where the terms in the
model were extrapolated to verify their effect on the model responses. This study indicated the
developed model is robust and provides adequate estimates for average temperature profiles for the
current reactor under study. Nonetheless, the model did not capture the nonlinear behavior of the
reaction.

A High-Gain Observer was implemented to interpret the catalyst kinetic from the experimental data
and provide insight on effects such as the catalyst activation and deactivation, which were not
detected by the reactor model.

For the implementation of a High-Gain Observer, we assumed the reaction bed as a single-element
and wrote the energy balance accordingly. The implemented Observer was validated with
experimental data and provided access to unmeasurable states of the system, such as the heat
produced by the reaction, the reaction rate and dynamic profiles of kinetic parameters. The estimated
reaction rates for short reaction times were coherent with those obtained for full-time polymerization
experiments, carried out with standard semi-batch reactors.

The implemented software allowed following the dynamic kinetic behavior of the ongoing
polymerization, thus fulfilling our initial goal of properly interpreting the experimental data in terms
of catalyst kinetics. The developed reactor model allowed to obtain mean values for the exponential
kinetic constant, while the High-Gain Observed provided dynamic values for the reaction rate. Besides,
the software component could be a useful tool to interpret temperature profiles at low productivities,
where yields are too low to detect gravimetrically.

In this chapter, we have presented the development of the software component of the novel stopped-
flow reactor. In the following chapter, the developed hardware and software components will be
applied in specific case studies to interpret the kinetic behavior of different heterogeneous catalysts.
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7. Nomenclature

resistance as one half spherical particle ¥

Parameter Definition Unit

B Deformation parameter -

Biw Biot number (Byy, = h,,d,/k.) -

Cp Specific heat capacity m3.s?t

€ amorph Ethylene concentration in amorphous phase

CMetal Metal concentration mol.L?

c* Concentration of active sites mol.L?

an Diameter of porous frit m

dgut Diameter of reactor outer wall m

d, Diameter for nonspherical particles m

E, Activation energy J.mol?

Fy Volumetric gas flowrate m3.s?

hy = (hy)o + (Rt Heat transfer coefficient at the reactor wall (inner, W.m2.K™?
reaction side)

(hw)o Stagnant/conductive contribution to h; W.m2K™

h, Heat transfer coefficient between particles and gas W.m?2K™1

(hy)e Turbulent convective contribution to h; W.m2.K™?

AH, Reaction enthalpy J.kg?

k* Henry coefficient mol.Lamorph L atm™

k Heat conductivity W.m1K?

ke Effective heat conductivity of bed W.m™1K?!

ko' Preexponential lumped kinetic coefficient m3.molts?
prI = kpo¢active

ko Pre-exponential reaction rate constant m3.molt.s?

ks Salt particle thermal conductivity W.m?1K?

keyi Effective thermal conductivity W.m™LK?

Ly Thickness of a slab of solid material with the same m
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m Mass kg
M, Molecular weight of ethylene kg.mol?
N Number of particles Scalar
P Pressure Pa
Q; Heat produced by the reaction w
r Radius m
Ry Reaction rate g.glcatalyst.h?
R, Reaction rate mol.m3.s?
R Ideal gas constant J.mol1.K?
S Surface area m?
T Temperature K
U Overall heat transfer coefficient W.m2.K™?
v Superficial velocity m.st
%4 Volume of reaction zone m3
Veg Volume of PE particle m3
AV Fraction of reaction zone volume m3
Yw yw = ls/D¢** -
p Density kg.m?3
£ Porosity of reaction bed -
i.e. the fraction of gas (the rest being salt, catalyst and
polymer).
Dactive Active fraction of active sites wt%
Pw Heat transfer resistance between particles, fluid and wall | -
Suffixes
c Catalyst particle
C2 Ethylene
g Monomer gas — Ethylene, or gas phase
m Measured from experiment
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Inert phase

inox Stainless steel

r Reacting phase

R Reactor

p Particle

PE Polethylene - polymer
s Salt particle

w Reactor wall

Z z axis of Reactor
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Chapter 4

Case studies: start-up behavior of supported catalysts in varying compositions of
gas phase feed
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1. Introduction

As we have seen so far throughout this PhD dissertation, the main goal of the current project was to
study the nascent phase of the polymerization under controlled and meaningful conditions
representative of industrial scales.

As reviewed in chapter 1, one of the biggest challenges in the phenomena involved in the early stages
of the polymerization is the lack of well-adapted apparatus. As previously stated, the principal goal of
this project was to design and build a new tool that allows us to study the kinetics and morphology
evolution of supported catalysts during gas phase polymerization under experimental conditions that
are representative of those used in industrial scales.

In Chapter 2, we described the development of the hardware component of the new improved tool,
which we name novel stopped-flow reactor (SF N). In Chapter 3, we described the development of the
software component of the new tool that allows us to estimate overall polymerization rates directly
from the temperature measurements (and overcome the one-point character of such experiments,
which provide no real information on the evolution of the reaction kinetics).

In the current chapter, we will use this new tool to study the behavior of different supported catalysts
under varying reaction conditions.

In the first case, we studied the impact of the physical structure of the support material on the catalyst
behavior and particle morphology at early stages. For his purpose, we synthesized two metallocene
catalysts using silica supports of different pore diameters and evaluated their behavior in terms of
kinetics and morphology evolution.

On the second case study, we aimed to understand the impact of different components of the gas feed
on the catalyst kinetics and polymer morphology for two different families of metallocene catalysts.
For this, we followed a design of experiments to compare compare two families of metallocene
catalysts, from which one classic metallocene and one commercial CGC catalyst in terms of their
kinetics and polymer properties.
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2. Impact of support structure on the behavior of classic metallocene catalysts

As discussed in the literature review in chapter 1, the physical structure of the support has a direct
impact on the catalyst behavior, mainly in regards to the fragmentation of the polymerizing particles.
Physical properties such as particle size and porosity play a significant role in the catalyst activity and
quality of the obtained polymer.

In regards to particle size, it was observed in the works of Tisse et al.» that smaller silica particles led
to higher catalyst activities than those observed for larger particles, for MAO activated metallocene
catalysts. The same observation was made by Bashir et al., who attributed this phenomenon to higher
mass transfer resistances encountered in bigger particles at early stages. 3*

In regards to the porosity of the support, Bashir observed faster catalyst activation in silica with smaller
pores, which he attributed to faster particle fragmentation due to stress build-up in the porosity of the
support. 3 On the other hand, the opposite effect was observed in the works of Tisse ° (using silica
supports) and Kumkaew et al. ¢ (using molecular sieves). As we can see, the effect of the support
porosity on the catalyst behavior is still unclear amongst the available sources in literature.

In the current section, we aimed to assess the impact of the support porosity on the catalyst kinetic
behavior and morphology of the produced polymer. For this matter, the current study was performed
using metallocene catalysts synthesized in our lab, using silica supports of different pore diameters,
but very similar particle diameters (in order to control the effect of particle size) and pore volumes.

2.1.  Experimental Section

The materials used in the current study, as well as full-time and short-time polymerization procedures
are described below.

The full-time and short-time experiments presented in this case study, as well as the catalysts synthesis
and material characterizations, were performed in collaboration with Bs. Felipe Morais Bolner, as part
of his MSc research project performed under my direction.

2.1.1. Materials

The catalysts used in this study were synthesized using silica supports provided by AGC Si-Tech
Company Ldt. The physical properties of the two silicas used in this study are described in Table 1, with
analysis done via nitrogen porosimetry and Thermogravimetry Differencial Thermal Analysis (TG-DTA)
by the provider.

Rac-ethylenebis(4,5,6,7-tetrahydro-1-indenyl)zirconium dichloride (THI) from by Strem Chemicals Inc
was used used for catalyst synthesis.

MAO solution by Grace Davidson in 29.4 %wt of toluene with the following characteristics: 13.3 %wt
Al, 4.94 %wt TMA was used as co-catalyst.

Triisobutylaluminum (TIBA) purchased from Witco GmbH was used as scavenger in a 1 M solution in
dry heptane.
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Ethylene with 99.95% purity purchased from Air Liquide — France was used as monomer gas
throughout this study. The gas was purified by flowing through tree purification columns. The first was
filled with reduced BASF R3-16 catalyst (CuO supported on alumina), the second with molecular sieves
(13X, 3A, Sigma-Aldrich), and finally a column of Selexsorb COS (Alcoa). For short-time reactions with
the novel stopped-flow reactor, a cartridge filled with 10 g of Alumina grafted with TEA was added in
the feed line as an additional purification measure for ethylene. The procedure for the preparation of
the grafted Alumina is described in Appendix 1.

Nitrogen gas with 99.999% purity purchased from Air Liquide France was used as inert gas in the short-
time polymerization reactions for plugging in the reactors, purging the set-up and pressurizing the
reactor before polymerization.

Carbon dioxide with 99.995% purity purchased from Air Liquide France was used as quenching agent
for the short-time polymerization reactions.

. TG-DTA TG-DTA
. Specific Pore Pore Mean
. Silica trade . . . (%) Loss on | (%) Loss on
Silica code superficial volume diameter particle . N
name (m/g) (mL/g) (hm) size (1) Drying Ignition
area
& (180°C) | (850°C)
AGC
S2 SUNSPERA’ 618 1,7 11 37 4,9 9,7
DM-H-302
AGC
sS4 SUNSPERA’ 363 2.11 23.3 42.7 3.7 7.1
DM-L-403

Tableau 1: Silica physical properties, given by the provider

2.1.2. Polymerization procedure

The experimental conditions applied for the metallocene catalysts used in this section are described
below.

Full-time polymerization

Full-time polymerization reactions of 60 minutes duration were carried out in a spherical 2.5L lab-scale
semi-batch reactor, also referred to as Turbosphere reactor. Details on the reactor set-up and
operation procedure were described in Chapter 2 (Ch. 2, section 2.1.1.).

For the metallocene catalyst used in this study (CO6 and C25), 25-40 mg catalyst were dispersed in
approximately 100 g of coarse NaCl (previously dried at 400 °C for 4 hours. 1.4 mL of a 1 M solution of
Triisobutylaluminum (TIBA) were used as scavenger for the reactor environment.

Reactions were performed in homopolymerization with Ethylene under constant pressure of 11 barg,
reaction temperature of 75°C and constant agitation at 200 rpm. The experiments of 60 minutes
duration were repeated at least twice in order to confirm reproducibility of results.
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Short-time polymerization

Short-time polymerization reactions were carried out with the novel Stopped-flow reactor (SF N).
Details on the reactor set-up and operation procedure were described in Chapter 2 (Ch. 2, section
5.3.2.).

For the catalysts used in this study 25-35 mg catalyst were dispersed in approximately 1200 mg fine
)'7,8

NaCl seedbed (preparation of seedbed described elsewhere
The reaction temperature was set to 75 °C. Polymerizations were carried out in reaction times of 15 to
90 seconds under ethylene flow of 986 g/h and 11 barg pressure, keeping a superficial gas velocity of
20 cm/s.

2.1.3. Catalyst synthesis procedure

Two-step incipient wetness method was used to prepare the catalysts used in this study. The two-step
method was selected as a way to avoid possible catalyst deactivation by interaction with the functional
groups on the silica surface.

Initially, each silica was dehydroxylated at 600°C under dynamic vacuum of 102 to 10° mbar. The silica
was heated to 200 °C at a heating rate of 5 °C/min and left open for 2 hours to remove moisture,
followed by overnight dehydroxylation at 600 °C under vacuum.

The initial step consisted of the passivation of MAO onto the silica support, resulting in a solid hereafter
referred to as SMAO. For the SMAOQ preparation, a volume of 3.5 mL of MAO solution (aiming for 13
wt% Al in the final catalyst) was diluted in 150 % of the pore volume of each silica in pure dry toluene
and added dropwise to 2 g of silica in a Schlenk flask inside of an Argon-atmosphere glovebox. The
resulting slurry was heated at 80 °C for 4 hours under argon atmosphere without stirring. Afterwards,
we performed one washing step with Heptane. The supernatant solution over the slurry was removed
with a syringe and the same volume of dry Heptane was added, followed by gently stirring by hand.
After decantation, the supernatant Heptane was removed with a syringe and the slurry was dried
under dynamic vacuum at 80 °C for 2 hours. The resulting free-flowing white powder, hereafter called
SMAO, was stored in the glovebox.

Next, the metallocene complex was impregnated dropwise onto the SMAOQ support. For the catalyst
preparation, rac-ethylene bis(4,5,6,7-tetrahydro-1-indenyl)zirconium dichloride, hereafter referred to
as THI, was grafted onto the surface of SMAO targeting an Al/Zr ratio of 150. For 500 mg SMAO, 9.3
mg of THI were dissolved in 1.7 mL of pure dry toluene in a glass vial under magnetic stirring for 1 hour,
forming a white cloudy solution. Following, in a Schlenk flask, the THI/Toluene solution was added
dropwise onto 500 mg of SMAOQ, resulting in a yellow slurry. The slurry was heated at 50 °C for 1 hour
under argon atmosphere with no stirring. One washing step was performed with Heptane and the
slurry was dried under vacuum at 50 °C for 2 hours. The resulting supported catalyst was a free-flowing
yellow powder, which was stocked inside of a glovebox away from light exposure.

The THI metallocene catalyst was selected since transfer to monomer is not its main chain termination
mechanism. Therefore, variations of the monomer pressure during the reaction should reflect on to
the molar mass of the obtained polymer.?
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To facilitate referencing, the names of the silica supports used in this study were abbreviated, as
described in Table 2. Catalysts C14 and C25 are two different batches of the same catalyst.

Catalyst ID# Silica abbreviation code Silica trade name
Co6 S2 AGC SUNSPERA® DM-L-303
C14 S4 AGC SUNSPERA® DM-L-403
C25 S4 AGC SUNSPERA® DM-L-403

Tableau 2: Synthesized catalysts and their corresponding silica supports. C14 and C25 two of the same catalyst

2.1.4. Silica and catalysts characterization

The analytical techniques used to characterize the silica, SMAO and catalysts synthesized in this study
are described as follows. More details on the used analytical techniques can be found in the Appendix
1.

The dehydroxylated silica, SMAO and catalysts were characterized by Diffuse Reflectance Fourier
Transform Infrared Spectroscopy (FT-IR-DRIFT) to follow their surface composition. As seen in Figure
1, the silica dehydroxylated at 600°C contains essentially isolated silanol groups on its surface,
characterized by a sharp peak at around 3745 cm™. As seen in the SMAO profiles, the silanol groups
are no longer visible, signaling effective grafting of MAO, which is characterized by the C-H stretching
in the region of 3000 to 2840 cm™. 12

The dehydroxylated silica and catalysts were evaluated with nitrogen porosimetry to measure the
porosity of the samples. Specific surface areas were obtained from the Brunauer-Emmett-Teller (BET)
and pore size distribution was determined by Barrett-Joyner-Halenda (BJH) equation. Figure 2 shows
the obtained pore sizes for the silica supports dehydroxylated at 600 °C (S2 600 and S4 600), together
with the corresponding catalysts (CO6 and C25). We observed a shift to the left in the pore size profile
of the catalysts in relation to their silica supports, indicating reduction of the average pore diameters.
This, which was also observed for other types of silica by Bashir 3, suggests that the porosity of the
supports was partially occupied during the grafting process, most likely by the bulky MAO molecules.

The aluminum and zirconium mass content in the catalysts was measured by Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-AES) analysis, performed by the Mikroanalytisches Labor
Pascher, in Remagen-Bandorf, Germany. As seen in Table 3, the synthesized catalysts CO6 and C25
possess Al/Zr ratios slightly superior to the aim of 150. On the other hand, catalyst C14 possess Al/Zr
ratio slightly lower than aimed. Nonetheless, we these results confirm the successful incorporation of
the necessary active species.

The synthesized catalysts were observed with SEM and SEM-EDX analysis. As observed in Figure 3, the
SEM images show catalyst particles are spherical and the particle size seems quite uniform. This
suggests the impregnation method employed during preparation was efficient in preserving the
original morphology of the silica supports.

The SEM-EDX analysis results show the distribution of Aluminum (orange) and Silicon (green) inside
the catalyst particles. The Aluminum atoms, originated from the grafting with MAO, indicate
uniformity of the catalyst impregnation/activation procedure throughout the catalyst.
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As observed in Figure 4, particles of catalyst C06 presented a uniform Aluminum distribution on the
majority of particles, with few particles showing core-shell Aluminum distribution. For catalyst C25,
seen in Figure 5, Aluminum seems to be uniformly distributed throughout the totality of the particles.
These results suggest that the impregnation of the support with MAO molecules was more effective
for the silica support of bigger pore sizes (catalyst C25) than for small pore sizes (catalyst C06).
Nonetheless, given that the surface cuts for the EDX analysis are subjected to variability, it is possible
that particles of the same sample are not cut in exactly the same way. Therefore, it is not unusual to
observe different Al distributions within the same sample.
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Figure 1: DRIFT analysis for dehydroxylated silica, corresponding SMAO and supported catalysts
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Figure 2: Pore diameter distributions for dehydroxylated silicas and their corresponding supported catalysts
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Catalyst ID# Respective silica Al (Wt%) | Zr (wt%) | Al (mol%) Zr (mol%) Al/zr

C06 S2 600 15.1 0.26 0.5597 0.0029 196.37
C14 S4 600 14.5 0.40 0.5374 0.0044 122.57
C25 S4 600 16.9 0.26 0.6264 0.0029 219.78

Tableau 3: ICP analysis results for the synthesized catalysts
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Figure 3: SEM imaging for catalysts a) CO6 (11 nm support), b) C25 (23.3 nm support)
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Figure 4: SEM-EDX for catalyst C06 (support with 11 nm pore diameter)
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Figure 5: SEM-EDX for catalyst C25 (support with 23.3 nm pore diameter)

2.2. Results and discussion

The impact of the pore size of the support on the kinetic behavior of the catalysts was evaluated
through full-time and short-time polymerization reactions with ethylene. The produced polymers were
evaluated in terms of their physical properties by thermal analysis (DSC) and particle morphology by
SEM and SEM-EDX microscopy. At last, the experimental data from short-time experiments were
evaluated with the developed software component developed in chapter 3.
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From the different characterization techniques assessed in the previous section, we have concluded
that the 2-step synthesis method employed during catalyst preparation was satisfactory in
impregnating the desired active species (Al and Zr).

As indicated by the SEM-EDX analysis performed on surface cuttings of the catalysts, the silica support
with larger pore diameters (23.3 nm) led to catalyst particles with homogeneous distribution of
aluminum on the totality of the support (catalyst C25). On the other hand, this analysis indicated that,
for smaller pore diameters (11 nm), a portion of the resulting catalysts presented core-shell
distribution of aluminum, grafted mainly on the outer surface of the support particle (catalyst C06).

2.2.1. Catalyst kinetics

The activity profiles obtained from full-time polymerizations with ethylene are found in Figure 6.

The catalysts made from different silica supports showed different activity profiles. The sharp peak
observed for the catalyst made with bigger pore diameters (pores of 23.3 nm, catalyst C14) indicated
fast catalyst activation followed by its quick deactivation. This behavior could be explained if we
assume that larger pores led to less initial mass transfer resistance and thus rapid polymer formation.
The pores might rapidly be blocked by the new polymer leading to a decrease in the rate.

A different behavior was observed for the catalyst made with smaller pore diameters (pores of 11 nm,
catalyst C06). The activity profile showed slower and gradual catalyst activation (in relation to C25),
the absence of sharp activation / deactivation peaks and overall low polymerization rates. Considering
the SEM-EDX analysis performed on this catalyst, the observed core-shell distribution of aluminum
throughout the catalyst would certainly lead to parts of the particle that had no active sites (if the
catalyst precursor is not activated by MAO it will exhibit very poor activity). This could certainly explain
the low reaction rates observed.
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Figure 13: Full-time polymerization kinetics for support of 11 nm (catalyst C06) and 23.3 nm (catalyst C14)
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The outlet temperature profiles for short-time polymerization reactions performed with the studied
catalysts between 15 and 90 seconds can be seen in Figures 7 and 8.

Similar conclusions can be drawn from the polymerization tests done at short reaction times as those
observed at longer reaction times.

For the silica support with bigger pores (Figure 7), high temperature gradients were observed at the
reaction start-up, with considerable increase from 15 seconds of reaction. This behavior was
reproduced in both the 15 s and the 90 s reactions. The evolution of the polymerization yield, shown
in Figure 9, followed the same trend with much higher yields observed for the catalyst prepared on
bigger pores.

Likewise, very mild temperature gradients were observed for the silica support with smaller pores
(Figure 8). This behavior, together with the yields observed in Figure 9, are in agreement with the
kinetic observations for the full-time polymerization kinetics.
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Figure 7: Temperature profiles with 23.3 nm support (catalyst C25)
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Figure 9: Polymerization yields at increasing reaction times for catalysts C06 (11 nm) and C25 (23.3 nm)

2.2.2. Reaction rates at early stages

Here, we have applied the previously developed software (reactor model and estimator) to interpret
the catalyst kinetics at short reaction times.

From the experimental data (recorded temperatures and polymer yields), we have estimated the
dynamic rates of polymerization, seen in the Figure 10.

The estimated reaction rates for both catalysts are coherent with those observed in the assessment of
full-time polymerization kinetics, shown in Figure 6. The obtained results show the contrast the activity
of catalysts prepared with different silica supports. At the beginning of the reaction, the catalyst with
bigger pore sized (23.3 nm, C25) presents reaction rates that are about 10 times higher than for the
catalyst with smaller pores (11 nm, C06). At longer reaction times (Figure 6), this is precisely what we
observed for these catalysts; initial activity profiles that are very distinct and then reach a similar
plateau as the reaction progresses.
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Figure 11: Estimated polymer production and experimental values for a) C25 (23.3 nm support, b) Catalyst C06 (11 nm
support)

2.2.3. Polymer properties

The properties of the obtained homopolymers for full-time (60 minutes) and short-time (15 to 90
seconds) polymerization reactions were evaluated in terms of thermal properties of the produced
polymer. Moreover, we followed the average molecular weights for polymer produced in full-time
coditions.

As seen in table 4, the polymer crystallinities increase with the time of reaction for both catalysts, as
previously observed by Tioni et al. and Di Martino et al.’®'* We observed no effect of the support
porosity on the polymer thermal properties and average MW at full-time polymerization reactions (60
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minutes). This suggests that the active sites on each support produced the same polymer (in other
words, the nature of the active sites was not compromised by using one support or the other). If this
is the case, this appears to be more evidence that the lower polymerization rate observed (per gram
of support) with C06 is due to a diminished quantity of “active” active sites per particle because. The
obtained Polydispersity Index were slightly higher for the silica with smaller pores (catalyst C06), but
this can just as easily be attributed to variations in the SEC measurements as anything else.

The crystallinity for the silica support with bigger pores -23.3 nm, catalysts C14 and C25) at 90s reaction
approached values obtained for full-time polymerization conditions. This behavior is coherent with the
kinetic behavior observed for this catalyst at full-time polymerization profiles (high polymerization
rates observed at the reaction start), as well as the high temperature gradients observed at short-time
reactions and estimated reaction rates.

For reactions lasting less than 90 seconds for catalyst C25, the low crystallinity values obtained reflect
the amorphous character of the polymer at early stages, perhaps not yet free from the constraint of
the support, as previously observed in works of Tioni et al.’?

We observed low crystallinities for the polymers obtained at short reaction times with the silica of
smaller pore diameters (11 nm, catalyst C06). Given the low polymerization rates and slow activation
observed for this catalyst, this could be explained by a high content of solid support, which could lower
the measured crystallinities.

Pore . . . -
sameer | 55| R Rt | ™09 | A iy | o
C25 15s 0,74 128,5 29,8 - -
23.3 DM-L-403 C25 90s 14,65 127,4 53,4 - -
Cl4 60 min 117,95 131,7 63,6 102 173 3,283
15s 0,29 125,1 12,4 - -
11 DM-H-302 Co6 90s 0,76 130,4 18 - -
60 min 79,82 132,4 61,76 100 333 4,639

Tableau 4: Polymerization yields and polymer properties for polymers made with catalysts C14 and C25.

2.2.4. Particle morphology

The particle morphology of the homopolymers obtained in short reaction times (15 to 90 seconds)
were evaluated using SEM and SEM-EDX .

For the SEM-EDX analysis, we have chosen to display the element detection charts for Silicon (green)
(silica support) and Carbon (red), aiming to correlate changes in the silica support (Silicon) with the
polymer formation (Carbon). Given the analysis were prepared with a carbon metallization, the red
contrasts are subtle, but one can follow the progressive polymer formation on the support.

The impact of the different kinetics can be observed in the SEM images for both studied catalysts.
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In Figure 12, the SEM images for polymers obtained with silica with higher pore sizes (23.3 nm, catalyst
C25) showed a more pronounced degree of fracture as early as 15 seconds of reaction, due to the
hydraulic stress caused by polymer accumulation at the high initial rates, in relation to smaller pores
(catalyst CO6). After 90 seconds, it appears that at least some of the C25-based particles are expanding
with the inert silica layer being carried by the polymer made in the center of the particles. Moreover,
we observed noticeable particle growth and widespread irregularity in the overall morphology. We
could suggest that the high polymerization rates observed at the beginning of the reaction led to heat
transfer resistances that could have resulted in polymer softening. Another interesting feature seen in
these short time SEM images is that not all of the particles polymerize at the same rate.

SEM-EDX analysis results seen in Figure 13 show a well-defined portion of the support that is separated
from the core. This behavior is not observed at 90 s of reaction. The SEM and EDX images suggest that
the catalyst surface is inactive, but not the core.

These observations are in agreement with the kinetic behavior of this catalyst discussed in the previous
section, with the larger silica pores catalyst (C25) having higher activities than the catalyst from silica
with smaller pores (C06) at short reaction times.

20 um EHT= 200kV  Mag= 167X Signal A =SE2 Scan Speed =3 1 um EHT= 300kV Mag= 295KX Signal A=SE2 Scan Speed =3
H W= B3mm  High Vacuum Freme fl. Busy Apetturs Size =30 00 um IH W= B2mm  High Vacuum Frecme kil Busy Aperturs Size = 30.00m

20pm E 200Ky WiEg= 232X Signd A=SE2 Scan Speed = 3 | 20pm EHT= 300KV Mag= 579X Signal A =SE2 Scan Speed =3
WD=49mm  HghVacam Frame Int. Busy Apertra Sz = 3000 pm — WD=A9mm  High Vacuum Frems il Busy Aperturs Size = 30.00 um

Figure 12: SEM analysis of polymers done with catalyst C25 at: a) 15s, b) 90s
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Figure 13: SEM-EDX for polymers formed with catalyst C25 at: a) 15s, b) 90s.

In the SEM images for catalyst CO6 (smaller silica pore volume), in Figure 14, we observed no visible
fracturing on the particle surface at 15 seconds of reaction. At 90 seconds of polymerization, some
whole (possibly unreacted) particles are present, but the polymer formation and particle growth
become more pronounced. Nonetheless, a smooth morphology is kept and no polymer melting was
observed.

SEM-EDX analysis results seen in Figure 15 allowed similar observations. At 15 seconds, the
polyethylene formation is very subtle, seen only at the center of the larger particles. After 90 seconds,
a layer-by-layer polymerization mechanism can be observed, as a sheet of support is separated from
its core and a layer of polymer (red) can be seen in the corresponding image. These observations are
in agreement with the kinetic behavior of this catalyst discussed in the previous section, the overall
low activities achieved with this catalyst, as well as the core-shell aluminum distribution observed for
this catalyst.
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Figure 15: SEM-EDX for polymers formed with catalyst C0O6 at: a) 15s, b) 90s.
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2.3. Conclusion

Classic metallocene catalysts were synthesized with different silica supports, aiming to evaluate their
impact on the catalyst behavior at early stages. Results from the analytical techniques showed that the
method employed for catalyst preparation was effective in incorporating the desired aluminum and
zirconium amounts while maintaining the original structure of the silica supports.

SEM-EDX analysis performed on the synthesized catalysts indicated homogeneous distribution of
aluminum atoms throughout the support particles for silica with larger pore sizes (23.3 nm). For the
support with smaller pore sizes (11 nm), this analysis showed core-shell distribution of aluminum on a
portion of the observed particles. Nevertheless, the surface cuts performed for the EDX analysis are
done by hand and not all particles are necessarily cut in the same way. Some slices go through the
middle of the particles (or at the equator), and some cuts might happen closer to the poles. In that
sense, it is natural to see different aluminum distributions for the same catalyst. Considering the non-
negligible possibility of mass transfer resistances to the bulky MAO molecule (reported values between
7.5 and 12.5 A)*>7, then the molecule does not penetrate into the heart of the catalyst particles, but
only a certain distance toward the center.

From the kinetic assessment at full-time polymerization reactions with ethylene, bigger pores seemed
to lead to a much higher initial polymerization rate, followed by quick deactivation; while smaller pores
led to gradual activation. We linked the observed behaviors to the rapidity of particle fragmentation
during the reaction. We hypothesized bigger pores (shown to have more homogeneous Al distribution)
led to the catalyst particle being more homogeneously activated, which led to faster particle
fragmentation due to quick polymer build-up in the porosity of the support. On the other hand, smaller
pores (shown to have core-shell Al distribution) could have resulted in activation on the catalyst
surface, leading to lower reaction rates, thus slower particle growth. The estimated reaction rates were
in agreement with the observed kinetics at longer times and reflected the same trend, activities for
the catalyst with bigger pores was about 10 times higher than the counterpart at early stages of the
reaction (<90s).

From the assessment of the polymer properties, the support porosity seemed to have no significant
effect on the polymer thermal properties and average MW at full-time polymerization reactions (60
minutes), suggesting that the active sites in both catalysts are similar, so any observed differences are
more likely of a physical nature. For short-time reactions, the polymer crystallinities seemed to
increase, which we linked to the constraint effect of the support porosity, a phenomena observed in a
previous study from our group. 3

Evaluations at short reaction times from 15 to 90 seconds, performed with the novel stopped-flow
reactor, indicated a similar behavior. High temperature gradients were observed at early stages for
silica with bigger pores, while very mild gradients were observed for the smaller pores. The observed
kinetic effects were reflected on the morphology of the polymer particles obtained at short reaction
times.

Morphology observations by SEM, coupled with the fact that the EDX images all show a well-defined
layer of support separated from the core, the surface of the catalyst particles is inactive (a behavior
previously observed by Tisse °), but behaves normally below the surface. We still cannot underlie the
the reasons for this behavior. After 90 seconds of reaction, it seems like some particles are expanding
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with silica fragments being carried by the polymer being formed at the particle center. The higher level
of fractures observed on the particle surface suggest faster particle fragmentation. ¥ Moreover, we
observed a noticeable loss of control of the particle morphology after 90 seconds, which we correlated
with possible heat transfer resistances. For silica with smaller pores, we observed less flagrant
fracturation on the particle surface and no particle agglomeration, which were in agreement with the
low reaction rates observed for this catalyst. In all cases, the microscopy analysis showed different
article morphologies for the same sample, which suggest that not all of the particles polymerize at the
same rate. Given the aforementioned conclusions, the assessed silica supports are perhaps not suited
for utilization in polyolefin applications.

To conclude, this case study demonstrated how the novel stopped-flow reactor can satisfactorily be
used to provide information on the morphology development at early reaction times under meaningful
reaction conditions.
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3. Comparing 2 families of metallocene catalysts at different gas-feed compositions

Given the complex nature of supported catalysts and polymerization processes, it is often challenging
to determine the impact of each reaction condition parameter, as well as possible interaction between
these parameters, on the reaction behavior and quality of the obtained polymer. In such cases,
experimental design can provide some useful insights. Besides allowing to reduce the number of
experimental runs necessary for such evaluations.

In the current case study, we have applied a Design of Experiments (DOE) to assess the impact of
different reaction conditions (i.e. reaction time, hydrogen content and comonomer content) on the
kinetic behavior and polymer morphology for two families of metallocene catalysts.

3.1.  Experimental Section

The current case study was performed with two different catalysts, one classic Zirconocene catalyst,
hereafter referred to as CpZ 2, and one constrained geometry catalyst, hereafter referred to as CGC
M. These catalysts were evaluated under varying reaction times and compositions of the gas phase
feed, which were followed according to an Experimental Design.

The materials used in the current study, procedures for full-time and short-time polymerization, as
well as the description of the applied Design of Experiments (DOE) are described as follows.

3.1.1. Materials

The classic metallocene catalyst used in this study (CpZ 2) consists of a classic supported Zirconocene.
It's worth mentioning that this catalyst produces hydrogen in-situ as part of its chain termination
mechanism.

The constrained geometry catalyst used in this study (CGC M) is a proprietary catalyst, supplied by
INEOS.

The feed gases (Ethylene, Nitrogen and carbon dioxide) used for the full-time and short-time
polymerization reactions were the same as previously described in section 2.1.1 of this chapter.

Anhydrous 1-Hexene (minimum purity 99%, purchase from Sigma-Aldrich ICN - Germany) was dried
with Magnesium Chloride overnight, followed by distillation and freeze pumping to remove an oxygen
traces. The dry and purified 1-Hexene was then stored in the freezer.

3.1.2. Polymerization procedures

The experimental conditions applied for the catalysts used in this section are described below.
Full-time polymerization

Full-time polymerization reactions were carried out in a spherical 2.5L lab-scale semi-batch reactor
commonly called the Turbosphere reactor. The detailed reactor set-up and operation procedure can
be found in Chapter 2 (Ch. 2, section 2.1.1.).
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For the classic Zirconocene catalyst used in this study (CpZ 2), 50 mg catalyst were employed. As
scavenger for the reactor environment, 0.8 mL of a 1 M solution of Triisobutylaluminum (TIBA) were
used. The reactions were performed in homopolymerization with Ethylene under constant pressure of
7.5 barg and reaction temperature of 84°C.

For the constrained geometry metallocene catalyst used in this study (CGC M 2), 100 mg catalyst were
employed. As scavenger for the reactor environment, 0.5 mL of a 1 M solution of Triisobutylaluminum
(TIBA) were used. The reactions were performed in homopolymerization with Ethylene under constant
pressure of 7.5 barg and reaction temperature of 70°C.

The experiments were performed with 60 minutes duration and constant agitation at 200 rpm.
Short-time polymerization

Short-time polymerization reactions were carried out with the novel Stopped-flow reactor (SF N), with
set-up description and operation procedures previously described in chapter 2 (Ch. 2, section 2.1.1.).

For the classic Zirconocene catalyst used in this study (CpZ 2), the reaction bed was composed of 30-
50 mg catalyst in approximately 1200 mg fine NaCl seedbed. The reaction temperature was 84 °C and
ethylene pressure was 7.5 barg, keeping a gas velocity of 50 cm/s.

For the commercial CGC catalyst used in this section (CGC M), the reaction bed was composed of 40-
60 mg catalyst in roughly 1200 mg fine NaCl seedbed. The reaction temperature was 70 °C and ethylene
pressure was 7.5 barg, keeping a gas velocity of 50 cm/s.

3.1.3. Design of Experiments (DOE)

We have applied Experimental design in the assessment of catalysts CpZ 2 and CGC M in order to tackle
the effects of the process variables on the reaction outcomes (polymerization yield and polymer
properties).

We have proposed orthogonal factorial designs for both catalysts evaluated in the current case study
by following the approach sequence proposed by Box et al.'>%, in which experimental data are
obtained at every combination of the varying experimental parameters.

The initial step was the choice of the factors (independent variables, xn) and levels of variation for each
factor (-1, 0, +1). Following, we fixated the variables to be measured as experimental results
(dependent variables).

Finally, we performed the multiple regression of the obtained results in relation to the variable factors
with the software Statistica 10, to better understand the relationship between the independent and
dependent variables. More details on the data treatment can be found in the Appendix 1.

For catalyst CpZ 2, the varying factors were the reaction time and comonomer content in the gas feed.
The experiments were performed in random order and the ethylene pressure (7.5 barg) and reactor
temperature (84 °C) were kept constant for all experimental runs. For this catalyst, the full factorial
composition of two factors varying at three levels (3% factorial design) results in a total of 9
experiments.
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For catalyst CGC M, the varying factors were the reaction time, the comonomer content in the gas feed
and the hydrogen content in the gas feed. The experiments were performed in random order and the
ethylene pressure (7.5 barg) and reactor temperature (70 °C) were kept constant for all experimental
runs. For this catalyst, the full factorial composition of three factors varying at three levels (33 factorial
design) results in a total of 27 experiments. In this case, we opted for a fractional factorial design,
where experiments in which two of the varying conditions are of the same level were excluded from
the analysis, thus resulting in 9 experiments.

For both catalysts, we performed three repetitions of the experiment on the central point (0, 0, 0), in
order to estimate the experimental error. Moreover some extra points to be interpreted qualitatively
were added as extrapolations to the central point

The experimental limits for the independent variables were defined based on indications from the
catalyst suppliers. The chosen factors and levels of variation can be found in Tables 5 and 6.

The responses (dependent variables) for the experimental evaluation were the polymerization yield
and polymer thermal properties including polymer crystallinity and melting temperature (Tm).

The experimental matrix for the catalysts used in this study, as well as the full list of experiments used
for the experimental design can be found in the Appendix 3.

Level
Variable factor -1 0 1 Extra
Low Middle High
X1 [1-C6] (Wt%) 0 8 16 20
X2 Time (s) 5 30 55 -
Tableau 5: Factors and levels of variation for catalyst CpZ 2
Level
Variable factor 1 0 1 Extra
Low Middle High
x1 [H2] (mol%) 0 0.3 0.6 1.5
x2 [1-C6] (Wt%) 0 8 16 20
x3 Time (s) 5 12.5 20 60

Tableau 6: Factors and levels of variation for catalyst CGC M

3.2.  Variability assessment for catalysts in this study

The variability of the performed polymerization reactions was assessed for the catalysts used in this
study in terms of their polymerization yields. For this purpose, the standard deviation (or dispersion)
was calculated for a series of polymerization tests performed at increasing reaction times under the
same reaction conditions. Calculations were based on a minimum of three experiments performed at
each reaction time. The full list of experiments can be found in Appendix 3.

Calculations followed the following formula for the uncorrected sample standard deviation:

160



0= JAEL G- 27 (a-1)

Where o is the uncorrected standard deviation, N is the number samples used for the calculation,
x; are the observed sample values and X is the average value of the sample population.

Moreover, Dixon’s Q test was applied to determine if the results furthest from the average were
outliers that should not be included in the variability assessment.?%?? The results included in the
variability assessment were not considered as outliers.

3.2.1. Results

The following reaction conditions were applied for the variability assessment:

For the classic metallocene catalyst CpZ 2, reactions were performed with 30-50 mg catalyst at 84°C,
7.5 bars Ethylene with gas velocity of 50 cm/s.

For the CGC catalyst CGC M, reactions were performed with 35-60 mg catalyst at 70°C, 7.5 bars
Ethylene with gas velocity of 50 cm/s.

Yield variability assessment for classic metallocene catalyst (CpZ 2)

Figure 16 displays the average polymerization yields obtained from the variability assessment for
catalyst CpZ 2, with details for the plot described in Table 7.
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Figure 16: Average yields and standard deviations with increasing reaction time for classic metallocene catalyst CpZ 2
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Catalyst used

Reaction time (s)

Average Yield (g/g)

Standard
deviation (o)

Cpz2

60 3.0 0.1
30 1.2 0.4
5 0.4 0.1

Tableau 7: Assessment of average yield evolution with reaction time using a classic metallocene catalyst. Reactions
performed with 30-50 mg catalyst at 84°C, 7.5 bars Ethylene with gas velocity of 50 cm/s.

Yield variability assessment for CGC metallocene catalyst (CGC M)

Figure 17 displays the average polymerization yields obtained from the variability assessment for
catalyst CpZ 2, with details for the plot described in Table 8.
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Figure 17: Average yields and standard deviations with increasing reaction time for classic metallocene catalyst CpZ 2

Catalyst used

Reaction time (s)

Average Yield (g/g)

Standard
deviation (o)

CGCM

60 5.2 11
30 21 0.5
5 0.5 0.1

Tableau 8: Assessment of average yield evolution with reaction time using a classic metallocene catalyst. Reactions
performed with 30-50 mg catalyst at 84°C, 7.5 bars Ethylene with gas velocity of 50 cm/s.

3.2.2. Conclusion

A variability assessment was performed for the catalysts used in this study based on the calculation of
the uncorrected standard deviations for the polymerization yields obtained at increasing reaction

times.
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For both assessed catalysts, linear trends between the average yields and reaction times were
observed, indicating coherence in the evolution of polymer production with time.

We observed overall lower polymerization yields for the classic metallocene catalyst (CpZ 2) in relation
to the CGC catalyst during the evaluated time frame (5 to 60 seconds).

This behavior is in agreement with the full-time polymerization kinetics observed for these catalysts,
in which the classic metallocene catalyst (CpZ 2) reaches its maximum activities at about 30 minutes
of reaction.

We observed overall lower dispersion of results for the classic metallocene catalyst (CpZ 2), in relation
to the CGC catalyst (CGC M). Moreover, the dispersion of the polymerization yield results for the CGC
catalyst was more significant for increasing reaction times.

Upon discussion with the catalyst provider, it appears that the method used for its production is in fact
susceptible to inhomogeneity in its performance. This actually shows another useful application for
the SF N: rapid evaluation of catalyst performance. It would be quite easy at a production site or
elsewhere to use this device to test catalyst before its use in order to detect any batch-to-batch
variations.

3.3. Results and discussion

The experimental results obtained following the proposed design of experiments were interpreted
with the software Statistica 10. The full list of experiments used for the statistical assessment can be
found in the Appendix 3.

The Pareto charts were interpreted to determine the statistical value the variable factors have on the
experimental responses, in which parameters with a p value higher than .05 are considered to have
significant statistical value. We have applied the ANOVA (analysis of variance) method to detect the
main interaction effects between the factors and obtain the value of R-square, which indicates the
discrepancy of the results in relation to the predicted data. Finally, the response surfaces were
obtained considering linear main effects only and the plots were interpreted to gain insight on how
the variable factors impact the responses and identify potential relationships between the parameters.

The obtained results were interpreted in terms of catalyst kinetics and polymer properties. Moreover,
the kinetic behavior at the reaction start-up was interpreted with the software component developed
in chapter 3.

At last, morphology observations of the obtained polymers were used for qualitative evaluation of the
polymer properties.

3.3.1. Catalyst kinetics

The obtained Pareto diagrams and response surfaces were interpreted to investigate the kinetics of
the metallocene catalysts used in the current study, correlating the independent experimental factors
(reaction time, 1-Hexene content and Hydrogen content) with the obtained polymerization yields.

The kinetic profiles obtained at full-time polymerization conditions are found in Figure 18.
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From the obtained full-time polymerization kinetics for both catalysts, the classic metallocene CpZ 2
presents a slower activation profile in which the reaction rates gradually increase until reaching its
peak at about 35 minutes of reaction. On the other hand, the CGC catalyst presents very fast activation
early in the reaction, reaching the maximum activity at about 5 minutes and then gradually decaying.
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Figure 18: Full polymerization kinetics for 60 minute homopolymerization reactions with ethylene

The results obtained from short-time reactions with the novel stopped-flow reactor are described as
follows.

For both catalysts assessed in this section (CpZ 2 and CGC M), the Pareto diagrams seen in Figure 19
indicated that the duration of the reaction was the main factor influencing the polymerization yields
at short reaction times. This is of course expected in and of itself, but has been included to show that
changing 1-hexene levels within the suggested range does not appear to have a statistically significant
impact on the yield over the time frame of interest.

a) b)
(3)Time (s)(L) -7 812553
(2)Time (s)(L) 6.200722
(1)H2 (M%)(L) 1.781605
1)1-C6 (Wi%)(L) -2.1449
(2)1-C6 (Wt%)(L) - 546983
p=105 p=.05

Standardized Effect Estimate (Absolute Value) Standardized Effect Estimale (Absolute Value)

Figure 19: Pareto diagrams for polymerization yield for catalysts: a) classic metallocene CpZ2 (R?=0.71947), b) CGC catalyst
CGC M (R2=0.64438)

This effect is also visible at the obtained response surfaces, seen in Figures 20 and 21.
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The effect of reaction time and 1-hexene content on the polymerization yields for both catalysts can
be seen in Figure 20. These projections indicated that the yields for catalyst CpZ 2 were slightly
improved by the comonomer content in the gas feed at short reaction times. For this catalyst, the
highest yields were observed at higher reaction times (>50 s) and high concentration of 1-hexene (>8
wt%). For the assessed CGC catalyst, the content of 1-hexene did not seem to have an impact on the
reaction yields at the analyzed reaction times.
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Figure 20: Response surfaces for yield for catalysts: a) classic metallocene CpZ2 (R2=0.71947), b) CGC catalyst CGC M
(R2=0.64438)

The effects of reaction time, 1-Hexene content and Hydrogen content for the CGC M catalyst can be
seen in Figure 21. These results suggested that hydrogen does not have a significant statistical impact
on the polymerization yield for the evaluated concentrations (0 to 0.6 molar %) and time frame.
Likewise, the surface plot shown in Figure 21-b suggests that the interaction between hydrogen and
1-hexene is not of statistical interest.
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Figure 21: Response surface for Yield for CGC M catalyst in relation to: a) time and H2 content, b) interaction between H2 and
1-C6 content.

165



3.3.2. Reaction rates at early stages

The software component developed in Chapter 3 was applied to the experimental data in order to
evaluate the kinetic behavior of the catalysts in homopolymerization conditions at early stages.

The High-Gain Observer was applied on experiments performed at increasing reaction times to
evaluate the evolution of reaction rates at early stages.

The estimated reaction rates for the catalysts used in this study can be found in Figure 22. The
estimated reaction rates for catalyst CGC M at short reaction times were coherent with the kinetic
profiles obtained for full-polymerization times, seen in Figure 18. Figure 23 shows the estimated
reaction outlet temperature profiles and dynamic estimates of produced polymer mass, together with
the experimental values.

For the classic metallocene CpZ 2, we observed a pronounced activation peak in the first seconds,
which then subsided and the reaction seemed to progress in a slower increasing rate. The slower
activation of this catalyst was visible on the full-time polymerization profile, but the activation peak
was only detected in the reactions performed in the stopped-flow reactor. Given each curve in the plot
derives from an individual experiment, this behavior seems to happen in a reproducible manner
independently of the reaction duration, which suggests a particularity of the catalyst.

This behavior is contrasted with what is observed for the CGC catalyst. In this case, the estimated rates
at different reaction times indicate that the catalyst activation happened quite fast from early and then
slows down. These predictions are in agreement with the kinetic behavior observed for this catalyst in
full polymerization times (60 minutes).
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Figure 22: Estimated reaction rates for catalysts: a) CpZ2, b) CGC M
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Figure 23: Estimated mass of produced polymer for catalysts: a) CpZ2, b) CGC M

3.3.3. Polymer thermal properties
The Pareto diagrams and response surfaces were interpreted to investigate the effect of the
independent experimental factors (reaction time, 1-Hexene content and Hydrogen content) on the

melting temperatures of the obtained polymer.

The Pareto diagrams seen in Figure 24 indicated the main experimental factors influencing the melting
temperature of the obtained polymers, for both catalysts.

For the classic metallocene catalyst CpZ 2, the duration of the reaction was the main factor influencing
the melting temperatures at short reaction times, followed by a secondary effect of the 1-Hexene
content in the gas feed. For the CGC M catalyst, the 1-Hexene content has the highest effect on the
polymer melting temperatures, followed subsequently by the hydrogen content and reaction time.

a) b)
(2)1-C6 (wi%)(L) -3.5995
(2)Time (s)(L) 3894642
(1)H2 (Mm%)(L) 2.511498
(1)1-C6 (wi2)(L) 267916
(3)Time (s)(L) 2.22645
p=05 p=.05

Standardized Effect Estimate (Absolute Valug) Standardized Effect Estimate (Absolute Value)

Figure 24: Pareto diagrams for polymer melting temperatures (Tm) for catalysts: a) classic metallocene CpZ 2 (R?=0.60796),
b) CGC catalyst CGC M (R2=0.46942)

These effects were also remarked from the obtained response surfaces seen in Figures 25 and 26.
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These observations are coherent with the particularities of the studied catalysts. Given that the CGC
catalyst is known for its the higher capacity to incorporate lower alpha olefins and produce polymers
with higher amorphous character (and thus with lower melting temperatures), this could explain the
more pronounced effect of 1-Hexene content for the CGC catalyst than for the classic metallocene CpZ
2. Moreover, the fact that hydrogen is the main chain termination agent could explain its effect for the
studied CGC catalyst, as seen in Figure 26. We could assume that higher hydrogen concentrations in
the gas feed lead to polymer containing shorter chains, and thus higher melting temperatures.
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Figure 25: Response surfaces for Tm (°C) for catalysts: a) classic metallocene CpZ 2 (R2=0.60796), b) CGC catalyst CGC M (R2=0.
46942)
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Figure 26: Response surface for Tm against time and hydrogen content for the CGC catalyst (R?=0. 46942)

In terms of polymer crystallinity, the Pareto diagrams seen in Figure 27 indicated that the reaction
duration was the main experimental factor influencing the polymer crystallinities for both catalysts.
For the CGC catalyst, the hydrogen content had a secondary effect on the polymer crystallinity,
followed by the 1-Hexene content. The fact time is most influential in the current evaluation can be
explained by the evolution of the particle morphology. As has been suggested in previous studies by
Di Martino et al.'* and Tioni et al.’, low polymer crystallinities at early stages of the reaction might
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very well be related to the confinement effect of the polymer inside the porosity of the support, which
is overcome as the reaction progresses and the particle grows.

a) b)
(3)Time (s)(L) 8384274
(2)Time (s)(L)
(1)H2 (M%)(L) 3.20419
(1)1-CB (wt%)(L) §
(21-C6 (Wi%)(L) -2.79589
p=.05 p=.05

Standardized Effect Estimate (Absolute Value) Standardized Effect Estimate (Absolute Value)

Figure 27: Pareto diagrams for polymer crystallinities for catalysts: a) classic metallocene CpZ2 (R2=0.4232), b) CGC catalyst
CGC M (R2=0.66765)

The observations were also visible in the obtained response surfaces seen in Figures 28 and 29.
Moreover, as shown in Figure 29, the highest observed polymer crystallinities were obtained at higher
(0.6 molar %) hydrogen contents and no 1-Hexene in the gas feed. Following the same line of thought
as proposed for the melting temperatures, we could assume that higher hydrogen concentrations

(chain termination agent) lead to shorter polymer chains and, thus polymers with higher crystalline
content.
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Figure 28: Response surfaces for polymer crystallinity for catalysts:

a) classic metallocene CpZ2 (R2=0.4232), b) CGC catalyst
CGC M (R2=0. 66765)
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Figure 29: Response surface for polymer crystallinity in terms of 1-C6 and H2 content for the CGC catalyst

Besides the statistical evaluation, we have assessed the evolution of polymer thermal properties by
following the melting and crystallization temperature profiles obtained from DSC analysis. Details on
the experiments used for this assessment can be found in the Appendix 3.

In Figures 30 and 31, we have assessed the effect of comonomer during the melting and crystallization
of the obtained polymers, measured without removing the support fragments. The following reactions
were performed with 8 wt% 1-Hexene as comonomer.

As we can see, both catalysts presented bimodal crystallization peaks at short reaction times (5
seconds), which are no longer visible from 30 seconds of reaction. As discussed above, this behavior
has been previously observed and linked to the confinement of nascent polymer chains in the porosity
of the inorganic support. As the polymerization progresses, more chains grow free from the
containment effect that perturbs the polymer crystallinity. The observed bimodality is most likely due
to the presence of remaining inorganic support in the particles. Moreover, these observations suggest
that, for both metalocene and CGC catalysts assessed in this study, the particle fragmentation is
completed in a time frame between 5 and 30 seconds of reaction. Similar observations were made
from the assessment performed with higher 1-hexene content in the gas feed (16 wt%). These plots
can be found in the Appendix 3, together with the list of experiments used in this section.

The same assessment was performed for catalyst CGC M with 8 wt 1-Hexene and 0.3 m% hydrogen in
the gas feed. The evolution of thermal profiles is seen in Figure 32, in which the same behavior as
previously discussed was again observed, with a dual crystallinity peak observed at 5 seconds of
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reaction, suggesting that the amounts of hydrogen used in these experiments had no remarkable
effect on the observed crystallization and melting profiles.

These observations point out that, indeed, reaction time is the most influential factor on the polymer
thermal properties at short reaction times; an observation that is in agreement with those from the

statistical study.
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Figure 30: Evolution of thermal properties for classic metallocene CpZ2. Reaction conditions: C2 + 8 wt% 1-C6 in gas feed
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Figure 31: Evolution of thermal properties for catalyst CGC M. Reaction conditions: C2 + 8 wt% 1-C6 in gas feed
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Figure 32: Evolution of thermal properties for catalyst CGC M. Reaction conditions: C2 + 8 wt% 1-C6 + 0.3m% H2 in gas feed
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3.3.4. Molecular weight

The Pareto diagram seen in Figure 33 indicates that, for the classic metallocene CpZ 2, the main
experimental element influencing the measured average molecular weights is the reaction duration.

These observations are coherent when we consider the previous indications that reaction time is the
main factor impacting the polymerization vyields for this catalyst. We could infer, in this case, that
higher polymerization yields lead to bigger polymer macroparticles and, therefore, higher molecular
weight averages. The same observations can be drawn from the surface plot shown in Figure 34.

(2)Time (s)(L) 5.4424

(1)1-C6 (Wt%)(L) - 389562

p=05
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Figure 33: Pareto diagrams for Mw for classic metallocene CpZ2 (R2=0.71233)
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Figure 34: Response surfaces for Mw for classic metallocene CpZ2 (R2=0.71233)

The evaluation of molecular weights for the CGC catalyst used for the current set of experiments was
delayed due to malfunction of the SEC equipment in our lab.
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3.3.5. Particle morphology

In this section, the polymer properties were qualitatively evaluated in terms of polymer morphology
obtained from SEM and SEM-EDX analysis. We aimed to evaluate the impact of varying reaction
conditions on the particle growth for different families of supported metallocene catalysts.

The particle morphology was assessed for the varying compositions of gas feed at increasing reaction
times.

e Classic metalocene - CpZ 2

For the classic metallocene catalyst CpZ 2, SEM analysis in polymerization reactions performed with
ethylene only as feed gas, seen in Figures 35 to 37, indicated a coherent progression of the particle
sizes with reaction time. At 5 seconds reaction, we observed some fractures on the particle surfaces
and modest polymer formation (Figure 35). Moreover, we see imprints of the cubic salt particles used
as seedbed, which suggest that, at this timeframe, the polymer is still quite amorphous. At 30 seconds
reaction (Figure 36), the polymer formation is clearly more pronounced and the particles are bigger,
which indicates that fragmentation has already taken place. At 60 seconds of reaction (Figure 37), the
particles are bigger and the particle growth seems more even. The morphological observations are in
agreement with the previous discussion on the evolution of polymer crystallinity with time.
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Figure 35: SEM analysis of polymer from 5 s reaction with CpZ 2. Gas feed: C2 only.
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Figure 36: SEM analysis of polymer from 30 s reaction with CpZ 2. Gas feed: C2 only.
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Figure 37: SEM analysis of polymer from 55 s reaction with CpZ 2. Gas feed: C2 only.

In Figures 38 to 40, we performed the same assessment with of 8 wt% 1-hexene in the gas feed, which
is the central point in the DOE, for this catalyst. Between 5 and 30 seconds, the observed overall
morphology and average particle size have not drastically changed in relation to those obtained
without copolymer at the same time frame. At 55 seconds of reaction, the particle growth seems more
even, which is coherent with the fact that the polymer, at this stage, is more ductile.

20pm EHT= 200kV  Mag= 338X Signal A = SE2 ScanSpeed =3 5 10um EHT = 200KV Mag= B10X Slgna A =SEZ 5080 Speed =3
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Figure 39: SEM analysis of polymer from 30 s reaction with CpZ 2. Gas feed: C2, 8 wt% 1-C6
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Figure 40: SEM analysis of polymer from 55 s reaction with CpZ 2. Gas feed: C2, 8 wt% 1-C6

As seen in the figures bellow, increasing the amount of 1-hexene to 16 w% in the gas feed does not
generate a flagrant change in the particle morphology. In Figure 41, we see a particle growth pattern
that seems different to those previously observed. The observed web structure can be related to the
plasticized character of the formed polymer due to the higher amounts of comonomer. Nonetheless,
still in Figure 41, the particles on the left the particles do not look particularly different to those
obtained with lower amounts of comonomer.

20pm EHT= Z00KY  Map=s 367X Signal A = 2E2 Stan Speed =3 ZEITS Hpam EHTs 2000 Mags 166KX SigdA=SE1 SeanSpesd =3 pres
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Figure 41: SEM analysis of polymer from 55 s reaction with CpZ 2. Gas feed: C2, 16 wt% 1-C6

SEM-EDX analysis results for samples obtained at the central point (ethylene and 8 wt% 1-hexene) with
the classic metallocene catalyst are seen in Figures 42 and 43. At 5 seconds, we can see a layer of
support is separated from its core, which suggests a layer-by-layer particle growth at very early stages.
At 55 seconds, however, we observed (when comparing silica and carbon detections), that polymer
formation in present at the particle core. This observation is coherent with the idea that the catalyst
surface is inactive and polymer growth in the middle will cause fractures on the surface.
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Figure 42: SEM-EDX of polymer from 5 s reaction with CpZ 2. Gas feed: C2, 8 wt% 1-C6
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Figure 43: SEM-EDX of polymer from 55 s reaction with CpZ 2. Gas feed: C2, 8 wt% 1-C6
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e Constrained geometry - CGC M

For the CGC catalyst used in this study, Figures 44 and 45 show the SEM images performed on
polymers from homopolymerization reactions. At 5 seconds (Figure 44), no fractures can be seen
on the particle surfaces and the overall particle diameter is pretty much equal to that of the original
catalyst (dso=40um). At 60 seconds (Figure 45, the particle growth is noticeable and uniform and
inactive silica surfaces are not visible.

10 pm EWT= 150KV Mag= 485X  Signal A=SEZ ScanSpeed =3 W 10 pm EMT= 150KV Mag= 100KX  SignalA=SE2 ScenSpeed= 3 ZEIsT
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100 pm EHT= 150KV Mag= 106X Signal A =5E2 Scan Speed=3 10 pm EHT= 150KV Mag= 40134 Signal A= SEZ SeanSpesd=3 ZEISS|
WD=40mm  High Vecusm Frame Int. Done: Apetiure Size = 3000um WD=40mm  High Vacuum Frama Int. Done Aperture Size = 30.00 pm

Figure 45: SEM analysis of polymer from 60 s reaction with CGC M. Gas feed: C2 only.

In Figures 46 to 48, we see polymer particles obtained at the central point of the DOE for this catalyst,

which consists of ethylene, 8 wt% 1-hexene and 0.3 m% hydrogen in the gas feed. At 5 seconds (Figure

46), we see a few cracks on the particle surface but very little polymer formation. At 12.5 seconds, the

fragments on the surface are visible and widespread. This can be related to the fast activation profile

observed for this catalyst. At 60 seconds (Figure 48), the particles have grown significantly, but we

observe different shapes (as well as imprint from the salt particles) that could suggest variable

crystallization rates for different particles. In all cases, we can see how a given batch of catalysts have

particles that behave in very different ways.
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Figure 48: SEM analysis of polymer from 60 s reaction with CGC M. Gas feed: C2, 8 wt% 1-C6, 0.3 m% H2.

Variations on the central point experimental conditions can be seen in Figure 49 and 50. When
increasing the hydrogen concentration in the feed to 1.5 m% at a 12.5 second reaction, the observed
particles seem to behave in the same way as those obtained at the central point of the DOE (8 wt% 1-
hexene and 0.3 m% hydrogen), with similar cracking patterns on the surface and comparable particle
size. When increasing the amount of comonomer to 16 wt% in the feed at a 12.5 second reaction, the
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obtained particles are comparable to those obtained at the central point conditions. These
observations are coherent with the effects detected in the statistical interpretations of the polymer
thermal properties, in which the reaction time was the main factor influencing the crystallinity of the
polymers.
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Figure 50: SEM analysis of polymer from 12.5 s reaction with CGC M. Gas feed: C2, 16 wt% 1-C6, 0.3 m% H2

SEM-EDX analysis results for samples obtained at the central point (ethylene, 8 wt% 1-hexene and 0.3
m% hydrogen), are seen in Figure 51. At 5 seconds, we can see that polymer formation in already
visible at the particle core. This observation is coherent with what was observed for the classic
metallocene catalyst, as well as the fact that the CGC catalyst presented higher activities at the reaction
start.
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Figure 51: SEM-EDX of polymer from 5 s reaction with CGC M. Gas feed: C2, 8 wt% 1-C6, 0.3 m% H2

3.4. Conclusion

With the novel stopped-flow reactor, we have compared two different families of metallocene
catalysts in terms of their kinetics, polymer properties and particle morphologies at short reaction
times. For this purpose, we have followed an Experimental Design to assess the impact of different
reaction conditions (reaction time and composition of the gas feed) on the catalyst behavior.

The classic metallocene catalyst used in this study (CpZ 2), which is known to produce H2 in situ, was
assessed in terms of reaction duration and comonomer content (1-Hexene) in the continuous gas feed.
For this catalyst, the performed statistical evaluation indicated that the reaction time is the main
influencer on the polymerization yield, as well as on the development of polymer properties (average
molecular weights, crystallinities and melting temperatures).

The constrained geometry metallocene catalyst used in this study (CGC M) was assessed in terms of
reaction duration, comonomer content (1-Hexene) and hydrogen content in the continuous gas feed.
For this catalyst, the statistical interpretation of results indicated that polymer melting temperatures
are mainly influenced by the comonomer content in the gas feed, which is in agreement with the higher
capacity of this catalyst for incorporation of a-olefins.

For both studied catalysts, the polymer crystallinity was primarily affected by the reaction time. This
was confirmed by the DSC analysis performed at increasing reaction times.
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In addition, we performed a qualitative study on the evolution of polymer morphology in the different
studies reaction conditions. The SEM observations allowed a similar conclusion as the statistical
analysis, and the reaction time seems to be the main factor contributing to the reaction yield and thus,
to the size of the observed particles. In the assessed timeframes, we observed the presence of inert
support fragments at the exterior of the particles. Moreover, SEM-EDX analysis results for both
catalysts suggested that the polymer formation begins at the center of the particle and ‘pushes’
outwards in the growth process.

The predictions from the regression model were evaluated with precaution, given the low values
obtained for R squared reflecting the discrepancy of measured and estimated results. Even so, the
observed results were in agreement with inputs from the catalyst provider.

Nonetheless, our aim with the statistical analysis of results was to interpret the relation between cause
and effect of different parameters varied simultaneously while reducing the number of experiments.
If the goal is to perform a statistical evaluation for prediction purposes, more experiments are needed
to account for the variability that is inherent to the experimental preparation.

At last, this case study demonstrated how the novel stopped-flow reactor is a useful tool for gaining
insights on aspects such as catalyst kinetics, evolution of polymer properties and particle
fragmentation at early reaction times.
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4. Chapter conclusions

In this chapter, we have demonstrated how the novel stopped-flow reactor is a useful tool in studying
different aspects related to the nascent phase of the polymerization.

In the first application, we have synthesized two metallocene catalysts using different silica supports
to evaluate the impact of the pore size on the catalyst behavior. The catalysts were evaluated in terms
of kinetics and morphology evolution at full-time and short-time polymerization reactions with
ethylene. The kinetic studies indicated that the silica with bigger pores led to fast catalyst activation,
higher initial followed by quick deactivation. On the other hand, smaller pores led pores led to a more
mild activation profile. In both cases, the overall polymerization rates were quite low. Morphology
observations by SEM and SEM-EDX of polymers obtained with the stopped-flow reactor indicated
similar conclusions. The silica with bigger pores led to faster particle growth and loss of morphology
control at 90 seconds of reaction, which we linked to possible heat transfer resistance at the particle
level. Likewise, the silica with smaller pores generated polymers with much less visible polymer, a
reflection of the low reaction rates. From these assessments, we concluded that the tested silica
supports are perhaps not suited for applications in olefin polymerization. This case study demonstrated
how the novel reactor is a useful tool in studying catalyst kinetics and morphology development at
early stages.

In the second application, we studied the effect of different reaction conditions on two families of
supported metallocene catalysts. We followed a design of experiments and combined the statistical
evaluation of results with experimental data on thermal properties and qualitative interpretation of
the particle morphologies. The statistical approach indicated that the main factor of influence in the
reaction kinetics and polymer properties at early reaction times (<60s) is the duration of the reaction.
For the CGC catalyst, the comonomer content in the continuous gas feed was detected as a factor of
influence for the polymer thermal properties, which is coherent given the higher capacity of such
catalysts in incorporating a-olefins. Moreover, we systematically followed the crystallization and
melting temperature profiles for different compositions of the gas-phase at increasing reaction times.
The thermal profiles suggested an effect of confinement of the growing polymer in the porosity of the
support for short reaction times. We interpreted these observations as another indication that the
reaction time is the main factor controlling particle growth and, therefore, the crystallization process
(when the same experimental conditions are kept). At last, morphological observations with SEM
indicated a similar trend, which we judged by the particles average size and general observation of
polymer formation on the surfaces. These microscopy analysis showed the presence of inert support
fragments at the exterior of the polymer particles in reactions shorter than 60 seconds. Moreover,
SEM-EDX analysis provided similar results for both catalysts, indicating the polymer formation begins
at the core of the particle and proceeds outwards, an observation that suggests the catalyst surface is,
indeed, inactive.

At last, the predicted reaction rates at early stages (<60 seconds) captured similar trends as those
observed for longer reaction times (60 minutes), for all catalysts used in this chapter. This is yet another
indication that the novel set-up (hardware and software components) can be used to provide clues on
the catalyst kinetic behavior under industrially representative conditions.

To conclude, in this chapter we presented a few examples that demonstrate the capability of the novel
stopped-flow reactor in the studying catalyst kinetics, polymer properties, morphology evolution and
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the potential of using this tool for catalyst screening purposes, all in industrially meaningful
experimental conditions. As we have seen throughout this project, the conclusion of this work provides
an extensive ray of possibilities for advances in the study of the nascent phase of the polymerization.
On the following chapter, we will discourse on the main conclusions of this PhD research project and
a few perspectives for future works.
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1. Conclusions

In this PhD research work, we developed a novel state-of-the-art stopped-flow reactor that
successfully allows one to study early stages of gas phase olefin polymerization in industrially
representative conditions. The central focus of this project was to provide a tool that improved on the
existing methods originally developed for this purpose (mainly in regards to heat evacuation
limitations), and expand the array of possible experimental conditions to permit working with different
gas mixtures at moderate temperatures, pressures and superficial gas velocities. The novel stopped-
flow reactor developed during this work was a product of our innovative approach towards the reactor
geometry and the tailored execution from a specialized engineering firm. In this PhD thesis, we
demonstrated that the novel tool effectively satisfied our initial goals and represents an important
achievement in the investigation of the nascent phase.

The principal motivations for this PhD project were reviewed in chapter 1, where we highlighted the
importance of studying early stages of the polymerization in order to better understand the factors
that govern catalyst kinetics and optimum control of the polymerization reaction outcomes. As we
have seen, working with heterogeneous catalysts entails several complexities that are particularly
prominent at the very beginning of the reaction, when the risk of potential heat and mass transfer
resistances is most pronounced. The particle growth and morphology evolution are governed by the
particle break-up process. The fragmentation step is, in its turn, dependent on the catalyst kinetics and
the physical and mechanical properties of the support and forming polymer. The reaction kinetics itself
is subjected to the temperature and concentration profiles inside the particles, all of which will also
affect the qualities of the final product. For instance, non-negligible mass transfer limitations at the
particle level can lead to inhomogeneous particle growth that can compromise the quality of the
polymer and the functioning of the reactor. Moreover, heat transfer limitations can lead to particle
overheating followed by polymer softening, diffusion limitations due to pore clogging and, finally,
catalyst deactivation. As we can see, the phenomena governing the polymerization reaction in its
earliest stages form an interconnected web of cause and effect that require precise control to ensure
the quality of the entire process. At this point, it is clear that understanding such phenomena is of
major economic interest, given the importance of the polyolefin market.

Nonetheless, experimentally studying such short timeframes requires adapted tools that can capture
the rapidity of the changes taking place and, ideally, to follow the catalyst kinetics and evolution of the
polymer properties, all while maintaining reaction conditions that are representative of heat and mass
transfer phenomena present in industrial scales. As we saw in chapter 1, a number of different
techniques have been employed in the attempt of studying the early stages of the polymerization.
Nonetheless, none seems as promising as the stopped-flow technique in maintaining the realistic
nature of the experiment. Important advances have been achieved in the understanding of catalyst
kinetics and evolution of particle morphology for heterogeneous catalysts during the nascent phase
while using the stopped-flow technique. Nonetheless, most of the works found in the open literature
were performed in the slurry phase and the options for studying such phenomena in gas-phase
conditions were modest; in fact, to the best of our knowledge, this has only been attempted in our
research group. Previous works showed the potential of the stopped-flow technique for studying the
impact of reaction conditions on heat transfer and particle fragmentation in gas-phase. ™
Nonetheless, the existing tools presented a number of practical limitations, mainly related to poor heat
evacuation and overall lack of equipment robustness. Besides, the experimental conditions allowed
with such tools were limited as the system was not adapted for injecting liquids in a controlled manner
in the reaction zone. Moreover, the construction of the reactor itself led to imprecise measurements
of the reaction temperature, which was detrimental to the correct interpretation of the reaction
kinetics. Given the promising applications of this technology in the study of early stages, the focus of
the current project was on the improvement of such tools.
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In chapter 2, we described the development of a novel stopped-flow reactor that aimed to tackle issues
observed with the previous tools, mainly related to poor heat evacuation and the presence of non-
negligible temperature gradients in the reaction bed. Our first step was to propose a reactor prototype
with an annular geometry in order to improve the gas distribution in the reactor and thus, tackle the
main issues of poor heat evacuation and imprecise temperature measurements observed with the
previous tools. From the assessment of the reactor prototype, we confirmed the positive impact of the
annular geometry from lower temperature excursions observed during the polymerization reactions,
as well as similar polymerization yields obtained from the use of different types of inert seedbed for
catalyst dispersion. We concluded the novel geometry had great potential for studying the nascent
phase in gas-phase under controlled conditions. However, several limitations were still encountered,
mainly due to the ‘do-it-yourself’ character of the set-up construction. The reactor prototype was built
from available marketed parts and the dimensions made handling and maintaining inertness in the
bed a real challenge. The set-up provided poor thermal response, as the heating bath was often not
efficient in ensuring stable reaction temperatures. Besides, the set-up was not adapted for a wide
range of experimental conditions, such as working with different gas mixtures or in condensed mode.
It became clear to us that the professional engineering of this reactor tool would overcome most of
the observed limitations. We worked in collaboration with a specialized company focused on providing
tailored technical solutions (ILS, Berlin). We presented ILS with the reactor design (annular geometry),
the main constraints related to the operation of stopped-flow reactors (mainly proper sealing, ease in
handling and precise control of the reaction conditions), as well as the possibility of injecting different
process gases (some of which are liquids at room temperature) at a range of temperatures, pressures
and gas superficial velocities that are representative of industrial reactors.

The hardware component developed with ILS was validated through a thorough experimental
assessment, described in chapter 2. The new set-up included a number of improvements. One of the
biggest advances with the new set-up was the fact that the reactors were custom made. While keeping
the same annular design as the reactor prototype, the dimensions of the novel reactors were optimized
to facilitate handling, reduce potential pressure drops and, most importantly, to allow sealing the
reactors with crimp caps inside the glove box. The experimental capacity was highly improved with the
new set-up by the possibility of injecting several gases (e.g. different monomers, hydrogen) and the
incorporation of an CEM evaporator that permits injecting components that are liquid at room
temperature (e.g. 1-hexene, n-pentane). The new set-up allowed the operation of three stopped-flow
reactors in a sealed heating chamber, which showed to significantly improve the thermal response of
the system in relation to the previous versions. The use of Coriolis mass-flow controllers adapted to a
wide range of operation conditions allowed the accurate control of pressures and flowrates during the
reaction, in gas superficial velocities as high as 50 cm/s. The successful completion of the novel
professionally engineered stopped-flow reactor represented an important milestone in the current
project, as the new tool fulfilled our end-goal of obtaining an improved tool to perform gas-phase
polymerizations at short reaction times with accurate control of reaction conditions, all while working
in an inert environment.

The new stopped-flow tool included both a hardware and a software components to be used together
in order to optimize the extraction and interpretation of the experimental data. In chapter 3, we have
reviewed the development of the software component, which consisted of a reactor model and state-
observer for the novel set-up. The software component was developed in order to estimate the overall
polymerization rates from the temperature measurements and, thus, overcome the one-point
character of such experiments (which provide no real information on the catalyst kinetics). For this
purpose, a simplified one-dimensional model at the macromolecular level was selected to estimate
the rate of polymerization at each moment of the reaction. The implemented model was validated
with experimental data and the accuracy of the simplifying assumptions was assessed with a sensitivity
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study. We observed that the estimated temperatures of the reacting phase (comprised of catalyst and
polymer as a pseudo-homogeneous phase) were only slightly higher than those estimated for the inert
and gas components of the reaction bed. These observations were in agreement with the experimental
assessment carried out in chapter 2, where we concluded on a significant improvement in the
evacuation of the heat of reaction with the annular reactor geometry. At last, we implemented a single-
element High-Gain Observer to allow access to unmeasured states of the system, mainly the evolution
of the reaction rates. The state estimator was validated with experimental data and the calculated
reaction rates for short reaction times (<60 seconds) were coherent with those observed
experimentally in full-time polymerization conditions (60 minutes).

In chapter 4, after satisfactory conclusion of the hardware and software components for the novel
stopped-flow reactor, we demonstrated the usefulness of the new tool in specific case studies with
different silica supported metallocene catalysts.

In the first application, we investigated the role of the physical properties of the silica support on the
kinetic behavior and polymer properties for MAO-activated metallocene catalysts. As previously
discussed, the properties of the inorganic support play a crucial role in the process of particle
fragmentation and, therefore, growth process. Understanding how different physical and mechanical
properties impact the catalyst behavior is crucial for the improvement of existing processes, as well as
for the design of tailored catalysts. The effect of different aspects of the support properties (e.g.
particle size, pore structure) have been previously investigated in a number of works.>™° Nonetheless,
a clear picture of the effect of the support porosity on the catalyst behavior is still not available as
different studies derived diverging conclusions. We synthesized two metallocene catalysts with silica
supports of different pore sizes and evaluated the outcome in terms of catalyst kinetics, polymer
properties and particle morphology by SEM and EDX. The trend observed was quite clear; the silica
support with bigger pores (23.3 nm) led to faster polymerization rates, followed by quick catalyst
deactivation. The same was observed on the morphology assessment with SEM, in which we saw a loss
of control in the particle morphology from 90 seconds of the reaction. On the contrary, smaller silica
pores (11 nm) led to a gradual activation profile, which was reflected on little polymer formation on
the catalyst particles. We observed no clear impact of the pore structure on the polymer thermal
properties and molecular weights. At last, the overall activities for both catalysts were quite low;
indicating that perhaps the used silica are not appropriate for applications in olefin polymerization.

In the second case study, we compared the effect of various reaction conditions (i.e. reaction time, 1-
hexene and hydrogen contents in the gas feed) on two different families of metallocene catalysts: one
classic zirconocene and one CGC. We applied an experimental design to assess the impact of the
different reaction conditions on the catalysts kinetic behavior and polymer properties. Despite the low
values of R-squared obtained from the statistical evaluation (discussed in the Perspectives section),
the predicted behavior trends were coherent with those observed by the catalyst supplier. For both
catalysts, the statistical evaluation indicated that the reaction duration is the main factor of impact on
the polymerization yield. For the CGC catalyst, the content of 1-hexene was detected as the main factor
of impact on the polymer thermal properties, which is somewhat expected given the higher capacity
for this family of metallocenes to incorporate a-olefins. Moreover, we combined the statistical
evaluation of results with experimental data on the evolution of the polymer thermal properties. This
assessment showed a gradual increase of the polymer crystallinity that seemed to be more dependent
on the reaction duration than the composition of the gas feed.
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Finally, the qualitative interpretation of SEM and EDX observations for all supported metallocene
catalysts studied in this chapter indicated the presence of polymer at the particle core, from early
stages of the reaction. We took this as sign that the particle growth begins at the center of the particle
and proceeds outwards, an observation that suggests the catalyst surface is, indeed, inactive. In
addition, the application of the developed software component estimated reaction rates at early
stages (<60 seconds) that followed a comparable trend as those observed for full-polymerization
conditions. This was another indication as to how the novel set-up can be used for the rapid evaluation
of catalyst performance.

To conclude, we consider to have successfully achieved the initial goal of this PhD project as to provide
an optimized experimental tool for studying early stages of gas phase olefin polymerization. As we
have seen throughout this work, the novel tool allows for a multitude of interesting applications; some
of which will be proposed in the following section.
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2. Perspectives

Concerning the software component developed in chapter 3, we proposed a simplified one-
dimensional model to describe the reactor and predict reaction rates from the experimental data. In
the development of the software proposed in this work, we neglected the possibility of concentration
and temperature gradients at the particle level. Nonetheless, as indicated by a number of MGM-based
modeling works, the risk of mass and heat transfer resistances is more pronounced at the beginning
of the polymerization reaction. *%°%67.%° Therefore, accounting for such phenomena with a more
detailed modelling effort would be a valuable addition to the current work. Moreover, in the current
work, the model was developed for ethylene as the only reaction gas but extending it for multiple
components should be relatively straightforward. Given the novel stopped-flow reactor allows a wide
range of operation conditions, such as injection of hydrogen and liquid components in the feed stream;
it would be interesting that the software component is adapted to interpret the reaction kinetics in
cases of condensed mode operation and copolymerization reactions.

In chapter 4, we performed an investigation on the impact of silica pore structure on the behavior of
supported metallocene catalysts. The observed trends were clear for the two catalysts synthesized for
the study. Nonetheless, a more thorough assessment with different probes could confirm (or refute)
our observations. In all cases, performing systematic SEM-EDX analysis from polymers obtained at
short reaction times with different silica supports would be beneficial.

In chapter 4, the impact of different reaction conditions on catalyst behavior was assessed through a
statistical evaluation of the experimental results. Nonetheless, mainly due to time constraints, we did
not complete a full assessment of the polymer properties. The completion of such as assessment for
the polymer average molecular weights, polydispersity indexes and comonomer contents could be an
interesting suggestion for future works and could lead to interesting insights on chain development
and comonomer incorporation at early stages. Concerning the statistical evaluation of the results, we
obtained low values for the R-squared coefficient, which reflects the discrepancy between measured
and estimated results. Given that our aim with the statistical evaluation was not quantitative and that
the observed trends were confirmed by the catalyst provider, we took this with a grain of salt. If one
wishes to perform a statistical assessment for prediction purposes with the novel set-up, more
repetitions of the experiments are needed in order to account for the variability that is inherent to the
experimental preparation and, in many cases, to the fact that catalysts of the same batch might react
differently.

At last, the current work provided experimental data mainly on the behavior of supported metallocene
catalysts. Expanding this investigation to other types of heterogeneous catalysts (Phillips or Ziegler-
Natta) could provide a rich set of reliable data for insights on the catalyst kinetics and morphology
evolution. In case of applications with Ziegler-Natta catalysts, the current set-up is not adapted for the
injection of alkylated agents. This means that the catalysts must be pre-activated and suffer a long pre-
contact period that could impair the validity of any conclusions. Ideally, the set-up should allow the
injection of aluminum-alkyls in order to activate the catalysts in-situ. This is not an easy task, but
perhaps the installation of traps for alkyl agents could be a possible solution to the problem.
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Appendix 1

Experimental Section

1. Calculating the linear gas velocity — reactors SF 1 and SF 2

To convert the volumetric flowrates measured during the experiments to gas velocities inside the
reactor, we applied the equation of state for ideal gases supposing mass conservation between the
reactor bed and the flowmeter.

The linear gas velocity (1) was calculated as a function of the volumetric flow rate (Q;90m ), as follows:

— ProomTr 1
PrTroom room th
(> e

Where Proom and Typom are the pressure and temperature of rotameter used during the experiments
(i.e. 1 atm and 25°C). B. and T, are the reaction conditions. Q,,om is the volumetric flowrate measured
by a rotameter at the reactor exit. D; is the reactor diameter and ¢ is the bed porosity.

2. Professional engineering of novel stopped-flow reactor (SF N)

This section was done in collaboration with the ILS (Integrated Lab Solutions) engineers involved in
the current project and entails the steps followed in the development and construction of the novel
stopped-flow unit.

The unit development followed a general timeline, divided into the following milestones:

Sales and customer
Basic Engineering
Detailed Engineering
Construction

vk W RE

Testing and validating

1) Sales and customer

This initial meeting consisted of the communication of our goals, wants and needs to the commercial
engineers at ILS. At this point, we presented the concept of our project, the goals with the stopped-
flow reactor, the evolution of the set-up up to date and the challenges we would like to overcome with
the novel set-up.

We provided ILS with the reactor design (annular geometry), the desired reaction volume (6.5 cm?)
and the need for a minimum gap of 3 mm to allow filing the reactor with the catalyst and seedbed. We
communicated the main constraints related to the functioning in stopped-flow reactions, mainly the
necessity of proper reactor sealing, ease in operation in the glove-box and the ability to allow a wider
range of experimental conditions, including the ability to inject different process gases, some of which
are liquids at room temperature. Likewise, we provided the desired range of operations in terms of
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reaction temperature, pressures, gas velocities, amounts for hydrogen and liquids (e.g. 1-Hexene, n-
pentane) in the continuous gas feed. These requirements were based on reaction conditions
commonly observed in industrial settings.

At this point, the commercial engineers draft an initial version of the unit P&ID, to be further refined
in the following steps.

2) Basic Engineering

At this stage, the responsible engineers verified the feasibility of our requirements and modified the
initial P&ID accordingly. A list of components was provided and the initial P&ID was refined. The Hazard
and Operation (HazOp) procedure was performed and an alarm matrix was set-up for the system,
producing a standardized diagram that correlates cause and effect for the possible dangerous events.

=
b=
=
=
=1

Figure 1: Refined (final) P&ID of the reactor set-up

3) Basic Engineering calculations

From the reaction conditions requirements (mainly temperature, pressures and gas velocities) and the
requirements for the reactor design (reaction volume of 6.5 cm® and minimum gap of 3 mm), the
reactor dimensions were determined in order to minimize the pressure drop in the reactor.

A mass balance for the reaction components was described in order to determine the operational
ranges for the mass flow controllers in the set-up.
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Moreover, a similar mass balance (shown in Figure 2) was described to estimate the nitrogen flowrates
needed to create the same pressure drop over the reactor as the ethylene flow, in order to minimize
the pressure drop when switching the gases.

A . B c D |
1 | value unit Sl

2 | Nitrogen

3 |superficial flow velocity 50(cm/s 05
4 | Reference pressure 7,5|barg 850000
5 |liquid fraction wt%

6 |reaction volume 6,5|cm? 0,0000065
7 | Reference temperature 70|°C 343,15
8 -

9 |annular gap:

10<d1 15,748 mm 0,015748
11 d2 10| mm 0,01
12

13 |calc:

14 A 116,24 | mm? 0,00011624
15Hh 55,92 mm 0,05591949
16 |

17 |flow reaction conditions:

18 | dv/dt 209,23 (L/h 5,8119E-05
19 58,12 |ml/s

20 |flow normalized conditions: 1415,66|NL/h 0,00039324
21 23,59|NL/min

22 |

22

Figure 2: Mass balance for Nitrogen gas

4) Detailed Engineering

At this step, the detailed engineering of the set-up took place with the modeling with a CFD software
(Autodesk) of the custom-made reactors (Figures 3-5), the overall set-up and the electric cabinet.

Likewise, the automation of the set-up was carried out, as well as the programming of the software
interface (Siemens) shown in Figure 6. Finally, the necessary parts for construction were confirmed
and purchased.
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Figure 3: Engineering of custom made reactors

Figure 4: Engineering of custom made reactors

Figure 5: Unassembled reactor model work
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Figure 6: Automated and user-friendly control interface of novel reactor set-up

5) Construction, Testing and validating

At this stage, the construction and assembly of all reactor parts was done by the execution team at ILS.
The system was tested in the ILS faciliies for pressure resistance, leaks and correct response of all
automated valves and software.

The Factory Acceptance Testing (FAT) was carried out in the ILS facilities in Berlin. Together with the
responsible engineers at ILS, we performed the unit commissioning in which all functions of the novel
set-up were tested in cold mode (without catalyst) and using water in the liquid vessel, to inspect the
functioning of the unit as a whole. We performed functional tests to verify the stability of pressures,
temperatures and flows; as well as to become familiar with the user interface and the procedure for
loading and unloading of the reactors. We comprehensively went through the alarm matrix and the
actions to be taken in case of various sources of malfunction (e.g. gas leaks, temperature overshoots,
required minimum pressures).

The Site Acceptance Testing (SAT) was carried out in our facilities in the C2P2 lab in Lyon. Together
with the responsible engineers from ILS, we performed the same sequence of tests as in the FAT, in
order to verify correct functionality of the unit after transportation and installation.
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Figure 7: Novel Stopped-Flow reactor, ready for delivery.

Figure 8: Novel Stopped-Flow reactor, upon delivery at the C2P2 lab, in Lyon
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3. Synthesis of Alumina grafted with TEA

The procedure hereby described was used for the preparation of alumina grafted with TEA, which
served as a supplementary scavenger for the monomer gas during short-time polymerization
reactions. This procedure is based on 30 g of y —Alumina (Al203 ) of 1/16” from STREM (CAS:
1344.28.1), for which we assumed a density of about 2.0 OH groups per nm? (650 mmolg-1).

The Alumina was first calcined at 500°C under air flow overnight, followed by dehydroxylation at 500
°C under high vacuum overnight. The amount of TEA to be applied was based on the OH concentration
of the used support, with 10% excess. The used TEA was in a 1M solution in Heptane.

In a recipient, sufficient Heptane (22 mL, in our case) was added to completely wet the Alumina,
creating a suspension. Next, the TEA solution (18 mL, in our case) was added dropwise to the
suspension. The recipient was left slightly open, under argon flow, until bubbling ceased. Afterwards,
the recipient was closed and left under room temperature overnight. Then, the supernatant was
removed and we performed three washing steps with pure Heptane, using the same volume as the
removed supernatant. Finally, the grafted Alumina was dried under vacuum, at room temperature, for
at least 2 hours and stocked in the glovebox.

We performed infrared analysis of the calcined and dehydroxylated Alumina prior and after the
grafting with TEA, seen in Figure 9. The grafting process is independent of the type of OH group on the
Alumina surface and the presence of alkyl groups is confirmed by apparition of C—H-characteristic
bands at 3000-2800 and 1460-1320 cm™., as indicated by Mazoyer et al.!

—AI203
——AI203-TEA

Kubelka-Munk

4000 3500 3000 2500 2000 1500
Wavenumber (cm-1)

Figure 9: Infrared spectra of thermally treated Al,O3; and TEA impregnated Al,0s.
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4. Analytical Techniques

Differential Scanning Calorimetry (DSC)

Characterization of thermal properties was performed with differential scanning calorimetry (DSC),
using Mettler Toledo DSC 3, with autosample function and a 120 thermocouple sensor.

Al samples were accurately weighed (between 5 and 10 mg) and sealed in 40 um aluminum pans.

The analysis were performed in four heating steps. The samples were initially heated from -20°C to
180°C at heating rate of 10 K/min. Next, the samples were cooled from 180°C to -20°C at a heating rate
of 10K/min and remained isothermal at -20°C for 5 minutes. Finally, a second heating step was
performed from -20°C to 180°C at a rate of 10K/min.

We consider data obtained during the second heating step. Crystallinity of the samples was calculated
using a value of 293 J/g for a full crystalline polyethylene.

The melting temperatures (Tm) were measured at the peak of the endothermic peak of the second

heating, and crystallization temperatures (Tc) at the exothermic peak of the cooling step. The degree

of crystallinity (x.) of the analyzed samples was calculated using the software STAR® Mettler by:
Xc = AHp/AHgg

Where AH (J.g) is the melting heat of the sample and AHp( (=293 J.g1) is the melting heat of 100%
crystalline polyethylene.

Nitrogen porosimetry

The dehydroxylated silica and catalysts used in Chapter 4 were evaluated with nitrogen porosimetry
analyses to follow the surface porosity of the samples. Analysis were done with a Micromeritics ASAP
2020 V3.04 H.

Samples were degassed before the adsorption and desorption measurements at 77 K with no thermal
treatment during the analysis. Specific surface areas were obtained from the Brunauer-Emmett-Teller
(BET) and pore size distribution was determined by Barrett-Joyner-Halenda (BJH) equation.

FT-IR-DRIFT

The dehydroxylated silica, SMAO and catalysts were characterized by Diffuse Reflectance Fourier
Transform Infrared Spectroscopy (FT-IR-DRIFT) to follow their surface composition.

The DRIFT cell was filled with approximately 20 mg of sample inside an argon-filled glove box. The
signals were collected in a Nicolet 6700 FT-IR spectrometer using OMNIC software 8.1 version and
peaks were obtained by Kubelka-Munk equation, with 64 scans accumulated for each analysis in a
resolution of 4 cm™.

Size Exclusion Chromatography (SEC)

The molecular weight distributions of polymer samples were characterized by SEC by Waters, Alliance
GPCV 2000. The system was equipped with two detectors (a refractometer and a viscometer) and three
columns (PL gel Olexis 7*300 mm from Varian). Analyses were performed in trichlorobenzene (TCB) at
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a flow rate of 1 mL/min. The molecular weight distributions were calculated by a calibration based on
polyethylenes of different weight average molecular weights and only the Rl signal was used for
calculations in order to erase any possible artifact coming from experimental errors during the
determination of the polymer mass. The original samples were in fact support/polymer particles that
had been separated from the NaCl seedbed by washing at ambient temperature with demineralized
water. The exact polymer quantity (varying between 1 and 10 mg depending on yield) was calculated
using the total sample weight and reaction yield value. The particles were then dissolved in
trichlorobenzene at 150°C for 3 hours and filtered before injection into the chromatography columns
in order to remove the inorganic support particles. Heterogeneities in the original samples or
incomplete removal of the inorganic support could lead to errors in the molecular weight calculations
if the viscometer signal was taken as reference. The morphology of the polymer particles was observed
by Scanning electron microscope (SEM). The microscope used was a MEB QUANTA 250, with samples
under high vacuum. Previously, a coat of Cu of 10 nm was deposited over the samples, under rotation.

SEM and SEM-EDX

Particle morphologies were observed by Scanning Electron Microscopy (SEM) technique at the “Centre
technologique des microstructures” (CTu) at the Lyon 1 University with a MEB ZEISS Merlin Compact
microscope.

Samples were observed under high vacuum with accelerating voltages of 5 to 10 keV, depending on
each individual case. Prior to observation, samples were fixed to a standard aluminum slotted head
covered with carbon adhesive tab. A coat of Cu of 10 nm was deposited over the rotating samples by
sputtering under vacuum.

The SEM-EDX were observed after surface cutting of the samples. Samples were fixated into an
EpoFix resin and surface cutting was performed with a ‘Diatome Ultra 45’ diamond knife on a
Reichert Ultracut S ultramicrotome.

5. Design of Experiments (DOE)

For the treatment of the data with the software Statistica 10, the choice of Industrial Statistics & Six
Sigma was selected, followed by choice of Experimental Design (DOE). Next, we selected the treatment
option ‘Central Composite, non-factorial, surface designs’ with 3 factors and 1 block, in which we chose
to evaluate linear main effects only.

As described in the works of Andrade?, the general model used to estimate the main interactions
between the independent and dependent variables can be expressed as the second-order linear
regression model:

ﬂijxl Xj +¢&

k
=1

k k
Y=ﬂo+25ixi +Z
=1 4 i=17

i=1j

In which Y is de dependent variable, 8;( 0,1, ..., k) are the linear regression coefficients, x;are the
independent variables and ¢is the unobserved random error associated with the experimental data.
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The linear regression coefficient § is obtained from the least square model solution, assuming the
least square function (J) to be minimized as follows:

S=i€2=i Y — ,80‘|'Z,Bixi +Ziﬂlh<IX1XJ

The experimental matrix that described the current systems is described as:

2

2 2 2
P = Lo+ Prx1+ Paxs + + P3xs + Pr11X1” + Paaxy” + P3zxs” + PraxiX; + Pr3xix3 +
Pa3Xx1x3 + €

In which, for catalyst CpZ 2 (32) is described by terms including i = 1,2 and catalyst CGC M (33) is
described by terms includingi = 1, 2, 3.

The main effects correspond to the observed change in the average response results when a factor is
varied while others remain unchanged. To determine the impact of each of the variables in the
obtained responses, we have interpreted the Pareto diagram, in which parameters with a p value
higher than .05 are considered to have significant statistical value. The evaluation of results can also
be done by observing the graph of predicted values versus observed values with a confidence interval
of 95%, in which the observed value is the dependent variable and the predicted value is estimated by
the regression equation.

We have applied the ANOVA (analysis of variance) technique, shown in Table 1, to interpret the main
interaction effects between the factors. The columns in the ANOVA table indicate the sources of
variation, the sum of squares (SS), the degrees of freedom (df), the mean squares (MS), the F statistical
test and the parameter p. The statistical parameter p allows to interpret the interaction between the
effects without needing a table of critical values of the distribution F. If the value of p is smaller than
the level of significance chosen a, the null hypothesis is rejected. The effect highlighted in red in the
table is the one with considerable influence on the analyzed system. The value of ‘R-square’ shows the
discrepancy of results in relation to the predicted data.

ANOVA,; Var.:Yield (g/g); R-sqr=.64438; Adj:.60759 (Spreadsheetb) 3 factors, 1 Blocks, 33
Runs; MS Pure Error=.0490189 DV: Yield (g/g)
Factor SS df MS F p
(1H2 0146981 1 0.146981 2.99846 0.103852
(m%)(L) ' ' ' '
(2)1-C6
o) 0.014666| 1 0.014666 0.29919 0.592435
23))(T|_")'”e 2991916 1 2.991916 61.03598 0.000001
Lack of Fit 1.079321] 14 0.077094 157275 0.197201
Pure Error 0.735283 15 0.049019
Total SS 5102669 32

Tableau 1: Example of ANOVA table obtained from the software Statistica 10
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We have employed the use of the response surface methodology (RSM) in the software in order to
observe how the tested variables affect the test responses, identify the relationship between the
parameters, as well as the combined effect between them. Generally, the plot results are derived from
the first order polynomials previously defined as . The resulting plot provides a three-dimensional
view of the response surface, with the importance of each factor indicated by the color coding.
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Appendix 2

Reactor model sensitivity analysis

1. Sensitivity analysis

Parameters evaluated in terms of their contribution to the developed reactor model in chapter 3.

1.1. Treatment of the metal frit in the heat balance

In the current model, we assumed the metal frit does not affect the reaction zone and, therefore, was
not included in the description of heat balances. To test this assumption, we have programmed an
alternative approach, assuming that the metal frit is in the same temperature of the inlet gas.

In this case, the frit was accounted for as an insert in the reactor, thus contributing to the total heat
capacity of the system. The metal frit was then included in the inert phase of the model for the reaction
zone. For this case, we assumed the inner heat transfer coefficient of the metal frit (Ug,;¢) to be 43%
of that of stainless steel, given the porosity of the material.

The heat capacity term for the inert phase, in this case, becomes:

Inert phase: (MCp)l. = VspsCp  + Mglasswool Cpgrasswoor T MiritCpgye
In Figure 1, we find the resulting plots for both studied cases.
80 — = TgEe - = T" Ex
gas 80 - gas P
t
— ;:S Exp T;:ts Exp
78 F e Toven Exp 78 F e Toven EXp
out
G — Tgas Model 8 — Tg:ts Model
o _T76F sennnnna T e Model O T76F Lessssass T cactive Model
o
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Figure 1: Assumptions for treatment of the metal frit: a) no influence on reaction zone, b) an insert in the reactor with Ugit
=836 W.m-2.K!
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Accounting for the metal frit as an insert in the reactor seems absorb part of the heat generated early

in the reaction, thus slowing down the temperature increase. Nonetheless, for both cases evaluated,
the plotted temperatures reach the same values.

Given that the frit is continually filled with monomer gas coming in the opposite direction as the heat

generated by the reaction, we have confirmed our hypothesis that the frit should not be accounted for
as part of the reaction zone.

1.2.  Catalyst activation period

For the model development, we assumed the catalyst activation happens sufficiently fast to neglect a
period of activation.

Here, we have imposed an arbitrary activation period of 3 seconds to evaluate the impact on the model
predictions. In this case, the value of k,,, was set to zero for the ‘activation period’, then kept constant
at k,o = 130 for the remaining time of reaction.

In Figure 2, we find the resulting plots for both studied cases.

t out
T;:s Exp Tgas Exp
o) T — Toven Exp 4] B TOVen Exp
t
S — T;:t Model o — ngs Model
o 76F  fessensas T cactive Model % 76F Jeseseses T eactive Mode!
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S - - Tinert Model 5 . Tinert Model
IR P RGN QPSITII
a.) i —————— A A W s s q) ettt L LY N N T s an AL LNERNN]
3 3
£ 72 £ 72
[ [
LAV — 70 .
68 . . : 68 . . .
0 20 40 60 0 20 40 60
Time (s) Time (s)

Figure 2: Assumptions for catalyst activation period: a) no activation period, b) activation period of 3 seconds

Imposing an activation period of 3 seconds shifted the predicted temperatures but had no impact on
the profiles. We have, therefore, neglected an activation period for the catalyst in the reactor model.

1.3.  Heat transfer coefficient at the reactor wall (hi)

The effect of varying the heat transfer coefficient at the reactor wall was assessed.

As shown in Figure 3, increasing the value of h; by a factor of 1.5 had negligible effect on the estimated
temperature profiles.

From this assessment, we were confident in our calculations for h;, described in in chapter 3.

208



80 r P Tg‘as Exp 80 r _— Ti;as Exp
— Tg:ts Exp — T;:ts Exp
78k e Toven EXP 78F e oven EXP
— s TOU Model — s TOU Model
O gas &) g8
o _T76F snnnnnnn Treactive Model o _T76F . Treactive Model
o — - - - T . Model o — - - - T Model
S inert S inert
“é 74 ..'...ll.................. [AENT] “5 74 [
m . EmmEy E
g_ o
£ 72 £ 72
— —
L e — 70
68 . . . 68 . . .
0 20 40 60 0 20 40 60
Time (s) Time (s)

Figure 3: Effect of h_i on model estimation, a) h_i as calculated in chapter 3, b) value of h_i*1.5

1.4.  Salt particle heat transfer coefficient (hsait)
We have assessed the impact of hg,ie , calculated in chapter 3 with the correlation proposed by Kunii

and Levenspiel.

We concluded the value of hst must be reduced by a factor of 100 in order to produce significant

changes in the estimated temperature profiles, which gives us confidence in the calculations used for
hsalt-

Results of the assessment are seen in Figure 4.

i in
80 p - - T'g”as Exp 80 r - = T Exp
t
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Figure 4: Effect of hsalt on model estimation, a) hsalt as calculated in chapter 3, b) value of hsalt/100
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1.5.

Diameter of salt

The inert seedbed used for the model developed was composed of salt crystals agglomerated into

particles of average diameter of 50 um.

As part of the sensitivity analysis of the reactor model, we have assessed the impact of increasing the

size of the particles used as seedbed while maintaining the same mass of salt.

As seen in Figure 5, increasing the diameter of the salt particles led to a significant increase of all

predicted temperatures. This effect is coherent and has been previously observed in the works of Tioni
etal.?

For the current model, the main effect of increasing the salt particle diameter was an increase in the

Reynolds number in the reactor and, therefore, reduction of the heat transfer coefficient at the reactor

wall (h;). The obtained values of the estimated parameters can be found in Table 1.

Salt particle diameter (um)

Reynolds number (-)

coefficient (U) (W.m2.K™)

Overall heat transfer

45

22.5

854

300

125

447

Tableau 1: Calculated Reynolds number and overall heat transfer coefficient, in relation to salt particle diameter

Temperature (°C)
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Figure 5: Effect of diameter of salt particle, a) 50 um, b) 300 um
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1.6.  Effective thermal conductivity

We observed no effect of the effective thermal conductivity (k. ;) on the model outcome (even when
extrapolated to *1000), indicating that this term can be neglected from the energy balance.

The thermal conductivity is known for the gas and salt. The effective thermal conductivity was
calculated precisely in chapter 3 and can be used for the inert phase when the two phases model is
employed. However, the axial conductivity is calculated in a different way.? It is concluded here that

. . .. . . a%T, . ..
there is no need for big precision regarding this parameter as the whole term (k. , é) is negligible —

the estimated values can be seen in the following section.

2. Numerical assessment of reactor model

The estimated values for all terms of the reactor model can be found bellow:

_k Vi —aZTi ] [ in .
oT; aT, ezl 9z2 nggcpg(Tg - Ti) n nggcpg(Tr -T)
a + v, 9z (me)i (me)i (mcp)i
—9.78e—-10 — —1.7e—16 + —-2.18 +0.128
or, 9% 92T, FypgCog (T — T)
St Vo ke,z,rVr_z —°° o -
at 0z dz (me)
_3.46— C .
3.46-10 (m p)r >
- 3.4le-16 -
_Srhr(Tr - Ti) Swhw(Tw - Ti)_
(me)i (me)i 0
+ 9.06 —6.78 + Qr
_ Sche (Tr — Ti) (me)i
(me)r 11
-11.15

From this assessment, we neglected the convection terms that include the gas velocity (v,).

3. Monomer conversion

We estimated the ethylene conversion from the reaction rates obtained from the High-Gain Observer
and the monomer flow rates, in order to validate hypothesis of constant monomer concentration in
the reactor, as follows:
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Figure 6: Estimated monomer conversion
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Appendix 3

List of experiments

1. Variability assessment

The list of experiments used for assessing the yield variability for catalyst CpZ 2 and CGC M in chapter
4 is found below.

The experiment ID# is defined as the date of reaction, followed by the number indicating the number
of tests performed in the day and, finally, by the reactor that was used for the experiment, such as:

YY.MM.DD (date) - # (n experiment set performed that day R# reactor number)

e List of experiments with catalyst CpZ 2 (classic metallocene)

Catalyst used Experiment ID# Reaction time (s) Catalyst mass (mg) Yield (g/g)

190826 R2 60 36 3,1

190828 R2 60 31 3,0

191002-2 R4 55 31 2,6

191002 R5 30 30 1,7

1911121 R2 30 25 0,8

Coz2 1911121 R3 30 33 1,2
190826 R3 5 51 0,2

190828 R3 5 30,5 0,3

191002 R6 5 32 0,3

191016 R5 5 33 0,6
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e List of experiments with catalyst CGC M (CGC metallocene)

Catalyst used Date and Reaction time (s) Catalyst mass (mg) Yield (g/g)

reactor #

190710-2 R2 60 62,0 3,4
190718 R2 60 38,0 5,0
190809 R2 60 49,0 4,0
190619 R3 60 55,0 6,7
190909 R3 30 50,6 2,6

CGCM

191121-2 R4 30 35 1,4

191121-2 R6 30 50,9 2,4

190620-2 R2 5 40,7 0,5

190624-2 R2 5 52 0,6
190916 R1 5 49 0,4

2. Design of Experiments (DOE)

A list of the experiments used for the statistical analysis performed in chapter 4 is here presented.

Experimental matrix for catalyst CGC M and CpZ 2:

Experimental

Factors

runs H2 (%mol)

1-C6 (wt.%)

Time (sec)

0
+

O+ O] +

+

o

Ol (N o [Bd|lw| N |~

ey
o

[y
[y

O|O|O|+ |+ |+]| © |O|O]|!

-
N
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Experimental

Factors

runs 1-C6 (wt.%) Time (sec)
1 - -
2 0 -
3 + -
4 - 0
5 0 0
6 + 0
7 - +
8 0 +
9 + +
10 0 0
11 0 0
12 0 0

Itis worth mentioning that two separate DOE analysis were performed for catalyst CGC M for different

time intervals (shown in Tables 2 and 3). Nonetheless, the data was merged into the statistical analysis,

using function xxx in the software Statistica 10.

Moreover, given to malfunction in the SEC equipment at our lab and time constraints, the analysis of

the molecular weight was not included in the DOE analysis.

ncort || oo | s | o0 | e | ™00 |5 | atons) | MM

190624-2 R2 1 0 0 5 0,6 131 14,8 722 469 3,0
190923 R5 2 0 8 20 1,7 129 33,57 392673 2,1
190813-2 R2 3 0 16 12,5 0,6 118,8 28,2 336 746 3,5
190923 R6 4 0,3 0 20 0,8 133 45,7 71374 2,7
190814 R3 5 0,3 8 12,5 0,9 127 37 77 671 2,4
190823 R2 6 0,3 16 5 0,4 117 9 107 465 2,5
190822 R2 7 0,6 0 12,5 1,0 132 41 37 686 3,9
190823 R3 8 0,6 8 5 0,6 125 23 56 447 2,0
190822-2 R2 9 0,6 16 20 1,7 124 39 43 466 3,8
190904-2 R1 10 0,3 8 12,5 1,4 131 42

190904 R6 10 0,3 8 12,5 0,8 131,1 29,3

190904-2 R3 10 0,3 8 12,5 1,2 132,4 42

190821-2 R2 11 0,3 8 12,5 1,2 127 37

190822-2 R3 12 0,3 8 12,5 1,0 125 35 76 051 2,3

Figure 1: Experiments used for DOE - catalyst CGC M
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Date and Experimental H2 1-C6 Time | Yield | Tm (°C) | Crystallinity % | Mw (Daltons) | Mw/Mn
reactor # run (%mol) | (wt.%) | (sec) (g/g)

190909-2 R3 1 0 0 3 0,4 127,6 17 280020 2,13
191009 R4 2 0 8 7 0.22 123 17.2 128451 2.065
191009 R5 3 0 16 5 0,22 118,8 4,34
191009 R6 4 0,3 0 7 0,44 130,1 27,6 87457 2,09

191009-2 R4 5 0,3 8 5 0,41 128,9 19 128451 2,07

191009-2 R5 6 0,3 16 3 0,2 125,6 15,11 109020 2,1

191009-2 R6 7 0,6 0 5 0,64 129,7 34,4

191010-2 R6 8 0,6 8 3 0,38 125,6 7,72
191010 R5 9 0,6 16 7 0,44 125,6 8,8
191010 R6 10 0,3 8 5 0,62 127,7 20,6

190812-2 R2 10 0,3 8 5 0,6 124,1 29,9

190812-2 R3 10 0,3 8 5 0,4 125,5 28,5

191010-2 R4 11 0,3 8 5 0,59 127,8 15,7 132616 3,16

190625-2 R2 12 0,3 8 5 0,99 123,9 28,5

Figure 2: Experiments used for DOE - catalyst CGC M
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d?f;‘;:‘gg;”; E"pefl:‘;e”ta' 1-C6 (wt.%) | Time (sec) ‘(’g"j'go)' (Trc") Cry“;! linity (D:"lt‘g’ns) Mw/Mn
190826 R3 1 0 5 0,2 132,1 17 40 808 2,17
190828 R3 1 0 5 0,33 122 11,2

191002 R6 1 0 5 0,31 122 14,22

191016 R5 1 0 5 0,6 131,9 20,6 72953 2,45
191002-2 R5 2 8 5 0,39 126,7 16,3 47 196 3,9
191002-2 R6 3 16 5 0,43 128,4 27,3 55262 2,8
191002 R4 4 0 30 1,39 132 33 143 157 2,14
191002 R5 4 0 30 1,66 132 28,73 116 807 4,44
1911121 R2 4 0 30 0,80 132,9 35

1911121 R3 4 0 30 1,21 132,9 24,9

191003-2 R5 5 8 30 1,22 132 29 145 341 2,99
191003-2 R6 6 16 30 0,96 131,3 24 167 924 2,43
191003 RS 6 16 30 0,60 130,9 31,8 126 833 4,37
191002-2 R4 7 0 55 2,6 133,5 52,8 197 721 2,1
191003-2 R4 8 8 55 1,61 132 25,5 146 132 3,21
191003 R4 8 8 55 1,17 132,8 32,7 157 262 2,11
191007 RS 9 16 55 1,91 132,1 33,7 130779 4,17
191016 R4 10 8 30 1,4 131,3 41,7 109 131 4,22
191004 R5 11 8 30 0,98 132 31,3 139 602 2,1
191007 R4 12 8 30 0,92 131,3 23 137 797 31

Tableau 3: Experiments used for DOE - catalyst CpZ 2

3. DSC crystallinity evolution

List of experiments used to assess the evolution of polymer thermal properties at increasing times.

Performed in homopolymerization conditions with ethylene.

Catalyst Conditions Experiment ID # Reaction time (s) Tm (°C) Crystallinity %

8 wt% 1-C6 191002-2 R5 5 126,7 16,26

191003-2 R5 30 132 29
191003-2 R4 55 132 25,52

Cpz2

16wt% 1-C6 191002-2 R6 5 128,5 27,3

191003-2 R6 30 131,3 24
191007 R5 55 132 33,7

Tableau 4: Experiments used assessment of thermal properties evolution — CpZ 2
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Catalyst Conditions Experiment ID # Reaction time (s) Tm (°C) Crystallinity %

8 wt% 1-C6 190708 R3 5 120,2 17,2

191009 R4 7 123 17,2

190923 R5 20 129,0 33,6

190813 R3 30 1244 33,6

190711 R2 60

l6wt% 1-C6 191009 R5 5 118,8 4,52

190813-2 R2 12,5 118,8 28,2

8 wt% 1-C6 0,3m% H2 190812-2 R2 5 124,1 29,9

190821-2 R2 12,5 127,5 37

SRAC 270

190718 R3 60 126,5 45

8 wt% 1-C6 0,6m% H2 191015 R5 3 125,6 7,72

190823 R3 5 125,2 24

0, . o,

16wt 1H§6 0.3m% | 191009-2 RS 3 125,6 15,11

190823 R2 5 117 10,7

o/ 1._ o,

16wtk 1H§6 0,6m% 191010 RS 7 125,6 8,8

191001 R1 20 130,85 53,1

190822-2 R2 30 124,9 39

Tableau 5: Experiments used assessment of thermal properties evolution —CGC M
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oW |
s
A o o 4 M e e watie s Aands s s nis sat s Al fan

Figure 1: DSC plots - classic metallocene CpZ2. Reaction conditions: C2 + 16 wt% 1-C6 in gas feed
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Figure 2: DSC plots - catalyst CGC M. Reaction conditions: C2 + 8 wt% 1-C6 + 0.3m% H2 in gas feed

Figure 3: DSC plots - catalyst CGC M. Reaction conditions: C2 + 16 wt% 1-C6 in gas feed
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Figure 4: DSC plots - catalyst CGC M. Reaction conditions: C2 + 16 wt% 1-C6 + 0.6m% H2 in gas feed
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