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Thank you, all those who have not been mentioned here, but who also contributed to my having the title of PhD in Polymer Process Engineering!! ABSTRACT An experimental and theoretical study of the impact of alkanes on the degree of chain entanglement during ethylene polymerization to make ultrahigh molecular weight polyethylene (UHMWPE) is presented. Industrially, this type of polyethylene is produced in slurry phase at mild conditions. It is well known that UHMWPE is a polymer with long chains and very high molecular weight, that poses difficulties in terms of processability due to the presence of chain entanglements. In many cases is thus necessary to treat the material in different ways after the polymerization to minimize the amount of entanglements and improve the processability.

Based on observations that the use of inert condensing agents (ICA) had a noticeable impact on molecular weight and crystallinity, it was decided to develop a gas phase polymerization process with addition of ICA for UHMWPE with a high fraction of disentangled chains. For the optimization of this process, the comparison with slurry is important for the understanding the improvement. Thus, a clear difference between slurry and gas phase is observed in terms of crystallinity and the lamellar thickness of the crystals, activity, molecular weight, entanglements, and particle size distribution.

Characterization techniques are developed to measure the properties of the reactor powder and understand the impact of the alkanes in situ. Using solid-state drawability and thermal analysis, the entanglement degree of the raw powder is analysed. From the SAXS and WAXS techniques, it is possible to find a correlation of entanglements and lamellar thickness.

Moreover, crystallization kinetics measurements of the polymer in presence of ICA constitutes a powerful method to explain the phenomena of entanglement and crystal formation. Key words: UHMWPE, Induced Condensing Agents (ICA), Gas Phase, Slurry Phase, reactor powder characterization, Entanglements, Crystallization.

RÉSUMÉ

Une étude expérimentale et théorique d el'impact des alcanes sur le degré d'enchevêtrement des chaînes au cours de la polymérisation de l'éthylène pour fabriquer du polyéthylène de très haut poids moléculaire (UHMWPE) est présentée. Industriellement, ce type de polyéthylène est produit en suspension en phase liquide dans des conditions douces. Il est bien connu que l'UHMWPE est un polymère à longues chaînes et de poids moléculaire très élevé, ce qui pose des difficultés en termes de traitabilité en raison de la présence d'enchevêtrements de chaînes. Dans de nombreux cas, il est donc nécessaire de traiter le matériau de différentes manières après la polymérisation afin de minimiser la quantité d'enchevêtrements et d'améliorer la processabilité.

Sur la base des observations selon lesquelles l'utilisation d'agents de condensation inertes (ICA) avait un impact notable sur la masse moléculaire et la cristallinité, il a été décidé de développer un procédé de polymérisation en phase gazeuse avec ajout d'ICA pour UHMWPE avec une fraction élevée de chaînes démêlées. Pour l'optimisation de ce processus, la comparaison avec le procédé en phase suspendu est importante pour la compréhension de l'amélioration. Ainsi, une nette différence entre la suspension et la phase gazeuse est observée en termes de cristallinité et d'épaisseur lamellaire des cristaux, d'activité, de poids moléculaire, d'enchevêtrements et de distribution granulométrique.

Des techniques de caractérisation sont développées pour mesurer les propriétés de la poudre du réacteur et comprendre l'impact des alcanes in situ. À l'aide de l'emboutissabilité à l'état solide et de l'analyse thermique, le degré d'enchevêtrement de la poudre brute est analysé. A partir des techniques SAXS et WAXS, il est possible de trouver une corrélation entre les enchevêtrements et l'épaisseur lamellaire. De plus, les mesures de la cinétique de cristallisation du polymère en présence d'ICA constituent une méthode puissante pour expliquer les phénomènes d'enchevêtrement et de formation cristalline.

Mots-clés: PE-UHMW, Agents de Condensation Induits (ICA), Phase Gazeuse, Phase de Suspension, Caractérisation de Poudre Brute, Enchevêtrements, Cristallisation.

Background

As the name suggests, ultrahigh molecular weight polyethylene is a linear polymer of ethylene with an extremely high average molecular weight. There does not appear to be one common definition of "ultrahigh", with lower values ranging from 1 million [1] to 3.5 million [2] depending on the source [3,4]. It has a very high modules, melting points from 138-140°C, and typical densities in the range of 0.92-0.94 g/cm 3 [5,6]. This material is commercially important because of characteristics such as abrasion resistance, high impact toughness, resistance to radiation, lubricity, and chemical inertness. These features make this polymer useful in a variety of industrial applications, such as pickers for textile machinery, lining for coal chutes and dump trucks, runners for bottling production lines, as well as bumpers and siding for ships and harbors [2].

Commercially, this material is made either in a slurry process using a supported Ziegler Natta catalyst, or a in solution process using a molecular catalysts [7,8]. Very little information on the impact of process conditions, and in particular the properties of the continuous phase and how they influence the microstructural properties of the reactor powder made on supported catalysts is available in the open literature.

As mentioned above, the high molecular weight of UHMWPE can increase the degree of entanglement of the polymer chains with respect to similar materials such as high density polyethylene (HDPE). This high degree of chain entanglement causes very high viscosity, which in turn causes significant difficulties in the processing the final material. Furthermore, the presence of entanglements limits the solid-state drawability of these polymers [9]. Therefore, for the production of highly oriented polymer products, such as ultra-highperformance (UHP) polymer fibers and sheets, removal of the entanglements is often a prerequisite. This is typically achieved by solution processing methods, such as gel-spinning of UHP polyethylene fibers [10]. However, these solution processing methods can be expensive, and direct drawing of solid-state compacted low-entanglement reactor powder would be economically advantageous. A progress in solid-state polymer processing can only be made if we better understand the relationship between reactor conditions, chain entanglement, growth and in situ crystallization of (disentangled) virgin reactor powder.

Thesis Motivation

The starting point for this project relies on the results obtained by the group of the CP2M laboratory, where the authors showed that vaporization of short chain molecules such as pentane or hexane in the reactor during the polymerization led to the production of PE with high MW ( >1.5 x 10 6 ) and high crystallinity, as opposed to much lower MW ( 0.4 million) and similar or lower crystallinity in the absence of alkanes but under the same reaction conditions [11]. For instance, in Table 1 is possible to see that the addition of either vaporized n-pentane or n-hexane caused the MW of the resulting PE to increase by over a factor of four in some cases with respect to polymer made without the addition of such compounds [11].

Table 1: MW of PE samples as a function of reaction condition. C2, n-C5, n-C6 = ethylene, n-pentane, nhexane, respectively [11]. Furthermore, as shown in Table 2, similar addition of vaporized alkanes concurrently leads to a much higher crystallinity. If we compare the 0 bar of n-hexane experiment to the one with 0.6 bars, it can be seen that the first passe crystallinity is 10% higher in the presence of the alkane, and that it is very difficult to "erase" the history of the crystallization with as many as 4 passes in the differential scanning calorimeter (DSC). In these experiments, the PE sample was heated during the first cycle at 5°C min -1 from 30°C to 170°C. The temperature of the sample was kept at 170°C for 2 minutes and then cooled down at the constant rate of -20°C min -1 to 30°C. After keeping the temperature of sample at 30°C for 2 minutes, the second heating cycle was started by heating the sample at the constant rate of 5 °C min -1 from 30°C to 170°C [11]. In addition, the cosolubility effect (enhanced ethylene concentration in the amorphous phase due to the presence of heavier compounds) leads to a much higher rate of reaction in the presence of nC5 and nC6 as is possible to observe in the Figure 1 [12,13].

C2 (bar)

Figure 1: Gas phase polymerization rate with no alkane (0-7-70, n-Pentane (2.5 nC5) and n-Hexane (0.8 nC6) [14]. All polymerizations were done at 70°C with 7 bars of ethylene and no hydrogen.

The exact reasons for those behaviours were not clear, but clearly the solubilization of an alkane in the polymer phase has an impact on the competition between chain growth and crystallization. We therefore propose to study this: what is the role of temperature, monomer concentration in the continuous phase, and the nature of this last factor on the properties of the untreated polymer powders.

Objectives and Structure

A low degree of entanglement is important for solid-state processing. From a structural perspective, the amount of crystalline material is constrained by the long chains of UHMWPE, which prevents the formation of crystalline layers in contrast to the relatively short chains of HDPE [15]. In other words, decreasing the level of chain entanglement will lead to an increase of the crystallinity of the reactor powder even at high molecular weights, which in turn can enhance the end use properties for several applications. The main objectives of this project are thus to:

Identify the impact of the composition of the reaction medium in chain entanglement and the in situ (raw powder) crystallinity, and molecular weight (composition, temperature, and concentration of the various species);

Understand the relationship between the degree of entanglement and physical properties such as molecular weight, drawability, and thermal properties of the reactor powder;

Design, optimise and test a gas phase process for UHMWPE.

The ultimate objective of this thesis is therefore to understand how to better control the chain structure in situ. This understanding can help us make better, more precisely designed products.

The structure of this thesis will be as follows.

A review of the literature on the production and characterization of UHMWPE will be presented in Chapter 2. Chapter 3 will explore the UHMWPE characterization techniques we used (both existing and new) to explore the properties of the reactor powder. These include:

Thermal analysis that was used to determine standard thermal characteristics, e.g. melting temperature and crystallinity, and annealing behavior just below the first melting point of the "virgin" powder.

Mechanical testing that was applied to evaluate the entanglement density through the determination of the maximum draw ratio. Low-entangled UHMWPE powders can be compacted in the solid state, where, after which the maximum draw ratio can be determined by solid-state drawing at elevated temperatures.

SAXS and WAXS used to explore the crystalline structure of the nascent reactor powders to determine lamellar thickness.

Chapter 4 presents a systematic study of the impact of the nature of the continuous phase (gas vs slurry, quantity and type of alkane) on the polymerization kinetics, swelling, Mv and particle size distribution for polymerization at the same ethylene concentration at different reactor temperatures. An exploration of how to control entanglements, crystallization, and the MW of UHMWPE, as well as the development of a gas phase process that produce highly disentangled UHMWPE are presented in Chapter 5.

Chapter 2: Literature Review 2.1. Introduction

Ultra-High Molecular Weight Polyethylene (UHMWPE)

UHMWPE is a polymer that is generally produced at low pressure and classified as a linear homopolymer of ethylene. It is a low density polymer, semi crystalline, white and opaque, and a melting temperature of about 138-140ºC [1]. The structure of UHMWPE is composed of a crystalline and amorphous phase. The crystalline structure is a folded chain lamellar that is surrounded by amorphous regions interconnected by a bridge or molecules of connection between the crystalline lamellas [2]. Due to the long chain lengths, it can be easily become entangled during the polymerization process, making it very viscous and difficult to process. The high degree of entanglement of the chains also impedes the formation of crystals.

In terms of molecular weight, and as mentioned in Chapter 1, the definition of what constitutes UHMWPE appears to be somewhat arbitrary. ISO Standard 2304-1:2019 defines as a polyethylene with melt mass-flow rate (MFR) of less than 0.1g/ 10min measured at 190°C and 21.6kg load which gives a molecular weight of higher than 10 6 g/mol [3]. In the other hand, ASTM D4020 defines it as a linear polyethylene with a relative viscosity ( rel) higher than 1.44 at a concentration of 0.02% at 135°C in decahydronaphthalene, providing a molecular weight greater than 3.1x10 6 g/mol [4]. Celanese, one of the major UHMWPE manufacturers, considers that UHMWPE are resins with the molecular weight between 3.5x10 6 and 6x10 6 g/mol [5]. For the purpose of this project, we will define UHMWPE as a polyethylene with molecular weight higher than 3x10 6 g/mol.

UHMWPE is considered an engineering thermoplastic due to its high impact strength, abrasion resistance, biocompatibility as it is approved for biomedical applications, low friction coefficient, high chemical and fatigue resistance, chemical inertness etc. Because of these features, this polymer can produce a series of industrial applications including pickers for textile machinery, lining for coal chutes and dump trucks, runners for bottling production lines, as well as bumpers and siding for ships and harbors [6,7]. Beyond that, UHMWPE can be used in multiple industries, including the food industry, electrical engineering, transportation and conveyor technologies [8,9]. Some of its properties can be considered stronger than those of more traditional raw materials such as steel and other engineering plastics.

Figure 1 shows that properties such as impact strength and abrasion wear can be comparable even to steel. Since it is a material lighter than metal ones, UHMWPE can replace applications that require high abrasion resistance, high impact strength and low coefficient of friction. The latter is because this polymer works as a self-lubricating material, becoming interesting for sliding applications [10]. This material is almost totally inert when is in contact with the different substances, thus can be used in aggressive or corrosive ambient under high temperatures [11]. It is widely used in the medicinal area because it has excellent fatigue crack growth resistance and fracture strength, an important characteristic of the development of acetabular components

Polyethylene: Commodity PE

Polyethylene (PE) is a semicrystalline polymer derived from ethylene and is the most widely consumed polymer on earth in terms of tonnage. Polyethylene by itself accounts for 60% of the total polyolefin production in the world industry [12]. In 2019, the global market size was evaluated at USD 107,43 billion, with an expected increase to 130,26 billion by 2027 [13].

This commercial success is due to the variety of products that can be made from it at a relatively low cost. A wide variety of products can be made from this relatively simple polymer (note, it contains only carbon and hydrogen!) because we have learned how to control the architecture of the macromolecular chains. This architecture in turn depends on the chemistry [10].

used to make the polymer, on the reaction condition of polymerization, as well as on the residence time distribution of the reactors used in the production process. In this case, when we speak of polymer architecture, we mean is whether the chains branched or linear, short or long, and what is the distribution of sizes and of branches along the chains. In the specific case of UHMWPE, varying the chain structure and polymer chemistry allows us to modify the properties of UHMWPE [14]. One of the most important properties that we use to differentiate different kinds of PE is the density. This is because the density is a good indication of the degree of crystallinity and melting points of the final product, which in turn gives information about the number and length of the branches on the main chain, [15]. Some of the basic PE types and applications are:

Low Density Polyethylene (LDPE) -it has a high degree of short and long chain branching and a density of about 0.915-0.940 g cm -³. It can be used in packaging, pipes, and fittings, and is made by free radical polymerization at high pressure and temperature.

Linear Low Density PE (LLDPE)

this is fact a copolymer of ethylene and different amounts of 1-alkenes, the most common being 1-butene or 1-hexene that form very short chain branches on the main chain. It has a similar range of density as LDPE, but due its different branching structure has different mechanical, optical and rheological characteristics.

High-Density Polyethylene (HDPE)

-this polymer has low concentrations of short chain branching and density among 0.945-0.97g cm -³. This polymer is widely used in packaging, consumer goods, fibres, and textiles [16][17][18].

While differentiating based on density is straightforward and is a convenient way of looking at families of PE-based products, it leaves out the influence of one important characteristic: the molecular weight distribution (MWD). The length of the polymer chains and the distribution of chain lengths have an enormous impact on many properties, especially mechanical and rheological behavior. Typically, the products mentioned above have weight average molecular weights of several 10s or 100s of thousand of Da. However, Ultra-High Molecular Weight Polyethylene (UHMWPE) has much longer chains than typical LLDPE or HDPE products. This polymer has density of around 0.94 cm³ despite the absence of short chain branches [18,19].

The increased consumption growth of UHMWPE makes it an important material in the polymer industry. In 2018, the capacity and demand achieved 240kt and 250kt, respectively.

While small compared to the demand for LDPE, LLDPE and HDPE, the high value-added of UHMWPE means that many manufactures are interested in its production. The major companies producing this material include Avient (Dyneema), LyondellBasell, Mitsubishi, Celanese, Braskem, and others. Celanese appears to have the largest production, with a capacity of 108kt/a. By 2020, the market size was valued at USD 1.83 billion, with an expected annual growth rate of 12.3%. This demand is proving to be high as more and more applications for this material are being discovered. [20,21] 

Semi-Crystalline Polyethylene

The crystallinity of a semi-crystalline polymer is an important parameter that determines the physical and mechanical properties of the material. The way that the spherulites are formed has an impact on the mechanical, thermal and optical properties. The formation of polymer by solution crystallization is dependent on two fundamental processes: nucleation, and crystal growth. As we will see later the impact of the process (and in particular the composition and nature of the continuous phase in the reactor) on these two parameters is critical in determining how the polyethylene crystals form.

The crystal structure of a polymer is lamellae with layers of folded chains. During the particle growth, lamellae form in all directions, resulting in a spherical crystalline region of spherulites as shown in Figure 2 [22][23][24].

The crystallinity of the polymer can be affected by factors such as [25,26]: Nucleating agents such as organic salts, small filler particles, and ionomers act like seeds and can increase the crystallization rate; Plasticizers. UHMWPE is produced using ethylene and has the same repeat units as any other common polyethylene. The molecular chains can move at elevated temperatures due to internal energy. However, if we consider the movement of a single molecular chain that is an ultralong, as the chains get longer they can become more and more entangled during the production process. When the temperature decreases, the chain tends to rotate around the C-C bonds, creating a chain folded with a new equilibrium state that is at lower temperature. When cooled below melt temperature, folded chains start to form the crystalline lamellae, which grow gradually and accumulate, thereby creating the crystalline regions of polymer. The chain of polyethylene is regular and flexible, and because of that, not all segments can be organized to form lamellae and crystalline regions. Instead of that, the lamellae are embedded within disordered regions called the amorphous phase. This does not mean that the lamellae exist independently of each other; rather they can be physically connected to each other by tie molecules that run from one lamella to another [27].

Chain mobility has a significant impact on crystal nucleation and growth. Shorter chain crystallize faster, and have a lower probability of entanglement, meaning that for a similar chain composition we will see less entangled polymer with shorter chains. From the perspective of molecular structures, if the entanglement density goes to a critical level, the length of the linkages between the entangled points becomes shorter than that of an average segment, restricting segmental motion and delaying the crystallization of the polymer. Furthermore, the initially thin chain-folded lamella begins to thicken spontaneously only if the crystallization temperature is high enough to allow the necessary molecular motions. During the first stage of crystallization, entanglements must be pushed into the amorphous region. As a result, disentangled segments or chains grow more easily into crystals, resulting in faster nucleation and crystal growth of less entangled polymers [28][29][30][31].

Homopolymerization Kinetics

Polyethylene can be produced using either free radical initiators or coordination catalysts. The first starts with a molecule called initiator, which reacts with the monomer creating a new radical that starts the chain growth polymerization [32]. The nature of the free radical polymerization (FRP) process, combined with the high temperature and pressure required to maintain commercially viable rates of polymerization lead to the formation of highly branched polymers. While an important means of making PE industrially, FRP cannot be used to make linear UHMWPE chains. To do so, it is necessary to use a coordination catalyst.

Simply put, in coordination polymerization monomer is inserted between the growing chain and the active site. As this insertion occurs in a well-defined zone, it is very difficult to insert long unsaturated chains due to steric hindrance, meaning that chains made by coordination polymerization are substantially linear. In addition, as a catalytic site determines how each insertion is made and the rate at which this occurs, fine control over catalyst behaviour gives us good control over the polymer architecture [33]. In Figure 3, we can see the insertion steps as the following [34]:

Side-on complexation of ethylene

Insertion into the Ti-C bon via cyclic transition state

Polymer chain lengthen by one monomer unit Free vacant site generation for another monomer unit In the case of heterogenous catalysts (the case considered in this thesis), active sites are located inside a catalyst particle, so monomer present in the continuous phase is transported into and through the boundary layer surrounding particles, and after that into the particle pore space. Once polymer is formed, the monomer flow is through the polymer surrounding the active sites [17]. Thus anything that impacts the rate of arrival of monomer at the active sites, as well as its concentration will have an impact on both the rate of chain growth and the evolution of the chain length.

Catalyst Types

The main types of coordination catalysts for polymerization are Ziegler-Natta (ZN) catalysts, chromium catalysts, metallocene and post-metallocene catalysts. HDPE grades can be made with all three types of catalysts, however, chromium catalysts are poor incorporators of the comonomers used to make LLDPE, so this family of polymers is made essentially with Ziegler-Natta or metallocene catalysts. Metallocenes offer the advantage of being more precise in terms of architectural control (i.e. insert of molecules), and are more homogeneous than ZN catalyst when supported, but are more expensive. For this reason they are almost exclusively used to make LLDPE since control over the insertion of the 1-alkene comonomers is important, and the higher price of improved properties can occasionally justify their use [17].

As we will see below, most industrial processes for UHMWPE use ZN catalysts, so the rest of this discussion will focus on this family of catalysts. For information on Chromium (Phillips) catalysts the reader is referred to references [35][36][37], and for metallocenes to references [38][39][START_REF] Silva | Process of Preparation of Catalytic Support and Supported Metallocene Catalyst for Production of Homopolymers and Copolymers of Ethylene with Alfa-Olefins, of High and Ultra High Molecular Weight and with broad Molecular Weight Distribution in Slurry[END_REF].

ZN catalyst are versatile and can be run at low temperature, pressure, and heterogeneous forms of ZN catalsyts are used in gas phase or slurry processes. Traditional Ziegler-Natta catalysts are typically titanium halides (TiX4 where X is generally Cl) supported on magnesium chloride (MgCl2) through various chemical modifications [START_REF] Seth | A density functional embedded cluster study of proposed active sites in heterogeneous Ziegler-Natta catalysts[END_REF].

Ziegler-Natta catalyst can produce polyethylene with high molecular weight and high density, even at relatively low pressures on the order of 1-5 bar. The polymer generated is highly linear, having less than 1 side chain per 200 carbon atoms in the backbone chain, and has a broad molecular weight distribution as the formulation of heterogeneous catalysts leads to the incorporation of many different types of active sites in a single particle [START_REF] Singh | Molecular Weight Distribution of Polyethylene Produced by Ziegler-Natta Catalysts[END_REF].

ZN catalysts require an activation step, which involves the use of aluminum alkyls (generally known as cocatalysts) wherein, apart from the reduction of oxidation states of the titanium, there is also a vacant coordination site created on the titanium [START_REF] Padmanabhan | Synthesis of ultra high molecular weight polyethylene: A differentiate material for specialty applications[END_REF][START_REF] Reusch | Synthesis of Polymers[END_REF].

A simple kinetic model

The knowledge of the physical properties is important to determine the application of a polymer. For that is also important the understanding of the length of polymer chains, that is expressed in terms of molecular weight related to the relative molecular mass of the monomers and the number of monomers connected in the chain [START_REF] Technologies | Polymer Molecular Weight Distribution and Definitions of MW Averages Technical[END_REF]. The molecular weight is proportional to the monomer concentration. The main factor controlling polymer chain length is the termination step due to chain transfer during the insertion of the monomer molecule into the polymer chain [START_REF] Grieveson | Kinetics of the Polymerization of Ethylene with a Ziegler -Natta Catalyst[END_REF].

The monomer consumption and molecular weight development of polyolefins produced using Ziegler-Natta catalyst can be calculated using a generalized multi-site kinetic model, that basically describes the polymerization kinetics of this process.

Reactions such as site activation, initiation, propagation, transfer to monomer, and a first order spontaneous deactivation, comprise the kinetic mechanism of polymerization reaction such as Figure 4 [12,[START_REF] Ben Mrad | A Single Particle Model to Predict the Impact of Induced Condensing Agents on Polymerizing Particles During the Gas Phase Polymerization of Ethylene[END_REF]. Note that the kinetic mechanism is assumed to be the same for HDPE and UHMWPE homopolymers. A second monomer is involved in making LLDPE, and the additional steps in the kinetic mechanism are analogous to those of this homopolymerization scheme. Chain transfer to cocatalyst -the same way as chain transfer to hydrogen, it is responsible to terminate the growth of live polymer chains, forming dead polymer chain and vacant active sites; Spontaneous chain deactivation -corresponds to the site deactivation reaction, which turns active sites and growing polymer chains into dead sites and dead polymer chains, respectively [START_REF] Passos | Fluidization Enginneering Book[END_REF].

Polymerization steps of UHMWPE include activation of catalyst systems, chain propagations and chain terminations, being that propagations and terminations are determinant to the system. The propagation step is usually the addition of monomers due to coordination between metal centers and double bonds of ethylene. The β-hydrogen transfer may occur during propagations either in unimolecular mode or bimolecular mode. While the unimolecular β-hydrogen transfer is responsible for producing linear UHMWPE, bimolecular β-hydrogen transfer contributes to the formation of branches, which is not the case of UHMWPE synthesis.

Finally, since the catalysts require and activation of the system, the chain transfer to activation can act as important termination steps influencing the molecular weight of UHMWPE [START_REF] Patel | Ultrahigh molecular weight polyethylene: Catalysis, structure, properties, processing and applications[END_REF][START_REF] Liu | Ultra-high molecular weight polyethylene: preparation and applications[END_REF].

Low Pressure PE Processes

UHMWPE is typically made in slurry process similar to those used for standard HDPE, where the solid catalyst particles are suspended in liquid diluent during the polymerization.

Other types of polyethylene such as LLDPE need to be produced in gas phase process, where the continuous phase is a multicomponent vapour. It is also possible to use molecular, or homogeneous catalyst to make polyethylene, which is a solution process, where reaction condition is set to all components be dissolved in a solvent. Such process has its own advantages and disadvantages. We will review there here, given that is a vast topic, thus review is necessary focused on the specific points of the different process.

Slurry Phase Processes

Slurry phase polymerization of olefins occurs when a monomer is polymerized in the presence of the cocatalyst, catalyst, and inert diluent (usually an alkane). This polymer was first produced in the 1950s by Hoechst, using the catalyst and process developed by Karl Ziegler for the production of low pressure linear polyethylene [START_REF] Hottovy | High Solids, High Ethylene Slurry Polymerization[END_REF].

Polymerization in the slurry phase can take place at temperatures between 50 to 125°C and pressures around 5-50 bar. Any of the three catalyst families mentioned above can be used, depending on the requirements of the final product [START_REF] Koch | Slurry Phase Polymerisation Process[END_REF]. The diluent must be inert toward the catalytic system, thus saturated hydrocarbons such as propane, isobutane or n-hexane are used commercially [18].

Industrially, the slurry process is performed in continuous stirred tank reactors (CSTRs) or loop reactors. Since amorphous phase PE is soluble in common hydrocarbons diluent, slurry process is used mostly for HDPE and MDPE units. Nevertheless, using a single site catalyst it is also possible to produce mLLDPE in loop reactors [START_REF] Wang | Progress in Technology and Catalysts for Continuous Stirred Tank Reactor Type Slurry Phase Polyethylene Processes[END_REF].

As olefin polymerization is extremely exothermic (heat of polymerization on the order of 105 kJ/kmol), efficient heat removal is required to have good temperature control to ensure the quality and specification of the final product Mitsui (CX) and LyondellBasell (Hostalen) processes are examples of continuous stirred tank reactor (CSTR) processes; the main difference between the two being the operation mode of the reactor heat removal. In the CX process, there is cooling water in a jacket that removes only 10% of the total heat of the reaction. The remaining 90% is removed in an overhead condenser (by condensing the solvent vapor) and external slurry coolers. In the Hostalen process, only the cooling water jacket is enough to remove the heat of the polymerization reaction [START_REF] Thakur | Slurry-phase ethylene polymerization processes: A review on multiscale modeling and simulations[END_REF]. Hostalen® ACP process from LyondellBasell is a slurry technology that operates with three CSTR in cascade for the production of HDPE as showed in Figure 5. Hexane is used in the liquid phase as the diluent where the mixture is suspended. The catalyst and hydrogen are injected only into the first reactor, while the other reagents are injected independently into each reactor. The operation condition is at temperatures ranging Work up Section from 75-85°C and pressure of 5-10 bar. At the end of the process, the polymer powder is sent to the work up section to be separated from the diluent and after that, it is dried [START_REF] Lyondellbasell | Low-pressure slurry process technology for the production of highperformance multimodal HDPE grades Film[END_REF].

Loop slurry process started on the polymer market in 1961 and it is still a widely used process [START_REF] Phillips | MarTECH® Technology[END_REF]. The process is simple: long tubes folded into loops are surrounded by cooling jackets, as shown in Figure 6, where they have high ratios of heat transfer area per unit volume, allowing an operation with high solid contents and high polymerization rates. The reactor operates over a temperature range of 85-100°C and pressure of approximately 37 bar as the diluent is usually iso-butane (or occasionally supercritical propane with pressures on the order of 60-65 bars), with a pump installed at the bottom to provide a high fluid velocity, creating turbulence that replaces the lack of an agitator [17,[START_REF] Syed | Status of Low Pressure PE Process Licensing[END_REF]. The loop process from Chevron Phillips is widely used for the production of HDPE, with around 80 companies licensed in more than 20 countries. Over the years, these technologies have developed, increasing their production capacity. The newest version of CSTR and loop reactors have a production capacity of 400kt/a, and 500 kt/a respectively [START_REF] Lyondellbasell | Low-pressure slurry process technology for the production of highperformance multimodal HDPE grades Film[END_REF][START_REF] Phillips | MarTECH® Technology[END_REF]. Loop reactors have more advantages over CSTR in terms of heat removal, being also preferred at high production volumes.

In both types of process, the molecular weight of the product can be controlled by temperature adjustment or molecular weight controllers such as hydrogen [START_REF] Friederichs | Process for the Production of Ultra High Molecular Weight Polyethylene[END_REF]. For instance, by a decreasing in the temperature is possible to produce UHMWPE in slurry process. In the industrial setting, this reaction takes place at monomer pressures of approximately 2 to 25 bar and temperatures lower than 80 °C [START_REF] Silva | Process of Preparation of Catalytic Support and Supported Metallocene Catalyst for Production of Homopolymers and Copolymers of Ethylene with Alfa-Olefins, of High and Ultra High Molecular Weight and with broad Molecular Weight Distribution in Slurry[END_REF][START_REF] Wassenaar | Catalyst for Preparing Ultra High Molecular Weight Polyethylene (UHMWPE)[END_REF][START_REF] Saeed | Process for the Preparation of an UHMWPE Homopolymer[END_REF] . UHMWPE can either be an ethylene homopolymer or a copolymer of ethylene and a comonomer in the form of another a-olefin or a cyclic olefin, with the amount of the comonomer incorporated being low enough to ensure that the polymer still crystallizes under polymerization conditions [START_REF] Sanjay | Process for the preparation of a shaped part of an Ultra High Molecular Weight Polyethylene[END_REF]. These reactions are performed in the absence of oxygen, water, or any other compounds that may act as a catalyst poison. The inert diluent of choice is a hydrocarbon having from 4 to 12 carbon atoms alkanes such as isobutane, pentane and hexane [START_REF] Friederichs | Process for the Production of Ultra High Molecular Weight Polyethylene[END_REF][START_REF] Wassenaar | Catalyst for Preparing Ultra High Molecular Weight Polyethylene (UHMWPE)[END_REF][START_REF] Batinas-Geurts | Catalyst System for the Production of Ultra-High Molecular Weight Polyethylene[END_REF][START_REF] Liu | Preparation of Ultra-High-Molecular-Weight Polyethylene[END_REF].

Compared to the gas phase, the big advantage of the slurry process is its better heat transfer capacity, since the polymer particles are suspended in a liquid, which leads to a higher volume of produced polymer in a shorter time. However, slurry processes require the purchase, purification, removal, and recycling of the solvent, which can impose extra costs on the unit operation [START_REF] Ben Mrad | Effect of Induced Condensing Agents on Ethylene Polymerization in Gas-Phase reactors[END_REF]. This difference is even more pronounced for the loop process which has a much higher heat removal capacity (and therefore space-time yield) than CSTR processes. However, if extremely high production volumes are not required, then using a CSTR is often simpler from an engineering and operational point of view.

Gas Phase Processes

In a gas phase process, the continuous phase is a multicomponent vapour, in which are suspended the polymerizing particles that are fluidized in a fluidized bed by an ascending gas stream containing the monomers. The polymerization happens at the interface between the catalyst-polymer matrix which is swollen with the monomers during the reaction [START_REF] Xie | Gas Phase Ethylene Polymerization: Production Processes, Polymer Properties, and Reactor Modeling[END_REF][START_REF] Brown | [END_REF]. Since the polymerization is highly exothermic, the heat of reaction is often controlled by addition of condensable liquids such as iso-butane, pentane and/or other alkanes to the reactor feed stream [START_REF] Yuv | Gas Phase Olefin Polymerization Process with Recovery of Monomers from Reactor Vent Gas by Absorption[END_REF].

Companies have developed techniques for gas phase polymerization to make HDPE and LLDPE. Most of them use fluidized bed technology, such as Univation (Unipol® process), BP Amoco (Innovene® process), and Basell (Spherilene® process). Among these companies, for the production of linear polyethylene, for instance, the Unipol® process is the largest licensor, with 29% or 28 billion pounds of the world production capacity [START_REF] Syed | Status of Low Pressure PE Process Licensing[END_REF].

Gas fluidized bed reactor (FBR) is a vertical cylinder where the polymer particles are suspended by a gas that has enough velocity to fluidize. The bed is composed of monomer, comonomer, inert gas (usually N2), vaporised condensing agents and hydrogen [START_REF] Hottovy | High Solids, High Ethylene Slurry Polymerization[END_REF], [START_REF] Severn | Bound but not gagged" -Immobilizing single-site α-olefin polymerization catalysts[END_REF]. The reason for adding these condensing agents (referred to here as induced condensing agent -ICA) is that removal from gas phase polymerization is a challenge. A significant fraction of the heat generated by polymerization is removed by compressing, cooling, and reintroducing the cooled recycle [START_REF] Alves | Modeling Condensed Mode Cooling for Ethylene Polymerization : Part II . Impact of Induced Condensing Agents on Ethylene Polymerization in an FBR Operating in Super-Dry Mode[END_REF].

The reactor is a cylinder with an expansion zone at the top (to reduce the gas velocity and help prevent any fine particles from flowing out of the reactor and into the recycle compressor), and a distributor plate at the bottom. Catalyst (or prepolymerized catalyst) is fed into the reactor at a point slightly above the distributor plate, and the fluids are typically fed through the bottom of the reactor, usually (but not always) below the distributor plate. The polymer is removed through a product discharge valve, following entry into a series of degassing tanks to separate the unreacted monomer. The gaseous recycle stream is compressed, cooled, and mixed afterward with fresh monomer, hydrogen, and eventually other compounds, then fed back into the reactor [START_REF] Alves | Modeling Condensed Mode Cooling for Ethylene Polymerization : Part II . Impact of Induced Condensing Agents on Ethylene Polymerization in an FBR Operating in Super-Dry Mode[END_REF]. Figure 7 represents the reactor for gas phase reaction.

Polymerization in gas phase is usually performed out at a pressure of about 20-25 bar and a temperature of about 75-110 °C [START_REF] Knuuttila | Advanced polyethylene technologies -Controlled material properties[END_REF]. The advantage of this process is the range of types of polymer that can be produced, having a density range from 0.91 to 0.97 g/cm 3 , being able to produce polymer from LLDPE to HDPE [START_REF] Spalding | Handbook of Industrial Polyethylene and Technology[END_REF]. In addition, downstream product isolation and purification steps are less onerous than for slurry processes. UHMWPE is not produced industrially in gas phase, which may be due to the lower molecular weight produced, the complicated hydrodynamics of fluidized beds which results in poor heat transfer, formation of hotspots, and consequently, catalyst poisoning [START_REF] Geçim | Gas phase polymerization of ethylene towards UHMWPE[END_REF]. However, recently, McKenna et al. published a patent that demonstrate that by adding vaporized alkanes, so-called Induced Condensing Agent (ICA) to the gas phase process, it possible to produce UHMWPE. In the method, they use ICA, which is normally used for heat transfer improvement, during the reaction. In the patent, they report that besides increasing the molecular weight, the addition of ICA can also increase the activity of the reaction and the crystallinity of the final product [START_REF] Mckenna | Method for the Preparation of Ultra-High Molecular Weight Polyethylene[END_REF].

The ICAs added to the reactor are chemically inert in the sense that they do not have any influence on the behavior of the active sites. The addition of ICA in the reactor increases the heat capacity of the gas, in addition the rapid vaporization of any liquefied alkane in the bed increases the amount of heat that is removed due to the latent heat of vaporization [START_REF] Alizadeh | Condensed Mode Cooling for Ethylene Polymerization : Part I . The Effect of Different Induced Condensing Agents on Polymerization Rate[END_REF].

However, in terms of the interest of the current thesis, it is important to underline the fact that the ICA can also increase the ethylene concentration in the amorphous phase of the polymer via the so-called co-solubility effect [START_REF] Alizadeh | Condensed mode cooling for ethylene polymerization: Part II. the effect of different condensable comonomers and hydrogen on polymerization rate[END_REF]. The simultaneous sorption of multiples species can change the free volume of the amorphous phase of the polymer, and the way the species in the mixture are absorbed and transported to the active sites. Heavier species such as pentane or hexane can increase the solubility of the lighter components (e.g. ethylene) and modify the diffusivities of the penetrants present in the system [START_REF] Ben Mrad | Diffusivity of Multicomponent Gas Mixtures in Polyethylene[END_REF].

Heat transfer between the particles and the bulk phase is more limited in gas than in slurry phase reaction. Thus, the particles in gas phase are more prone to overheating, which causes an accelerating polymerization rate at the beginning of the reaction. In gas-phase processes, the control of heat transfer is less effective than in slurry reactions. This is one of the reasons that lead to a lower capacity per volume reactor than is obtained in a slurry reactor, which in turn leads to longer residence (hours) and grade transition times. On the other hand, gas phase process can be used to make a signficiantly broader product slate than slurry processes, making the gas phase, the most used technology in the world, with approximately 60% of all new production plants, with "world-scale" plants capable of producing 660 kton of polyolefin each year [START_REF] Severn | Bound but not gagged" -Immobilizing single-site α-olefin polymerization catalysts[END_REF].

Solution Phase Processes

Industrially, solution polymerization process is used to prepare a wide range of polyethylene, from crystalline polyethylene plastics to amorphous ethylene propylene elastomers. This process occurs at high temperatures (well above the melting point of the polymer produced) in order to maintain the polymer in solution [START_REF] Gao | Solution Polymerization of Ethylene[END_REF].

Solution processes use mostly autoclaves, but tubular reactors are also found either as prepolymerizers that feed into an autoclave or as ''afterburners'' or ''trimmers'' to attain high conversion at the outlet of the main autoclave(s) [17]. Generally, the reactor operates at temperatures from about 150°C to 300°C and pressures in between 45 and 450bar depending on the temperature and solvent chosen. The catalyst system contains a group 4 or group 5 metal, especially titanium and/or vanadium. To reaction using ethylene and comonomers, metallocene catalyst is used to obtain a narrow molecular weight distribution [START_REF] Gao | Solution Polymerization of Ethylene[END_REF][START_REF] Sibtain | Continuous Solution Polymerization Process[END_REF][START_REF] Sibtain | Solution Polymerization Process[END_REF][START_REF] Kazemi | Multi Reactor Solution Polymerization[END_REF].

In order to react, catalyst components, solvent monomers and hydrogen are injected under pressure to one or more reactors. The residence time of the solvent in the reactor is relatively short, for example, from about 2 to about 20 minutes. After the reaction, the polymerization is quenched, to avoid remaining polymerization using a catalyst deactivator, and passivated, by adding an acid scavenger. Once these steps are done, the solution containing the polymer forwarded to a polymer recovery operation where the ethylene homopolymer or copolymer is separated from the Solvent, unreacted residual ethylene and unreacted optional C-olefin(s) [START_REF] Sibtain | Solution Polymerization Process[END_REF].

In what follows, we will not consider the solution process, but rather focus on the impact of the process conditions when using heterogenous catalysts.

Particle Level Phenomena

Polymerization reaction initial stage occurs surrounding the catalytic sites. Then monomers keep being sorbed into the polymer formed and diffuse through to reach the catalytic sites. For this reason, the rate of the polymerization and even equipment design depend on the solubility of species such as olefins and alkanes in the polymer [START_REF] Yang | Modeling Solubility of Gases in Semicrystalline Polyethylene[END_REF].

Once the catalyst is injected into the reactor, monomer, hydrogen, and any other species present in the continuous phase of the reactor begin to diffuse through the boundary layer surrounding the catalyst particle and into its pores. When the monomer(s) arrive at the active sites, a polymer layer starts to form in the pore space of the supported catalyst particle, at those active sites that are the most easily available. Polymer accumulation at the narrow throats of pores creates mechanical forces generating tensions inside particle until it ruptures, thereby locally fragmenting the original catalyst structure. This process continues, contributing to a temporary increase in porosity of the particle and allowing new monomer to reach the interior of the particle. This process continues for a short time (fractions of a second to a second or two for ZN catalyst), until the original two-phase structure (continuous solid support and pore space) is converted into a three-phase structure composed of fragments of the original support upon which are situated the active sites, a continuous polymer phase that covers the fragments, and a pore space through which the reactants are transported [START_REF] Estenoz | A structural model for the catalytic polymerization of ethylene using chromium catalysts. Part I: Description and solution[END_REF][START_REF] Alizadeh | Particle Growth during the Polymerization of Olefins on Supported Catalysts. Part 2: Current Experimental Understanding and Modeling Progresses on Particle Fragmentation, Growth, and Morphology Development[END_REF][START_REF] Namkajorn | Condensed Mode Cooling for Ethylene Polymerization: Part III. The Impact of Induced Condensing Agents on Particle Morphology and Polymer Properties[END_REF].

During the initial stages of the polymerization, parameters such as particle overheating, and mass transfer limitations can impact particle growth. While these phenomena never completely disappear, they generally become less significant as the particles grow. High reaction rates during the fragmentation step can also lead to rapid accumulation of forces in the fragmenting particle that can also cause uneven fragmentation and loss of control over the morphology of the particles [START_REF] Alizadeh | Particle Growth during the Polymerization of Olefins on Supported Catalysts. Part 2: Current Experimental Understanding and Modeling Progresses on Particle Fragmentation, Growth, and Morphology Development[END_REF].

As the polymerization continues this structure grows by expansion due to the formation of polymer at the active sites. Once again, it should be clear from this simplified explanation, that any physical phenomena that influence how monomer and hydrogen arrive at the active sites will influence both the kinetics and the growth of the polymer chains at the active sites.

In gas phase process, ICA can have an impact on the solubility of other species in the polymer layer surrounding the active sites on the particle and when 2 penetrants are solubilized in polyethylene, the heavier one enhances the solubility of the lighter one (whereas the lighter one decreases the solubility of the heavier one). If one considers the simplified case of a polymer and two penetrants, for instance, ethylene and an ICA, the higher the concentration of the ICA, the higher the ethylene concentration will be in the amorphous fraction of the polyethylene. This phenomenon where a heavy component acts as a co-solvent to ethylene is called cosolubility effect, whereas ethylene as an anti-solvent to the heavier species. The co-solubility effect enhances the local concentration of ethylene in the amorphous phase of the polymer, increasing the rate of polymerization and of chain growth [START_REF] Ben Mrad | Effect of Induced Condensing Agents on Ethylene Polymerization in Gas-Phase reactors[END_REF][START_REF] Mckenna | Condensed Mode Cooling of Ethylene Polymerization in Fluidized Bed Reactors[END_REF].

The impact of adding ICA is more complex than simply increasing the heat removal rate from the reaction. Penetrants can plasticize the polymer (especially the amorphous polymer formed at the active sites; crystallization can only occur once parts of a newly formed chain have moved sufficiently far from the site), leading to changes in the physical and mechanical properties of the parties in the reactor.

Challenges in UHMWPE

Generally, for thermoplastic polymers, there are a variety of processing and molding methods, such as extrusion, injection, compression, and casting. Using these processing techniques, it is possible to transform the raw polymer into interesting products for the market.

However, since UHMWPE is a very particular material, it is very difficult to process by standard processing methods. In general, semi-crystalline polymers go through a flow transition and become liquid when the temperature is increased above the melting temperature.

For example, this transition is observed easily in a polyethylene with molecular weight of less than 5×10 5 g/mol. However, UHMWPE cannot be made to flow easily because of its highly entangled polymer chains [START_REF] Khalil | Characterisation of UHMWPE polymer powder for laser sintering[END_REF]. At high molecular weights, the polymer has high melt viscosity and pronounced viscoelastic characteristics in the melt. This means that above its melting temperature, UHMWPE is not a liquid, but is considered retractable and behaves like a rubbery solid [27]. Extrusion products, such as pipes, sheets, and bars, can be extruded only using a large extruder with special screw structures, even though it is necessary to add large amounts of organic compounds as lubricants. Because of this, in order to form shapes from UHMWPE, very high molding pressures are necessary, since this material can be only processed in ram extruders and compression molding machines [START_REF] Zhang | Extrusion Processing of Ultra-High Molecular Weight Polyethylene[END_REF].

Another way to process UHMWPE is by producing high strength and high modulus fibers. This material uses a gel-spinning method to be made, that reduces the entanglement density between the long chains, providing interesting performance, such as high strength, high modulus, high wear, and cutting resistance. The mechanical properties of UHMWPE fibers are described as a highly oriented and fully extended chain in a highly crystalline structure. By gelspinning, these fibers are produced following three main steps [START_REF] Xu | Structural development of gel-spinning UHMWPE fibers through industrial hot-drawing process analyzed by small/wide-angle X-ray scattering[END_REF]:

(1) Continuous gel-spinning of dilute UHMWPE solution (physical gelation of UHMWPE)

(2) Solvent removal by extraction or evaporation (3) Ultra-drawing of fibers at elevated temperatures In this process, the entanglement density is decreased by the dissolution method using approximately 5 wt. % of polymer in 95% of a toxic and expensive solvent, such as decalin or xylene. The gel-spun UHMWPE fibers are reported to have a high Young's modulus in the range of 100-220 GPa and high tensile strength in the range of 3-6 GPa [START_REF] Hsieh | Structural transformation of ultra-high modulus and molecular weight polyethylene fibers by high-temperature wide-angle X-ray diffraction[END_REF]. The disadvantage of this process is the use of large amounts of toxic solvents, that is challenging to discard and recycle. Furthermore, solvent residues still can be found in the final product [START_REF] Kurtz | UHMWPE Biomaterials Handbook[END_REF]. For this reason, different ways to produce disentangled UHMWPE that can be directly processed into fibers are always in development, and this is one of the principle objectives of the current thesis.

Entanglements in Polyethylene

The concept of chain entanglement was first developed in 1932 when, studying the elastic deformation mechanisms, Busse [START_REF] Busse | The Physical Structure of Elastic Colloids[END_REF] noticed that the structure of crude rubber and metastyrene is formed by entanglements. Increasing the temperature caused fibers of these materials to become more disentangled, and to show more slippage. It was also noted that raw rubber made by oxidation process had fewer entanglements due to the reduced length of the fibers. In other words, short chains entangle less than larger one.

According to Graessley, the evidence of chain entanglements comes from three principal sources: linear viscoelastic properties, non-linear properties associated with steady shearing flows, and the equilibrium moduli of crosslinked networks. This is because the viscosity of polymer systems depends on shear rate, even when intermolecular interactions are absent, and very simple molecular models can predict elasticity in polymer liquids without additional assumptions about entanglement [START_REF] Graessley | Entanglement Concept in Polymer Rheology[END_REF].

The rate of transportation of the macromolecules to the surface of a growing crystal depends on the degree of entanglements. In a polymer with low molecular weight, the product can be highly crystallized because any due entanglements that exist in the melt are "unknotted", or pulled apart during the process of crystallization. When the molecular mass increases, the unknotting of macromolecules becomes more difficult and entanglements are trapped inside the amorphous phase [START_REF] Pawlak | The Entanglements of Macromolecules and Their Influence on the Properties of Polymers[END_REF].

The number and type of entanglements depends on the chemical structure and molecular architecture. Thus, two forms of entanglement can be distinguished as is shown in Figure8 [START_REF] Zhu | Study on the chain entanglement of polyvinyl alcohol fiber during the dry-jet wet spinning process[END_REF]: Topological -when the macromolecular chains are physically wrapped around each other.

Cohesional -formed by van der Waals force of interaction between neighboring chain segments of a few monomer units. This type of entanglement has a very small attractive cohesional interaction energy, being easily entangled and disentangled [START_REF] Qian | The concept of cohesional entanglement[END_REF].

Most studies about entanglements are based on topological structure, because of the importance of the polymer properties above Tg (glass transition temperature), which persists even at melt flow temperatures [START_REF] Qian | The concept of cohesional entanglement[END_REF].

The molecular chains in the crystalline region are not entangled by definition -they form highly regular structures. This was proved by Zhai et al. [START_REF] Zhai | Disentangling and Lamellar Thickening of Linear Polymers during Crystallization: Simulation of Bimodal and Unimodal Molecular Weight Distribution Systems[END_REF] who monitored the entanglement evolution during the process of crystallization using dynamics simulations. In this study, it was noticed a quantitative correlation between the degree of disentanglement and crystallinity, indicating that chain disentanglement permits the crystallization process. In addition, the degree of entanglement has a linear dependence of the temperature. They defined Topological Cohesional Amorphous phase polymer crystallization as a chain disentangling process that occurs at the interface of the crystal and melted phases in a manner similar to chain sliding diffusion.

A more disentangled polymer in the melt state corresponds to faster crystallization and higher crystalline order. If we consider the macromolecular structure, high entanglement density means short length of linkages between the entangled points impeding segmental motion and retarding polymer crystallization. Beyond that, the entanglements must be pushed into the amorphous region during crystallization. Thus, disentangled segments or chains grow more easily into crystals, resulting in faster nucleation and crystal growth of less-entangled polymers [30].

Due to the propensity of UHMWPE to become entangled during the production process, methods to improve its processability are difficult to find. There are some studies where small quantities of conventional polymers (LLDPE, HDPE, PP, etc) and additives are blended with UHMWPE [START_REF] Xu | Structural development of gel-spinning UHMWPE fibers through industrial hot-drawing process analyzed by small/wide-angle X-ray scattering[END_REF][START_REF] Ahmad | Thermal and mechanical properties of ultrahigh molecular weight polyethylene/high-density polyethylene/polyethylene glycol blends[END_REF][START_REF] Li | Effect of Polyethylene Glycol on the Performance of Ultrahigh-Molecular-Weight Polyethylene Membranes Nana[END_REF]. Although these methods can improve some of the characteristics of UHMWPE, still is not enough to make a material with the original desirable properties. In order to improve this mixing, Lafleur et al. [START_REF] Lafleur | Tailored bimodal ultra-high molecular weight polyethylene particles[END_REF] and Holfmann et al. synthetized a bimodal UHMWPE using a combination of single site supported catalyst with a two-stage batch polymerization process. In this method is possible to obtain HDPE/UHMWPE reactor powder. This method can control the molar mass of the components and make a product more processable and homogeneous for the extruding process.

Even at the level of the production process things are challenging if one wishes to avoid solution reactors since heterogeneous ZN catalysts produce a very entangled polymer. This happens because the crystallization rate is slower than the polymerization rate, and the activity sites are closer to each other, leading to a higher probability of finding the neighboring growing chains [START_REF] Pandey | Heterogeneity in the Distribution of Entanglement Density during Polymerization in Disentangled Ultrahigh Molecular Weight Polyethylene[END_REF]. This is a key point to which we will return in later chapters. Chamming et al.

[102] developed a Ziegler-Natta catalyst with a lower density of active sites to produce a less entangled UHMWPE. The catalyst is based on the development of a nano-dispersed MgO/MgCl2/TiCl4 core-shell catalyst that due to its less porous nature and dispersion capacity, can make the chains grow from the catalyst surface and crystallize immediately without the disturbance of other polymer chains confined in pores. A similar way to control this entanglement development is the use of single site supported catalyst. By comprising the degree of site loading one can space the growing chains further apart, providing better control of the polymerization and crystallization rate and also desired separation between the polymerization sites [START_REF] Pandey | Heterogeneity in the Distribution of Entanglement Density during Polymerization in Disentangled Ultrahigh Molecular Weight Polyethylene[END_REF]. Synthesis with metallocene catalysts is an alternative to decrease the entanglement density and improve the processability of UHMWPE in the solid state. Since it is a single site catalyst, the polyethylene produced has a controlled molecular weight and a high level of disentanglement. However, although there are many advantages, this type of catalyst faces many problems that render its introduction into industrial scale processing challenging [START_REF] Liu | Ultra-high molecular weight polyethylene: preparation and applications[END_REF].

Conclusion

The literature review shows that the UHMWPE is comercially produced in slurry process, which can offer a better heat control than gas phase polymeryzation. However, this problem is more critical in very high production rates, due to the highly exotermic reaction.

Most commercial UHMWPE made on supported catalyst produces high degree of entanglements, which leads to a number of challenges to processing the material, becoming preferable the production of disentangled UHMWPE directly from the process. The level of entanglements appears to be a trade-off between the rate of crystallization and the rate of chain growth, suggesting that it might be possible to play with process conditions to find a process that can produces a disentangled UHMWPE.

Gas phase process that rely on the use of alkanes to control the heat transfer, appear to lead to high MW polymer (over 1 million), with high crystallinity (suggesting disentangled material). This potentially interesting means of making disentangled materials.

Very few methods appear to be available for the characterization of reactor powders, therefore, the development of such a process will also necessitate the development of appropriate characterization methods.

Chapter 3: Characterization

Techniques for Ultra High Molecular Weight Polyethylene

Introduction

Ultra-high molecular weight polyethylene has interesting properties that make this polymer attractive to the industry [1,2]. However, its ultra-long macromolecular chains pose challenges for industrial processing. As mentioned before, the presence of entanglements leads to a high melt viscosity, which limits the use of characterization techniques that are common for the majority of polymer types. In addition the high molecular weight makes it less soluble than more standard products so it is difficult to characterize via chromatographic techniques (e.g. High Temperature Size Exclusion Chromatography, HT-SEC) that can be used for more standard polyethylenes.

Furthermore, as we are interested in the impact of the process on the properties of the polymer leaving the reactor, dissolving, melting or otherwise transforming the raw powder will erase any traces of the relationship between polymerization conditions and entanglement. This means that if we do transform the polymer powder in any of these ways, the degree of crystallinity, the entanglement, the melting point etc. will all be different from the "true" values for the raw material. For instance, if we analyse the melting temperature of an UHMWPE using differential scanning calorimetry (DSC), we can find a value of 141 °C for the reactor powder (first pass heating phase), and a value of 135°C after the polymer has been completely melted, recrystallized then remelted [3,4].

Standard methods for measuring the molecular weights of thermoplastics were not designed for polymers with extremely long chains. An example is the use of High Temperature Size-exclusion chromatography (HT-SEC), which depends on the complete solubility of the sample, which is hard to achieve for UHMWPE. This poor solubility means that we cannot measure the entire MWD using HT-SEC, and that the chromatographic columns tend to clog, and become unusable for the fractions that can be solubilised [5]. Melt flow index is a further issue for UHMWPE with very high molecular weight. This instrument cannot be used because the followability of this polymer when melted is almost zero. Thus, to overcome the challenges encountered in UHMWPE characterization, the development of different techniques is important to understand more about the structure of the chains of the reactor powder. In Section 2 we will discuss some of the exisiting methods for the characterization of UHMWPE, and in section 3 we will present new methods and/or approaches that have been developed in this thesis to complement the existing approaches.

Examples of how these methods are applied will be presented in subsequent chapters.

Characterization Techniques

Viscosity Average Molecular Weight (Mv)

The viscosity of a polymer solution depends on the concentration and the size (i.e., molecular weight) of the dissolved polymer. Using this method, it is also possible to have estimate the molecular weight of the polymer [6,7].

A common way to estimate the molar mass for polymers with molecular weight above one million g/mol is by measuring the intrinsic, or dilute solution viscosity. Empirical relationships can be developed between the dilute solution viscosity of a polymer and its average chain dimension. Such relationships depend upon all variables which influence the molecular size of the dissolved polymer. Some of these variables are sample collection procedure, solvent type, polymer concentration, temperature, and the boundary conditions used in the development of the mathematical equations that correlate viscosity and molecular weight [8].

Crystallinity of Polyethylene

Crystallinity is usually induced by cooling a melt or a dilute solution below its melting point. The latter can result in the growth of single crystals. Strong intermolecular forces and a stiff chain backbone favor the formation of crystals because the molecules prefer an ordered arrangement with maximum packing density to maximize the number of secondary bonds.

Thus, the molecules tend to cooperatively organize and develop a crystalline structure. Differential scanning calorimetry (DSC) is a powerful tool that can provide information about the structure of materials, physical transitions, the composition of chemical reactions, kinetics, and other processes. For the standard DSC, the signal time constant is about one second and the heating rates are between 0.1 K/min and 300 K/min. For semicrystalline polymers, the structure and thermal and mechanical properties depend on their thermal history, once they are metastable materials. The structure of this kind of product usually changes before melting when it is heated, then this condition can lead to a different structure of the polymer after being cooled from the melt. This reorganization process depends on the time and the result of the heating measurement depends on the heating rate. The reorganization often cannot be measured in the DSC because it consists of exothermic and endothermic events that take place simultaneously [9]. This equipment is the most commonly used to characterize semi-crystalline polymers by determining melting characteristics and crystallization mechanisms. The degree of crystallinity is defined as [10]:

Xc = (ΔHf -ΔHc)/ΔH°f
Where:

ΔHf is the enthalpy of fusion;

ΔHc is the enthalpy of crystallization

ΔH°f is the heat of fusion on the completely crystalline material at the equilibrium melting temperature T°m.

Using the DSC, it is possible to study the crystallization and melting kinetics of the polymers. The last can also be used to provide information about the entanglements and crystallization of the polymer chain.

The crystallinity of the polymer was measured using differential scanning calorimetry (DSC) with a DSC 3+ instrument (Mettler Toledo). Aluminium capsules with a volume of 40 μL were used and the sample weight was 2 mg. The experiments were conducted at a heating rate of 10 °C/min, between 20 °C and 180 °C. Heating/cooling cycles were conducted in each measurement. The melting behavior of the samples used the results from the first heating cycle to detect the melting point and the melting enthalpy of the as-polymerized UHMWPE (i.e. the raw reactor powder). The ratio of the heat of fusion of the sample to that of the completely crystallized polyethylene was used to calculate the degree of crystallization. A heat of fusion of 293 J g -1 for completely crystallized polyethylene was used for the calculation [11]. The STARe software was used for data visualization data analysis.

Melting Kinetics

Melting kinetics result from the melting of solids that use the thermodynamic approach to define the melting temperature as a first-order transition at the intersection of the Gibbs free energy of the solid in the liquid state [12]. Some authors have been studying the characteristics of the polymers in melting temperature and relating them to the entanglement density. In UHMWPE an extended chain crystal is observed, where a dependence on the heating rate occurs. For instance, the melting peak temperature increases with increasing heating rate [12,13].

Since UHMWPE has long and entangled chains, it is possible to observe a shift in the melting temperature when the polymer is melted. The difference in melting temperature with heating rate is called superheating effect, where the measured melting temperature is higher than the real melting temperature of the polymer crystals. Using the method of extrapolation of heating rates to zero, it is possible to find the true melting temperature of the nascent powder [12,14].

Using differential scanning calorimetry (DSC), Pandey et al. studied the melting kinetics of UHMWPE. Entangled and disentangled samples with the same Mw showed differences between the melting point peak of the nascent powder. They believe that for entangled samples, the melting can occur only in clusters as chains are shared among many crystallites and larger co-operative motion is required to achieve the random coil state. Beyond that, disentangled and entangled polymers can exhibit different behavior in the melting kinetics due to the topological differences and the involvement of activation barrier in the melting process [14].

Romano et al. studied the annealing influence and believe that for a disentangled polymer, the number of chain stems detached from the crystal surface is truly dependent on annealing time, differently of the entangled sample. They suggested an influence of chain topology on the detachment of chains from the crystal surface. They attributed the difference between entangled and disentangled samples to the different activation barrier during the melting process, the number of methylene units from the entangled nascent crystals, and topological constraints differences present in the amorphous phase of the polymer [14].

Crystallization Kinetics

Polymer crystallization can be initiated either from the melt or solution. The overall crystallization rate can be divided into the nucleation rate and the crystalline growth rate.

Nucleation is characterized by the starting point for crystallization. Macromolecules arrange themselves in an organized pattern, building up a site where additional polymer chains will deposit, to allow the crystal grows at a characteristic crystalline growth rate [16].

The free energy for a nucleus can be calculated based on Hoffman and Lauritzen theory for crystallization of polymers, where describes the grow rate of the crystalline phase as function of temperature:

From the equation, is the pre-exponential factor, is the activation energy of the segmental jump, ΔT is the undercooling, f is a correction factor for large undercooling , is the temperature at which viscous flow ceases, defined as , and

is the parameter related to the nucleation [17].

The energy barrier that has to be overcome for the crystallization decreases with decreasing crystallization temperature, that is, with increasing undercooling . In the other words, larger is the undercooling, faster is the crystal grow rate. The nucleation is also important parameter, because an increase in its the value, means higher crystal formation [18].

Crystallization behavior and kinetics as a function of process conditions are important for the analysis and design of processing operations, also for the polymer processing performance. Using different temperature programs this analysis can be done by isoconversional method, which is focused on evaluating reactions at the same extent of conversion. The modelling of isothermal crystallization of polymers can be done satisfactorily by the Avrami equation, at least for the initial stages of crystallization. Basically, the procedure is done in a model-free, where the reaction model is not taken into account. The melting of polymers, investigated by DSC, can be done using two methodologies: isothermal experiments at different temperatures and non-isothermal at constant heating-rate experiments with a different heating program between each experiment. However, isothermal experiment is not very accurate, and it can take long time to be concluded. In general, isoconversional kinetic analysis involves evaluating a dependence of the activation energy on conversion or temperature to use this dependence to predict and explore the mechanisms of thermally stimulated processes [19,20]. In other words, this method describes the kinetic of the process by using multiple single-step kinetic equations, that each one is associated with a certain extent of conversion [21].

Brem et al used this method to evaluate the effect of solvent quality and crystallization condition on ultra-drawability of UHMWPE. The study brings out the information about the undercooling influences on different solvents, which is higher for good than poor solvent quality [17]. Fotis et al evaluated apparent activation energies on melting for entangled and disentangled UHMWPE. They found that more disentangled materials exhibit a lower apparent activation energy, indicating faster crystallization during polymerization [22].

Where is the activation energy of the reptation process, is the nucleation constant, the equilibrium melting temperature, and is the temperature. The Eα values calculated from the isoconversional method are fitted in equation ( 4) and the values of Kg and Tm are obtained. The undercooling ΔT is calculated from the equilibrium melting temperature and the crystallization temperature obtained at a cooling rate of 10 o C/min.

Wide Angle X-rays Scattering (WAXS) and Small Angle X-ray

Scattering (SAXS)

The structure of the polymer is formed by different levels of crystal organization.

Defects or entanglements can, for example, restrain the mobility of the chains to crystalize over their entire length. In order to make a crystalline lamella, the chains need to form an organized fold that grows perpendicular to the chain direction. The segment part that cannot form a crystal, builds the inter-lamellar amorphous phase of the polymer. Entanglement in the polymer melt can be impacted by the crystal thickening. In general, low crystallization temperatures lead to thinner lamellae and less entangled regions can crystallize faster with longer crystalline stem lengths [23]. In UHMWPE, Christakopoulos et al. noticed that thinner lamella correspond to a lower apparent activation energy of melting and faster crystallization during polymerization, which has been identified as one of the preferred conditions to obtain nascent UHMWPE reactor powder with a desired low entanglement density [22].

Wide Angle X-rays Scattering (WAXS) and Small Angle X-ray Scattering (SAXS) are characterization techniques that can help to understand the structure and size of the crystalline lamella. The thickness of the lamella can be calculated using Bragg periodicity and modified by the crystallinity of the material, which is generally calculated from DSC heat-flow data, but can also be found using WAXS or density measurements [24].

Simultaneous Small-and Wide-Angle X-ray Scattering experiments were performed at the BM02 beamline of the European Synchrotron Radiation Facilities (ESRF, Grenoble, France). An energy of 17.5keV with a sample-detector distance of 175cm (SAXS) and 17cm

(WAXS) was used in the operation.

The samples consisted of as-polymerized powder and the measurements were conducted at room temperature to obtain information on the crystalline structure of the nascent powder. The sample was fixed in the middle of an aluminium ring with a kapton film on both sides to hold the polymer in place. This assembly was subsequently placed on the sample holder for the measurement.

Before evaluating the data, the scattering curves were calibrated (q-axis) using silver behenate and corrected for sample transmission and background subtraction. Glassy carbon was used for the absolute intensity scaling. SAXS measurements were analyzed using the SASfit 0.93.3 software.

So, for the SAXS measurement, the scattering vector q was defined as [25]:

(6)
Where θ is the Bragg angle and the λ is the wavelength of the radiation. The Lorentz correction principle was applied. The average long period, L, of the lamellar stacking was then determined using q-value, qmax, where the Lorentz-corrected intensity achieves a maximum.

Using the Bragg equation, the average long period (L) was calculated as follows:

Since the scattering features is identifiable only at ultra-small angles, in order to identify the matching point more precisely, the generalized Porod power law was added [26]:

Where is the surface factal dimension of the crystalline-amorphous interface, and is proportional to the surface-to-volume ratio, is the scattering intensity.

From the WAXS intensity, the diffraction peaks and the amorphous halo were fitted using a Gaussian function to calculate a crystallinity index (ic) [27].

Where and are the area of the crystalline peaks and the amorphous halo, respectively. To calculate the lamellar thickness (l) of the crystals present in the material, the long period obtained through the SAXS measurements is multiplied by the crystallinity calculated through the WAXS measurements as shown in equation ( 10):

(10)

Solid State Drawability

Polymers need to exhibit properties that are considered technologically important in order to be interesting for the market. For instance, tensile strength measurement is a method that can be used to analyze the mechanical property of a polymer. Ultra-oriented UHMWPE fibers posses an exceptionaly high tensile strength and the process to produce such fibers in the solid state provides a well-accepted way of evaluating the entanglement density of the given UHMWPE grade.

Drawability is a process that occurs through the extension of an entangled molecular network. For polyethylene, the solid-state (ultra) drawability is directly related to the entanglement density [28]. During the process, the alignment of the strands is affected by the tension in the polyethylene fibers. In the case of a polymer with a low level of entanglement, the tendency is to favor the drawability, thus increasing the uniformity of the chain length and consequently improving the mechanical properties of the material [29]. Methods such as socalled "gel-spinning" followed by "ultra-drawing" are commonly used to obtain the oriented UHMWPE by elongation. Through this route, it is possible to make fibers with a very high uniaxial orientation by large strain solid-state plastic deformation. However, this process requires elevated temperatures and also a low entangled fiber precursor, becoming an unfavorable procedure due to the high amounts of flammable and toxic solvents [30].

The melting of low entangled polyethylene can change its entanglement trajectory very quickly independent of the molecular weight [31]. After melting the entanglements formation becomes favorable, meaning that the nascent reactor powders have different degrees of entanglement before and after the melting [29].

Through solid-state drawability is possible to study the entangled chains without melting the polymer. For the polyethylene to achieve a high performance, an ultra-high uniaxial orientation of the polymer chains is required, reaching a deformation state so-called ultradrawing. The process requires a high drawability where the maximum draw ratio (λmax) depends on the molecular weight between entanglements (Me) as it is possible to assume by the equation below.

Where Ne multiplied by l0 is the chain after drawing divided by the chain in random coil state, determined by the square of the multiplication of Cꝏ (polymer constant), Ne, and l0 2 .

In the end, the drawability scales with the square root of the molecular weight between entanglements [32].

2 g of UHMWPE nascent powder were compressed at a pressure of 350 bar and a temperature of 120 °C (below the melting temperature of the sample) in a hot press, for 20 min, into a film with a thickness of about 1 mm. The produced films were then drawn in the solid state by a two-step process. First, to a draw ratio (λ) of about 3.5 by calendering, using a Scamex MC100LABO 400V roller machine, at 125 °C. Next, dumbbell-shaped samples (ISO 527-2 type 5B) were cut from the calendered films and drawn in an Instron 5864 static mechanical tester, equipped with an environment-control chamber, at 130 °C at an initial strain rate of 0.1 s -1 , until failure occurred. The draw ratio was then calculated from the displacement of the cross-head. The maximum draw ratio (λmax) corresponds to the product of the two drawing steps.

Particle Size Distribution

The particle size distribution of the reactor powder was analysed using a MasterSizer 3000 (Malvern Instruments, UK). The function of the dry unit (Aero S) was used to ensure that a dry sample is dispersed and evenly fed to the measurement cell within a continuous stream of air.

The sample was routed between measurement windows in the cell so that the laser can pass through it. The amount of sample used was about 0.5-1.0 g for each measurement. Three replicates were measured for each sample in order to improve accuracy. The parameters of the Mark-Houwink equation were acquired from the American Polymer Standards Corporation for intrinsic viscosity in TCB [33].

Since the equipment used to measure these samples is a prototype from Polymer Char, the development of a protocol tailored for the measurement of UHMWPE was necessary.

Therefore, different amounts of polymer (1, 2 and 4 mg) were mixed in 16 mL of trichlolorobenzene, providing different concentrations (the protocol for the production of these samples in a slurry process is discussed in Chapter 3). According to Figure 1, when 1 mg of polymer is added, an overestimation of the Mv value occurs. This is because the infrared cannot detect such a small concentration, and thus the resulting values are arbitrary. By using 4 mg of polymer, it is possible to achieve reasonable results, but not reproducible. This is probably because of the very high molecular weight of the samples, hindering the passage of the solution through the capillary. Finally, using 2 mg, it is possible to have a both reasonable and reproducible result. To verify the reliability of the results, samples with already known IV values were provided by SABIC and measured through the aforementioned protocol. Both the provided and the measured values are presented in Table 1.

The results presented in Table 1 show that by using 2 mg of polymer in 16 mL of TCB it is possible to acquire a similar value compared to the one provided by SABIC, with an offset of maximum 5%.

Annealing time influence on entanglements -Differential scanning calorimetry (DSC)

In order to have information about the entanglement density of the synthetized polymers, DSC (Differential Scanning Calorimetry) from Mettler Toledo DSC1 was used.

Thus, 2 mg of nascent powder was weighed, and into the machine, nitrogen gas with a flow rate of 50 mL min -1 was purged through the cell. If we perform standard heating-coolingheating from 20 to 160°C, 160 to 20°C and 20 to 160°C at 10°C/min as demonstrated in Figure 2, two melting peaks will be formed as a result from DSC1, according to Figure 3. The two peaks seen in Figure 3 show a red curve, which corresponds to the melting point of the first heating and a blue curve, that corresponds to melting point of the second heating. For UHMWPE, the first and second melting are different from each other due to the presence of entanglements. This behaviour also helps the understanding of the annealing measurement that is explained in the next step of the measurement.

Once the melting temperature of the first peak of a sample has been identified, the annealing time, required to the next set of experiments, was calculated following the equation ( 12) [15]:

Temperature °C determine the melting temperature

Time (min) ( 12 
)
Where Ta is the annealing temperature and Tm is the first melting peak temperature previously measured. Another measurement was then performed to analyse the influence of entanglement in the samples. To do so, a heating-cooling-heating cycle was run using a temperature ramp from 50°C to the annealing temperature (Ta), then cooled again until 50°C and heated to 160°C using the heating rate at 10°C/min as showed in Figure 4. In order to analyse the influence of entanglement of synthetized powers, a graph was plotted with the normalized area of the two peaks, according to equation ( 13), as a function of annealing time [14]:

The slope of the curve generated in the graph, determines the level of entanglements in the polymer. The application of two peaks normalization represents the entanglement distribution in the amorphous region of the semi crystalline nascent powder.

Annealing time influence on entanglements -Flash differential scanning calorimetry (FDSC)

Flash DSC 1 it is technique based on standard DSC that can be used at heating rates of several tens of thousands of Kelvin per second, making the measurement process much faster.

The measurements were accomplished using a commercial chip-calorimeter from Mettler Toledo with mechanical intercooler and nitrogen purge gas (50 ml/min). Before starting the measurements, the calorimetric chip-sensor was conditioned five times to remove any thermal history. The polymer bean was cut into pieces of about 1 to 100 μg and inserted on the sensor center. The small sample size can reduce the thermal lag inside the sample and allows for high heating rates. The experiment was first calibrated comparing the apparent heat A2 A1 capacity obtained from a standard DSC instrument conform described in Figure 3 to calculate the weight of the bean used in FDSC.

The measurement was accomplished as the same methodology applied in Figure 5 

Where:

WFDSC is the weight of the sample in flash differential scanning calorimeter in μg;

ΔHFDSC is the enthalpy of the sample in flash differential scanning calorimeter in mJ;

WDSC is the weight of the sample in differential scanning calorimeter in μg;

ΔHDSC is the enthalpy of the sample in differential scanning calorimeter in mJ.

It is important to keep the same weight of the sample, because the melting point tends to be different with different weight.

The interesting changing in both standard and flash DSC method, it is that for the measurement of the area of the second peak (A2), a deconvolution of the peak was applied using asymmetric binominal law (Gaussian curve) following the equation ( 15 A significant fraction of commercial polyethylene is made using MgCl2supported Ziegler-Natta catalysts. This type of catalyst is typically made from a metal halide, usually TiCl4, which is bound to an MgCl2 matrix. In order to activate the catalyst for polymerization reactions, a co-catalyst is required, and in most cases this is an alkyl aluminium of the form AlR3 [1,2]. The active sites of the catalyst are formed when the Ti atom in the catalyst precursor reacts with an alkyl aluminium, donates an alkyl group to the Ti atom and an aluminium to a neighboring Cl atom. This leaves a vacant site that is now available for coordination between metal centers and double bonds of ethylene (or another alkene). Without presenting a detailed kinetic mechanism for the sake of brevity, alkenes coordinate with the vacant site and can be inserted between the existing organic chain and the active site. This step is usually far more rapid that the spontaneous transfer of the chain from the site (also referred to as termination), or the termination of chain growth by the insertion of an H2 between the site and the chain. Because of the low tendency of bimolecular-hydrogen transfer at low ethylene pressure, UHMWPE is largely produced using Ziegler-Natta catalysts [3].

After catalyst injection, monomer, and other compounds that can be used in the reaction, begin to diffuse toward the particles, through the external boundary layer and into the pores. This diffusion in the early stages of the reaction is determined by the pore structure as well as the manner in which the catalyst is injected (dry, suspended in a hydrocarbon or in a seedbed) [4]. Regardless of the rate of diffusion toward the active sites, once monomer arrives at them, polymer starts to form and thus covers the active sites and fills up the pores. The monomer continues to diffuse into the pores, but must dissolve in the polymer before continuing to the active sites where more polymer formed and pushes the previously formed layer of polymer away. This causes stresses to build inside the particle and leads to the fragmentation of the original support. Once the support is fragmented, the particle grows by expansion as the new polymer is formed at the active sites [5].

Ziegler-Natta catalyst system can be used to produce different types of polyethylene in both slurry and gas phase reactor technologies. As previously started in Chapter 2, a diluent is used to disperse the catalyst/polymer particles and to dissolve ethylene, comonomer and hydrogen [6]. The liquid phase influences the rate of transport of monomer to active sites, particularly during the first few seconds of polymerization [7,8]. In a gas phase process, the solid particles are dispersed in a continuous gaseous phase either by mechanical agitation or fluidization of the particles depending on the technology. The gas phase is composed of ethylene, and eventually comonomer, hydrogen and alkanes (induced condensing agents -ICA). For the purpose of this project, the reactor is free of comonomer and hydrogen, since the objective is to produce as high a molecular weight as possible with lower entanglement presence [9].

The solubility of the monomer in the continuous phase is a pressure and temperature dependent property. This is important as it influences transport parameters and macromixing effects [10], but it is really the concentration of reactive species at the active sites that influences catalytic activity. The solubility of the active species in the amorphous phase of the polymer covering the active sites, and the rate of transport through it (note that nothing dissolves in the crystalline phase, and nor diffuse through it), will depend to a large extent on both the type of polymer in question and on how the amorphous fraction is swollen by the continuous phase. One expects that liquid diluents and their vapor phase analogues will interact differently with the polymer, and that sorption and mass transfer will be different. Despite the obvious differences in the polymerization process between these two types of processes, there are very few studies in the open literature that compare gas and slurry phase processes on an equal footing in order to identify the differences.

Jejelowo et al. [11] used a Ziegler Natta catalyst to compare reaction in slurry (using n-decane and n-heptane as diluent) and gas phase (with no ICA addition). On this study, the relation Al/Ti was investigated, but not kept the same when compared both slurry and gas phase reactions. Furthermore, they used the values of activity obtained in the reactions normalized with respect to monomer and catalyst concentrations, to compare slurry and gas phase reaction rates. They found that the polymerization activity of the gas phase reaction is lower than that of the slurry, and this difference was attributed to several factors, including:

Loss of catalyst during injection (a small quantity of catalyst is always retained in the injection valve in the case of gas phase polymerization);

Entrapment of catalyst in crevices in the reactor (stirrer blades, various entry and exit ports, and "dead" spots in the reactor corners and under the top flange);

Encapsulation of some catalyst particles due to the agglomeration of catalyst particles on the seedbed particles and reactor walls.

However, it should be point out that they used different reactors for gas and slurry phases, which introduces different variables that can affect the reaction such as agitation and reactor shape. Also, the reaction time and ethylene concentration were not the same during the polymerization. Finally, no mention is made of the important aspect of polymer swelling and solubility. Naderpour et al. [12] also compared slurry in hexane and gas phase with no presence of ICA. They noted that deactivation constant and activation energy is higher in gas phase than in slurry. However, following the same idea of the previous author, the relation Al/Ti was different, as well as monomer concentration was calculated after the reaction to compare the rate of polymerization of the respective phase.

Daftaribesheli et al. [13] compared polymerization profiles in slurry (using hexane) and gas phase reactions. They found that the polymerization rate in the gas phase increases faster than in the slurry at the start of the reaction, and that the maximum polymerization rate is reached much faster in the gas phase. This effect is explained by the factors:

Gas diffusion in gas phase is much faster than in slurry, then the reaction starts quickly;

Heat transfer between the particles and the bulk phase is more limited in gas than in slurry phase. Thus, the particles in gas-phase are more prone to overheating, that causes an accelerating polymerization rate at the beginning of the reaction.

The fast (internal) fragmentation process due to the high growth stress that overcompensates for the counter current effect of the lower crystallinity/brittleness.

To investigate the effect of particle size and molecular weight distribution in both reactions, Touloupides et al. [6] used a modelling to compare the gas and slurry phases of HDPE production using the Ziegler Natta catalyst. The differences were attributed to heat and mass transfer. According to them, external mass transfer resistance limitations in the liquid phase, as well as heat removal capacity to avoid particle overheating, contribute to these differences in slurry reactions.

Ethylene polymerization is a very exothermic reaction, requiring heat removal to avoid process productivity limits. This can be especially difficult in gas phase reactors as it is well known that the heat transfer conditions are much less favorable than in slurry because of the liquid diluent. To improve this, commercially available techniques such as condensed mode cooling, in which chemically inert species (alkanes such as n-pentane, n-hecane, etc.), known as an Induced Condensing Agent (ICA), are added to the reactor [14,15]. The ICA increases the heat capacity of the gas, where the rapid vaporization of the alkane in the bed increases the amount of heat removed during the reaction due to the latent heat of vaporization [16]. None of the studies mentioned above consider the use of an ICA during the gas phase polymerization (even though the slurry phase processes are carried out in what is simply a liquefied ICA). It has recently been demonstrated that ICA can increase the ethylene concentration in the amorphous fraction of the polymer via the so-called co-solubility effect, wherein the presence of these alkanes increase the solubility of the monomer in the amorphous phase of the polymer, and thus the molecular weight and observed activity, as well as the crystallinity of the raw reactor powder [16][17][18][19][20]. In addition, the presence of hexane in both liquid and vapor form has been shown to have a significant impact on the rate of crystallization [21].

Since UHMWPE is synthesized in the industry via a slurry process using a Ziegler-Natta catalyst [22][23][24][25][26], the active sites in such catalyst systems are relatively close next to each other, causing the chains to grow in close proximity to each other [27]. Because of the high concentration of alkane in the amorphous phase of the polymer of this process, polymer chain crystallization is relatively slow, and the resulting polymer has a very high entanglement degree.

This short discussion shows that there are clearly differences not just between gas and slurry phase processes carried out at the same external ethylene concentrations, but also between gas phase processes with different levels of ICA. However, the few results available in the literature are often carried out on different reactor systems, and none of the studies compare the properties of the polymer obtained from the different processes. For this reason, in order to move toward the development of a gas phase process of UHMWPE production, it was decided to carry out a systema study of the comparison of slurry and gas phase reactions in the same reactor, and the gas phase processes with and without ICA to understand the influence of the phase composition the kinetics and polymer properties. A comprehension of the behaviour of difference is using a constant ethylene concentration in both gas and slurry process to isolate the impact of the continuous phase in the reaction kinetics. Furthermore, as it is known that different alkanes swell the amorphous polymer in different ways, slurry phase polymerizations were carried out in either n-hexane or n-decane, and the gas phase polymerizations were performed in the presence of n-hexane and n-pentane.

Experimental Procedure

Ethylene with a minimum purity of 99.5% obtained from Air Liquide (Paris, France) was passed over purifying columns of zeolite and active carbon before use. Argon with a minimum purity of 99.5% (used to keep the reaction environment free of oxygen and other impurities) was obtained from Air Liquide. Triisobuthylaluminium (TiBA) cocatalyst was obtained from Witco (Germany). A commercial TiCl4 supported on MgCl2 Ziegler-Natta catalyst provided by a partner company with a particle size of around 4.5 microns with a Ti content of 5.5 wt% was used as the catalytic system for all polymerizations [28]. The polymerization experiments were performed in a spherical stirred-bed semi-batch reactor shown in the diagram in Figure 1. This system is composed of equipment and instruments:

Gases House: Ethylene Cylinder The heating of the reactor is achieved using a water jacket connected to the heat exchanger, whereas the cooling down is done using cooling water at ambient temperature.

Slurry polymerization

N-hexane (minimum purity 99,3%, from AnalaR Normapur) or n-decane (minimum purity 99%, from abcr) were used as diluents in the slurry reaction. The diluent was purified by bubbling the solvent containing molecular sieve pore size 3-4 Angstroms from Fisher Scientific with argon for 2 hours. After that, the mixture was kept on the molecule sieves for five to six hours.

Gas phase reaction

Sodium chloride (NaCl) with a minimum purity of 99.8% from Carl Roth TM was used as a seedbed to disperse the catalyst particles. The salt was dried under vacuum for two hours at 200 ºC and an additional 4 hours at 400°C before use, to eliminate all traces of water. The alkanes used as Induced Condensing Agent, n-hexane (minimum purity 99,3%, from AnalaR Normapur) and n-pentane (minimum purity 99%, from Sigma-Aldrich ICN -Germany) were purified 3-4 Angstroms mixed molecular sieves and stored in Schlenk flasks containing molecular sieves.

Polymerization Reaction

The reactor was first heated to 80°C under vacuum during for a minimum of 1h to remove any trace of moisture. After that, it was cooled down to room temperature before injection of the reagents.

In the slurry polymerizations, a cannula was used to transfer 500 mL of alkane from a Schlenk to the reactor and a syringe used to inject a solution of TiBA. Once closed, the agitation in the reactor was adjusted to 500 RPM, the mixture was heated up to the desired temperature and the catalyst was injected using ethylene over pressure from the ballast. Just after that, the reaction started setting up the ethylene pressure from the ballast to the reactor. The reaction temperature, ethylene pressure in the ballast and the reaction time was observed.

In gas phase polymerizations, salt was transferred from a Schlenk tube directly to the reactor and TiBA was injected using a syringe. After that, the reactor was closed, the agitation was adjusted to 300 RPM and heated up to the reaction temperature. Subsequently, the alkane was injected using an injection pump until the pressure required. As in slurry reaction, the catalyst was then injected, and the reaction started.

For slurry and gas phase, 1M TiBA was diluted in the respective alkane present in the reaction. On the other hand, for the reaction with no presence of ICA, TiBA was not diluted in alkane. The procedure was designed to avoid the pre-contacting of the catalyst, where directly after the injection of the catalyst into the reactor, the alkyl aluminium, present in the reactor, activates the catalyst under polymerization conditions. Beyond that, the reactions carried out using Al/Ti ratio of 170 for all conditions.

Swelling Experiments

Experiments were carried out to demonstrate that the different diluents swell the polymer to different extents. A stirred transparent reactor heated by circulating water in an external jacket was used. 70g of UHMWPE reactor powder provided by DSM, 400mL of diluent (n-decane or n-hexane) and 3mL of ethanol (to avoid eletrostaticity between the polymer and the wall of the reactor) were introduced in the reactor. A ruler was attached to the reactor to visualize the change of volume of a during the polymer swelling experiment. The volume change was measured using a Celestron Digital Microscope Pro camera that recorded the evolution of the powder depth during the experiment. For each experimental temperature, the reactor was stirred at a constant temperature for 2 hours (the time it was found to reach equilibrium). The swelling was then calculated in % of volume change, as follows:

Where is the height of the polymer at different temperatures, and is the height of polymer at the beginning of the experiment at room temperature [29].

Calculation of ethylene concentration -slurry and gas phase

To ensure that polymerizations are compared on an equal footing whenever possible, and to isolate the effect of the composition and nature of the continuous phase, experiments were conducted at the same ethylene concentration. The reference conditions were chosen to be 70°C, 6 bars of ethylene, n-hexane as the diluent, triisobutylaluminum (TiBA) as cocatalyst based on a patent for the production of UHMWPE [28]. All polymerizations were carried out for 2 hours. Subsequently, a range of ethylene pressures and temperatures were chosen to explore the impact of process conditions on the observed activity and polymer properties. Table 1 shows the reaction conditions established for the n-hexane slurry experiments. In order to compare these experiments to gas phase polymerizations, the ethylene solubility data for each reaction condition for the polymerization in slurry in presence of nhexane were acquired from Dashti et al. [30]. The results are shown in Table 2.

Table 2: Ethylene solubility in n-Hexane for each reaction condition established [30].

The other diluent used to analyse the impact of the alkanes in the reaction is n-decane.

Since there is no experimental data in the literature, solubility experiments of ethylene in ndecane were performed. The procedure was performed following the same calculation in Dasht et al. [30]. The solubility was measured at 60, 70 and 80°C. The results for these temperatures are plotted in Figure 2. Each point is an average of 2 measurements. The results obtained have shown that the solubility of the gas in liquid decreases by decreasing pressure and by increasing temperature. These results are in agreement with Dashti et al. [30] in Figure 3, where is possible to notice that the solubility decreases when the chain length of the alkane increases. As the solubility of ethylene is much lower in n-decane than in n-hexane, it is necessary to adjust the pressure of the n-decane experiments so that we have the same ml fraction of ethylene in solution for a given temperature. To do so, the ethylene concentration using solubility data was calculated following equations ( 7), ( 8) and ( 9):

nethylene = x * ndecane / (1 -x) (7) Vethylene = nethylene * MM/ ρ (8) C = nethylene/ (Vdecane + Vethylene) ( 9 
)
Where x is the mole fraction, n is the number of moles, MM is the ethylene molar mass, ρ is the ethylene density, V is the volume and C is the concentration. Using this data, it was possible to find out the equation for different concentrations and then, the corresponding pressure either for n-hexane or n-decane. The operation conditions at the same ethylene concentration for both solvents are listed in Table 3. For gas phase polymerizations, experiments were run at the same ethylene concentrations in the continuous phase. The pertinent pressure was calculated with the sequence of equations below:

CS = CG ( 10 
) P = ( 11 
)
Where CS is the concentration in slurry, CG is the concentration in gas phase, T is the temperature of the reaction, R is the constant of ideal gases and Z is the compressibility factor calculated by Peng-Robinson EOS.

The operating conditions resulted from this calculation for gas phase reactions are shown in Table 4: temperature is increased to 70°C, the activity profile starts to show noticeable differences. The increase in temperature and pressure, increases the rate of activity indicating a temperature and pressure dependence for the reaction activity. Note that the solubility of the ethylene in the diluent increases when the temperature decreases. From Figure 5 and Figure6, it is possible to notice the influence of temperature in the activity of the catalyst that leads to an increasing in the activity. Furthermore, the diluent used in slurry polymerization can clearly affect the activity. Figure 5 and Figure 6 show that n-decane, if we compare reaction with the same ethylene concentration, show a higher activity rate than slurry reactions in presence of nhexane. For temperature above the 60°C, this behaviour is even more pronounced. Indeed, increasing temperature can lead to higher catalyst productivity, but also enhances the risk of polymer swelling as the solubility of the alkane in the polymer increases with temperature. This can be seen in Figure 7, where we have measured the swelling of an UHMWPE powder in n-hexane and n-decane at different temperatures. According to Figure 6, the swelling of the polymer for both substances increases with increasing temperature. Another observation is that n-decane swells less in the amorphous phase of the polymer than n-hexane.

These results are in good agreement with results previously reported by Ben Mrad [29] that The swelling experiments revealed that as the diluent molecule size (i.e., number of carbons) increases, the swelling of the polymeric material decreases. It means that for a heavier alkane, more difficult is the diffusion of the diluent through the polymer particle. We have seen in Figure 5 and Figure6 that an increasing in the molecule size of the diluent enhances the reaction activity. This phenomenon, known as the cosolubility effect, has already been observed in gas phase systems when ICA is added during polymerization, and there is no reason to suspect that the situation will be different in a slurry phase. Once the amorphous phase is swollen, it does not matter what the state of the swelling fluid is outside the polymer. Thus, thanks to the co-solubility effect, the ethylene concentration in the amorphous phase of the polymer particle in contact with the active sites is higher in presence of a more soluble compound [19,20,31]. This phenomenon will also impact the molecular weight becoming even more evident as shown in the following section.

Viscosity Average Molecular Weight (Mv)

The study of molecular weight was done according to the methodology explained in Chapter 3, using Intrinsic Viscosity Analyser (IVA). Table 5 shows a different tendency when compared with the activity: for polymerization at 60°C, the molecular weight exhibits higher values than at 70°C seen in Table 6. Because the chain transfer reaction has higher activation energies than the propagation reaction, lowering the polymerization temperature can suppress the transfer reactions, increasing the molecular weight. Thus, in a Ziegler-Natta catalyst system, the molecular weight of the polymer is dependent of the monomer concentration and propagation rate [32]. The interesting observation here is the fact that reactions performed in presence of ndecane provides a higher molecular weight than those made in n-hexane. For ethylene concentration of 0.79 mol/L, we have a molecular weight of 5.7 g/mol for polymers synthesized in presence of n-hexane, while this value raises to 8.5 g/mol for reactor powders from slurry in n-decane, which is a considerable increase. Therefore, it can be concluded that the cosolubility effect manifests itself in slurry phase reactions, just like it does in gas phase. Ideally, we would like to be able to measure the solubility of ethylene in the two systems, but we were never able to secure enough reactor powder to do so.

Polymerization Reaction in Gas Phase

Reaction Kinetics

Reaction in gas phase using vaporized alkane such as n-pentane, n-hexane, and no ICA, were performed at temperatures of 50, 60 and 70°C. Figure 8 through Figure10 show the rate of polymerization different ethylene pressures and temperatures both without ICA and in the presence of 0.4 bars of n-pentane and of n-hexane. As expected, the addition of an ICA enhances the rate of polymerization, and the use of a heavier ICA has a greater effect than a lighter one. Also as expected, the higher the ethylene pressure, and the higher the temperature, the higher the polymerization rate for obvious reasons. 

Viscosity Average Molecular Weight (Mv) and Crystallinity

The physical properties obtained from the polymerizations performed at 50 and 70°C are presented in Table 7. As expected, as the molecular weight increases as the temperature decreases, and this despite the increase in ethylene pressure at 70°C. As mentioned before, a decrease in the temperature can decrease the chain transfer reactions, increasing the molecular weight. The presence of ICA also leads to an increase the molecular weight as observed elsewhere [19,20]. It is possible that since heat transfer is less favourable in the gas phase than in slurry, an increase in the particle temperature to a point higher than the measured continuous phase temperature might explain part of this increase [33]. However, it does not seem likely that the polymerizations are so fast that the temperature rise would be 

Slurry using n-decane (֍) and n-hexane (֍) as diluent and gas phase using n-pentane (─) and n-hexane (─) as

ICA at 0.4 bars, and no ICA (─).

Figure 12: Slurry and gas phase reaction at ethylene concentration of 0.57 mol/L and temperature of 60°C.

Slurry using n-decane (֍) and n-hexane (֍) as diluent and gas phase using n-pentane (─) and n-hexane (─) as

ICA at 0. 

Slurry using n-decane (֍) and n-hexane (֍) as diluent and gas phase using n-pentane (─) and n-hexane (─) as

ICA at 0.4 bars, and no ICA (─).

Figure 14: Slurry and gas phase reaction at ethylene concentration of 0.51 mol/L and temperature of 70°C.

Slurry using n-decane (֍) and n-hexane (֍) as diluent and gas phase using n-pentane (─) and n-hexane (─) as

ICA at 0.4 bars, and no ICA (─).

significant. It is also possible that there are significant differences in the activation of the catalysts. While we have kept the monomer concentration and the Al/Ti ratios constant between gas and slurry polymerizations, the distribution of the TiBA itself in the reactor is different between gas and slurry. If the local concentration of TiBA at the active site were different between the two systems, then the rate and degree of Ti + reduction by TiBA would possibly lead to different kinetic behaviour [26]. In the slurry polymerizations it is reasonable to assume that the alkyl is mostly dissolved in the continuous phase, and thus all particles bath in a solution of TiBA throughout the reaction. In the gas phase, any TiBA that is not volatilised will be distributed on the surface of the particles (and possible the reactor itself), and some of these particles are the salt bed. Note that in the very early stages of polymerization the surface area of the salt bed is significantly higher than that of the catalyst. Thus, one cannot eliminate the possibility that way the alkyl aluminium enters into contact with the polymer particles leads to different rate behaviour. This is an important question that merits further investigation, but such a study is outside the scope of the current study.

Furthermore, the rate of deactivation appears to be more significant the higher the rate of polymerization is. Again, it is possible that the way the TiBA is distributed in the reactor can (at least partially) explain this behaviour. However, it is also not impossible that the ethylene available from the supplier contains traces of impurities that can build up in the reactor. Since we are working at constant ethylene pressure, the faster the polymerization goes, the more impurities will be pulled into the reactor. If these build up more quickly it is also possible that the deactivation of the catalyst is more pronounced. Once again, these are interesting points to study in more detail, but not in the context of the current project.

Finally, another pronounced difference is in the start-up behaviour of the different polymerizations. In gas phase reaction, the reaction starts faster in the catalyst particle, which it does not happens that quickly in slurry. It is possible that this is due to mass transfer resistance. In slurry polymerization the pores will be filled with diluent, and thus pore diffusion will be significantly slower than in gas phase, thus slowing down the rate of arrival of monomer at the active sites.

Viscosity Average Molecular Weight (Mv) and Crystallinity

The molecular weight is clearly impacted by the differences between the two reaction phases. Table 8 and9 show the results of molecular weight for the reactions performed in the last section at 60 and 70°C and different ethylene concentration. The gas phase reactions develop lower molecular weight then in slurry reactions when compared same ethylene concentrations in the reactor. This implies that the cosolubility effect might be less important in gas than slurry. If one compares hexane slurry and hexane gas phase reactions the difference in the molecular weights is significant, especially with those obtained at the lower ethylene concentrations (this is further evidence that the cosolubility effect is less pronounced in gas than in slurry (most likely since the n-hexane concentration is higher in slurry). The crystallinity is also affected by the different phases. From the table, it is possible to observe that gas phase produces slightly more crystalline phase in the polymer than slurry.

These results might suggest that the ICA can act as a "local solvent" during the formation of the crystal in the growing particle. Thus, the segments of amorphous polymer chains that are continuously produced at the active sites immobilized on the surface of the catalyst fragments will be instantly exposed to and subsequently dissolved in the local solvent of the solubilized ICA compound while experiencing the increased liberty and topological freedom associated with being in the liquid state [17]. 

Reaction / C2 Concentration (mol/L)

Particle Size Distribution

Particle size distribution of polymers particles synthetized in slurry and gas phase, with the same ethylene concentration was compared. Both reactions were performed using n-hexane as diluent and reaction temperature of 50°C, for a better comparison in terms of reaction phase.

Figure 15 shows the distribution of the reactor powder of synthetized samples and it is possible to notice that particles from slurry and gas phase reactions have slight differences. For slurry reaction the average particle size distribution is about 330 μm while for gas phase this value increases to 590 μm. This is probably due to the higher polymerization rates in gas phase.

Conclusion

The results presented in this chapter reveal that even if one keeps the ethylene concentration and temperature constant in the continuous phase, the observed rate of polymerization in gas and slurry processes will be quite different, as will the polymer properties. When different diluents were used, we could clearly see a difference in both the gas and slurry phases. This last point implies that the cosolubility effect is real for both types of polymerizations, but the observed differences are too great to be explained by this alone. We proposed that a difference in the distribution of TiBA in the two types of process might be an 

Introduction

As was discussed in Chapter 2, one of the characteristics of UHMWPE, especially that produced in slurry phase processes, is a high degree of chain entanglement. It is generally accepted that during the reaction, polymer formed at the active sites is produced in the amorphous state, and then the reorganization of the polymer chains into an ordered, crystalline state (crystallization) takes place a certain time after the polymer is formed. In other words, crystallization is governed by "kinetics" in a similar way as chain growth. Obviously, the longer the chains are, the more likely they are to become entangled as they grow from the active sites, especially if crystallization is not rapid [1,2]. If one wishes to reduce entanglements in the polymer in the reactor, one can use a homogeneous catalyst since this provides a larger distance between the polymerization sites, so the probability of forming entanglements is lower [3]. However, in the case of a heterogenous catalyst [4,5], the active sites are tethered to a support, and in many cases the fact that chains are produced in such close proximity can lead to a higher probability that the form entanglements before they crystallize. Decreasing the site loading might contribute to a decrease in the entanglements. It is also possible to mix the UHMWPE with low entanglement density polymers [6], or to dissolve the polymer in solvents such as decalin and then draw them to make disentangled fibers of UHMWPE [7,8]. However, these post-polymerization steps require high temperatures, the use of liquid toxic in the processing and additional separation and purification. For all of these reasons, we wish to explore develop of a gas phase process to synthesize UHMWPE.

Excessive chain entanglement gives rise to high melt viscosity, hindering the meltprocessing of polymers. When forming products with thin walls, for example, high melt viscosity will cause many product defects, such as short shot, filling unbalance, and warping deformation caused by large internal stresses, and resultant stress cracking [9]. Melt viscosity can be decreased by raising the temperature of the melt, but elevated temperatures increase energy consumption and can cause polymer degradation (and might not even be sufficient to allow for reasonable flow in some cases) [10,11]. Decreased entanglement can also promote the creation of appropriate morphologies and crystallization, which raises the mechanical qualities of the finished goods [12]. Otherwise, different strategies can be envisaged to reduce the chain entanglement density to enhance the processability of polymers.

It is believed that the polymer chains are more disentangled in the reactor powder, where they are arranged in a non-interpenetrated parallel configuration, than they are in their melt-crystallized counterpart. This is because upon heating, enhanced molecular chain movement causes the transition from parallel-extended chains to randomly intertwined coils, with re-entanglement occurring as a result of melting. The degree of entanglement consequently rises as the heating time increases [13]. However, if we wish to produce disentangled powder in the reactor it is important to understand the relationship between process conditions and the degree of entanglement. For this we need to use the methods of characterization presented in Chapter 3 that allow us to study the reactor powder directly to avoid "erasing" of important information if the polymer is dissolved or melted.

To state things simply, and as discussed in Chapter 2, we hypothesize that disentangled powder can be obtained by tuning the rate of crystallization and the rate of chain growth in gas phase systems [14]. Therefore, in the current chapter we will explore different reactor conditions in a gas phase polymerization process to make disentangled UHMWPE, employing the concept that somehow the addition of alkanes to the gas phase [15] seems to impact the crystallization (and thus in all likelihood, the entanglement). It is therefore important for us to compare the impact of the continuous phase on the resultant physical properties of the reactor powder obtained in both slurry and gas phases processes. Here we will focus essentially on the impact of the process on the degree of entanglement of the reactor powder, on the final viscosity average molecular weight, and on the eventual relationship between the two.

Entanglements Evaluation Through Solid-State Drawability

As previously stated, the standard method for evaluating the entanglement density of UHMWPE is through solid-state drawability. The level of disentanglement of the solid, aspolymerized, material can be studied by evaluating the ultra-drawability. As a result, we can obtain a thorough understanding of the effect of reaction conditions on the entanglement of the polymer formed in the reactor. The maximum draw ratio (

) is said to scale with the square root of the molecular weight between entanglements. Consequently, the higher the total draw ratio, the lower the entanglement density present in the sample [16,17]. The following equation shows how the maximum draw ratio scales with Me:

(

where, corresponds to the molecular weight between entanglements, is the number of segments between entanglements, is the monomer length, and is the characteristic ratio.

Using the polymers synthesized in this project, several analyses were done using this method, in order to understand the impact of the operation conditions in both slurry and gas phase reactions on entanglement development. For the goal of this project, it is important to point out that entangled polymers are considered to have a total draw ratio of zero, which means that is not possible to draw, while polymer is considered disentangled when the total draw ratio is at least 100[-] [18].

Influence of Temperature, Pressure and Alkane

To understand the impact of the nature of the alkanes used in the polymerization experiments, the solid-state drawability of different samples synthesized in slurry and gas phase with different alkanes (n-pentane and n-hexane for gas, and n-hexane and n-decane for slurry) was studied. The diluents used in slurry were chosen based on the difference between their molecular size, means that they will swell the polymer differently, have different cosolubility effects (c.f. Figure 1) and have different impacts on the crystallization process. For gas phase, we used n-hexane as ICA to compare with slurry reactions and n-pentane, for the improvement of operation condition to make disentangled polymers.

Table 1 shows the maximum draw ratio of samples polymerized in slurry at 70°C with n-decane and n-hexane as diluent and at the same ethylene concentration. The polymers made in the slurry polymerizations showed that using longer alkanes produces samples with a lower drawability (higher entanglement density), and that the maximum drawability under these conditions is not particularly interesting. The Figure1 shows the activity rates curves for the previous results. Polymerization reaction performed in n-decane generates greater activity than when n-hexane is used, suggesting that the rate of polymerization have also effect in the formation of entanglements. Figure 2 depicts the total draw ratio as a function of ethylene pressure for polymers synthesized in a gas phase process using n-pentane and n-hexane as ICAs. Once again, independently of the ethylene pressures, the alkane can change the entanglement density. For an equivalent pressure, the lighter the alkane, the higher the total draw ratio, indicating a lower entanglement density. This follows the same trend that we just observed for the slurry process.

In addition, it appears that lower ethylene pressures lead to higher degrees of disentanglement;

again suggesting that the slower rate of polymerization (Figure 3) appears to correspond to a higher degree of disentanglement. While this is not yet proof that our hypothesis is valid (entanglement is a trade-off between chain growth and chain crystallization), it appears to at least go in that general direction. Table 2 shows the total draw ratio of polymers synthesized in gas phase at 60 and 70°C and different pressure with 0.4 bar of n-hexane. It can be seen that at 70°C and 15 bar of ethylene the total draw is lower, then when the temperature and pressure is decreased to 60°C and 3 bar. If we take into consideration the activity profile exhibit in Figure 4, a decreasing in temperature and pressure of polymerization, decreases the activity rate. Once again results appear to support the idea that more mild reaction conditions lead to higher draw ratios, which provides lower entanglement degree in the final product. Smith et al. [19] have previously observed that decreasing the polymerization rate, monomer pressure, and temperature, increases the total draw ratio of the reactor powder on polymers made in n-heptane, from -40 to 95°C using homogeneous vanadium Ziegler Natta catalyst. They linked the pressure effect to the exothermic behavior of the polymerization reaction, which raises the local temperature during polymerization, resulting in more density of entangled points in the chain length. Either way, it appears that the chains become more entangled throughout the process at higher polymerization rates. It is possible that if the chains are produced much faster than they crystallize, the probability that they entangle is higher.

Influence of Viscosity Average Molecular Weight (Mv)

Based on the experiments shown in the previous, it was found that it is possible to produce UHMWPE in gas phase with lower entanglement degree. However, we could see in Chapter 4 that gas phase polymerization produces polymers with lower molecular weight when 0,0 
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compared with slurry at the same ethylene concentration. This behavior poses a question about the influence of the molecular weight on the entanglement, being necessary its analysis.

Table 3 shows the values of total drawability and different molecular weight of the polymer synthesized. It is possible to notice that the molecular weight is not really affected by the degree of entanglement. However, when operation conditions are compared, then it is possible to see a clear difference and its effects. Figure 5 shows the total draw ratio of samples performed in slurry at 70° C with a very low molecular weight of about 2x10 6 mol/L, compared samples synthesized at 50°C with a high molecular weight of about 5x10 6 mol/L. This shows that even with low molecular weight, slurry produces higher entanglement degree than gas phase, proving the importance of the operation condition in the formation of entanglements. In slurry, n-decane has a higher entanglement degree than n-hexane, while in gas phase, n-hexane has a higher entanglement degree than n-pentane. Furthermore, when comparing gas phase to slurry using the same alkane (n-hexane in this case) the total draw ratio of UHMWPE made in gas phase is much higher, indicating a much lower degree of entanglement than UHMWPE made in a slurry process. This result demonstrates that the way the chain grows and crystallizes in the slurry and gas phases is different and interferes of polymer entanglement formation.

These differences can be observed in the rate of polymerization when these reactions are performed. When compared samples with the same molecular weight, slurry exhibits higher activity rates that gas phase, which provides a faster and disordered chain growth as depict in At the end, as demonstrated in Figure 8, what it can be observed is that the formation of the entanglement might be a result of a competition of the rate of chain growth and crystallization that happens during the reaction that we will discuss more about later in this chapter. 

Influence of alkanes amount in gas phase

It was already shown that decreasing the temperature can increase the molecular weight of the polymer and the total draw ratio, due to the low presence of entanglements. As mentioned above, for a UHMWPE to be considered a commercially useful disentangled material, the total draw ratio should be over 100 [-].

Table 4 shows that a different amount of alkane exhibits different total draw ratio values. For instance, when vaporized pentane at 0.4 bar is added in a reaction at 50°C and 4 bar of ethylene, the total drawability is about 60 [-]. However, when 1.3 bar of n-pentane as ICA is added at the same conditions of temperature and ethylene pressure, this value increases to about above 80 but seems to have no measurable effect on Mv [-]. Dropping the T to 40°C (and thus dropping the rate of polymerization), the draw ratio increases further to over 112 (for a slightly higher molecular weight) 

Crystalline Lamellar Thickness

According to the literature, thinner the crystalline lamella correspond to polymers with lower entanglement density [17]. The rationale behind this is that thin lamellae are formed at high undercooling, typically accompanied by fast crystallization during polymerization, which, in its turn prevents the formation of entanglements [20]. Bearing this in mind, SAXS and WAXS experiments were carried out to determine the lamellar thickness of the samples and to evaluate whether or not we observe a different in the degree of entanglements obtained under different polymerization conditions. Some results from this measurement were compared with solid state drawability measurements for the accuracy of the method. Table 5 exhibit a comparison of lamellar thickness obtained from SAXS and WAXS and the total draw ratio from solid state drawability. Tables 6 and7 depict the influence of the reaction temperature in the crystal structure at different pressures and temperatures. It can be seen that in slurry polymerization using ndecane, the lamellar thickness is always thicker in samples polymerized at higher temperatures, whereas the pressure does not seem to have a noticeable influence. Recall that none of these samples were considered to be highly disentangled given the low draw ratios. Rotzinger et al. [22] studied entanglements in polyethylene and observed that with a supported vanadium Ziegler-Natta system, lower polymerization temperature (-40 °C as opposed to 25°C) and lower monomer pressure (0.7 vs 4 bars) appear to enhance the draw ratio of the polymer. Ottai et al. [23] also noticed that at low temperatures polymerization and crystallization rates are quite close, and a simultaneous polymerization-crystallization mechanism is favored, which seems to favor the formation of more disentangled polymer.

While the polymerization conditions discussed in the literature for production of UHMWPE are different from this current thesis (in the literature, all polymerizations appear to be performed either in slurry or solution process and not in gas phase), they seem to support the concept that conditions that favor higher chain mobility lead to increased thickness of the lamellae, and lower draw ratios [20].

Some experiments above the melting temperature of the samples (170°C) were performed in SAXS and WAXS. The lamellae thickness of the samples was measured before and after the melting to observe the behavior of the crystal when exposed to high temperature, as can be seen in Table 9. It can be observed that for all samples, the lamellae thickness increases upon melting.

It is already known that disentangled nascent polymers entangle upon melting [24]. Besides, lamellar thickening will be accompanied by an increase in the energy barrier as lamellar thickness increases. The thickening of lamellae is affected by chain mobility in the crystal lattice; as a result, once exposed to melting, the chains will be more mobile, increasing lamellar thickness after the course of melting-recrystallization [25].

Figure 9 shows the lamellar thickness from some slurry experiments performed in ndecane and n-hexane. It is possible to notice a slight difference between the experiments performed using those different alkanes, where n-decane produces polymer powder with a higher lamellar thickness than n-hexane. The experiment was repeated with different ethylene concentrations, providing a reproducible value. We have seen before that the rate that the chains grow may interfere in the way the entanglements are formed. From Figure 10 it is possible to notice that the reaction rate for ndecane is higher than in n-hexane. Since the chain growth is very fast, the crystallization slow giving more time to the chains find each other and become entangled. The nature of the alkane clearly influences whether this crystals form. As demonstrated in Chapter 4, different alkanes swell the amorphous phase of the polymer differently. The same analysis was performed on reactor powders from slurry and gas phase reactions. Figure 11 We can see that the nature of the phase in which the polymerization is occurring has a pronounced impact on the way the crystals are formed. Gas phase polymerization results in UHMWPE crystals with thinner lamella than crystals obtained by slurry-phase processes.

However, in this case, if we look the polymerization conditions, this result cannot be explained solely by differences in the rate of polymerization. This because as it can be seen in Figure 12, the rate of polymerization in slurry reactions (when compared at the same ethylene concentration) is always slower than in gas phase process. If lower activities were only reason to have less entanglement, one would expect less entanglement in slurry polymerizations, since the growth of the chain is much slower, which does not happen. Contrary that, gas phase reactions exhibit thinner lamellar, meaning that even if the polymerization is faster, the crystallization also occurs more quickly in gas phase. We can explain this behavior based on the differences in the undercooling during the polymerization in both gas and slurry conditions. Higher undercooling increases the rate of crystallization, thus reducing the time needed for the formation of entanglements [17]. The swelling may also interfere with the formation of the chain entanglement and, as a result, inhibit the mobility of the chain, affecting the growth of the lamellar thickness. To understand this competition between the rate of crystallization and chain growth happening in these reactions, the kinetic of crystallization was studied kinetic were accomplished as the following section.

Crystallization Kinetics

The crystallization kinetics were examined using differential scanning calorimetry experiments to better understand the impact of the alkanes on the rate of the formation of the crystals. Experiments were designed in a way to imitate the polymerization experiments in slurry (slurry mode), where 40 μL of n-decane, n-hexane and n-pentane were added to 2 mg of polymer in different DSC capsules. This amount was enough to have the polymer completely emerged with excess of liquid alkanes. To mimic the gas phase polymerization (gas mode), 10

μL of alkane was added to 2 mg of polymer, this amount of alkane is only enough to humidify the powder and will evaporate in the capsules during the analysis. Also experiments in dry mode were performed, where no alkanes were added to the DSC capsule.

Figure 13 shows the apparent activation energy of crystallization as a function of absolute temperature together with the calculated values of equilibrium melting temperature ( ), nucleation constant ( ) and undercooling ( ) for the aforementioned crystallization experiments, calculated as shown in Chapter 3. The apparent activation energy is lower when alkanes are added compared to the dry mode in terms of absolute values. However different amounts and types of alkanes do not seem to have a significant impact on apparent activation energy. On the other hand, the nucleation constant, , which describes the rate of the formation of the crystal nuclei, and the undercooling, , which is indicative of the growth rate of the crystallized chain, can provide information regarding the differences in crystallization kinetics during polymerization in slurry and gas respectively. Figure 14 shows the in function of and an interesting behavior can be observed:

the dry mode has a much faster nuclei formation compared to when alkanes are added, either in slurry or gas mode. It is evident that in dry mode the crystal formation is very fast. However, adding a small amount of vaporized alkanes slows down the crystallization, but crystal nucleation is still faster than in slurry mode. If we attempt to correlate these observations to the reaction conditions, what we see is that during the reaction performed in the gas phase (dry mode), as we could see in Chapter 5, we have a slightly higher crystallinity, but we do not produce such high molecular weight and activity rate as we can produce when we add vaporized alkanes.

On the other hand, the undercooling is much lower in slurry mode, and which means that the crystallization occurs more slowly, giving time to the chains to entangle. Increasing the undercooling increases the nucleation density contributing to an increase in the crystallization rate, that is the reason we see lower degree of entanglement in gas phase polymerization [2].

Figure 15 and 16 show a comparison of the crystallization behavior, Kg in function of different alkanes and phase. We know that higher the Kg and ΔT are, the faster is the crystallization, consequently, thinner the lamellar thickness and lower is the entanglement degree. We have seen in all experiments settings in this thesis that heavier alkanes always provides more entanglement material. For reactions in slurry, n-decane provides the higher degree of entanglement, as well as in gas phase for n-hexane using ICA. Regarding this behavior, it is important to point out that for the crystallization experiment is measured with, the same polymer, molecular weight and do not considering reaction activity, which we have seen that it seems to be an important parameter on entanglement formation. Figure 16: Kg results as a function of different alkanes in slurry mode using n-decane, n-hexane, and npentane.

Influence of different catalysts

According to the literature, homogeneous catalyst systems have been used for the production of disentangled UHMWPE, where the spatial distance between the growing chains can be achieved through the more isolated active sites posing decreasing the formation of intermolecular entanglements [26][27][28][29]. A Toho catalyst with lower titanium content (3.5% wt Ti for the Toho vs 5.5% wt for the reference catalyst used above) and a different size (6 μm vs 4.5 μm) was tested to verify the impact of a catalyst with lower titanium content on the formation of entanglements.

Reactions in gas phase using n-hexane, n-pentane, n-butane, and propane as ICAs while using both the Toho catalyst and our standard catalyst were performed. It can be seen from Figure 17 that the Toho catalyst exhibits higher activity under similar conditions than the standard catalyst. Figure 17: Reaction rates for polymerization in gas phase using n-hexane (─), n-pentane (─), n-butane(─) and propane(─). A) Reaction using Toho catalyst and B) Reaction using standard catalyst. Reaction conditions at 50°C and 4 bar ethylene.

The viscosity average molecular weight was also measured for all conditions. Table 10 and Table 11 show that the Toho catalyst with a lower titanium content produces polyethylene with a slightly higher molecular weight than the reference catalyst under similar polymerization conditions. 

ICA Reaction Condition Mv (g/mol)

n-Hexane 50°C -4eth-0,4hex 7 x 10 6

n-Pentane 50°C -4eth-0,4pent 5 x 10 

ICA Reaction Condition Mv (g/mol)

n-Hexane 50°C -4eth-0,4hex Solid-state drawability experiments were used for the evaluation of the entanglement density for polymers made by both the Toho and the standard catalyst. Surprisingly, even though the titanium loading in Toho catalyst is lower, the entanglements density is higher in the presence of all alkanes used. This behavior can be observed in Figure 18. As mentioned before, entanglements are probably formed from a competition between the rate of chain growth and chain crystallization in the polymerization process. High activity can make the growing of the chain too fast in a way that the as-polymerized macromolecular chains have no time to crystallize, favoring the formation of entanglements and restricting the formation of a more ordered chain. Indeed, for the Toho catalyst it is possible to observe a higher activity and resulting molecular weight in the polymer particles that are formed, which could explain a more entangled polymer.

Mechanical properties measurement of the Polymer

As already discussed before, it is possible to make UHMWPE fibers for different applications. However, these material needs to be analyzed in terms of tensile strength to know how strong the material produced is to identify the application of the final product. The tenacity is an important indicative of the properties of the fibers produced from the polymers, and it is the strength of fiber divided by the density of the material.

Figure 19 shows the tenacity as a function of the draw ratio for one of disentangled sample synthesized in comparison with disentangled samples from the literature. From the data found in the literature, the reactions occur either in slurry or solution polymerization, but not in gas phase. The fiber of the sample made in gas phase reaction using n-pentane, at 50°C and 40°C using 4 bar of ethylene have properties similar to the results found in the literature from slurry phase and solution process products.

The entire set of results seems to agree with the basic hypothesis that the degree of chain entanglement and the high crystallinity values we find in certain products are the result of some form of competition of the kinetics between chain growth and chain crystallization in the reactor. As just mentioned, we are able to make UHMWPE polymers with a draw ratio of the order of 100 (which puts them on a par with commercially interesting products). So, we have a clear evidence that is possible to develop a gas phase process for UHMWPE materials with low entanglement density.

Measurement of the Branching through Fourier Transform Infrared (FTIR)

Samples produced in gas phase and slurry polymerization were analyzed using FTIR to investigate the formation of branches in the polymers. Two types of samples were tested: commercial entangled UHMWPE, which is not drawable after calendering and a disentangled sample synthesized in the gas phase, using pentane as ICA with a drawability of 59 [-]. The spectra generated were the same for both entangled and disentangled samples as can be seen in Figure 20. The FTIR spectra generated is characteristic from polyethylene materials; however, the peak characteristic from branches does not appear in the measurement. Boyron showed in his studies that it is possible to identify the presence of branching through FTIR [33]. He reports that different amounts of co-monomers and co-polymers can exhibit spectra peak at 1378, 1369 and 1360 cm -1 , while homopolymer has only peaks at 1369 and 1360 cm -1 as it can be seen in Figure 21. It is already known that alkanes are chemicaly inert. In other words, they do not participate in the reaction. The results show that the UHMWPE produced in gas phase with ICA is a commpletely linear polymer with no branching, moreover by using vaporized alkanes, we can produce a disentangled material.

A different approach to evaluate entanglement density -Evaluation

through thermal analysis

Differences between entangled and disentangled polymer

The most common way to characterize the level of entanglement of UHMWPE powder is by solid state drawability, which can be correlated with the molecular weight between entanglements [16,19,34]. However, this method requires a relatively large amount of powder and specialized equipment for the sample preparation that is not always immediately available.

For that reason, it is useful to have other techniques to provide us with information about the level of entanglement. For this reason, we have decided to use thermal analysis, i.e melting kinetics, and to correlate these with the results from the solid-state drawability measurements in order to study the impact of the polymerization medium on the entanglement of nascent reactor powder.

An estimation of the level of disentanglement for nascent polyethylene powder can be obtained through thermal analysis, through evaluation of the melting kinetics and obtained by using different temperature programs. Using Differential Scanning Calorimetry (DSC) the influence of annealing below the melting temperature is analyzed and correlated to the entanglement density of the synthesized samples. The different annealing times, below the melting temperature were used from 25 from 360 min respectively.

From the curves generated through these experiments it is already possible to observe the differences between entangled and disentangled samples. After the annealing, two melting peaks appear after cooling below the crystallization temperature and subsequent heating of the sample above its melting temperature. It is known that nascent UHMWPE depicts superheating [35,36], manifested in a melting peak temperature of about 140 o C. From the two melting peaks shown for example in Figure , the melting peak at the lower temperature (~132 o C) corresponds to the material that was molten during annealing, while the melting peak at the higher temperature corresponds to the still nascent material. It is already known that disentangled chains can melt faster than entangled domains [37]. Therefore, for a more disentangled material, a higher amount of polymer will be melted in the annealing step.

Figure 22 shows the experiment for a commercial highly entangled polymer (not drawable in the solid state). In this case, there is a very small fraction of the polymer melts during annealing and seems relatively independent of the annealing time. In the other hand, for a relatively disentangled sample (λmax = 59[-]), a large fraction of the polymer is already molten at the shortest annealing time used and this amount gradually increases with increasing annealing time as it is possible to see in Figure 23. In order to quantify this behavior and analyze the influence of entanglements on the melting kinetics of the synthesized powders, the area of the two peaks present in the melting curve was calculated as explained in Chapter 3. Figure 24 shows the percentage of the enthalpy area with varying annealing time and respective slope of the curve values for both entangled and disentangled powders. The slope of the curve for a disentangled is higher than for entangled sample. This is because at different annealing times, the more disentangled the polymer is, the faster the polymer melts. This suggests differences in the topological constraints between the samples.

Due to the larger entanglement density in the entangled, the detachment of the chains in the melting become arrested during the melting process [38,39].

To produce more accurate results, the annealing time below the melting temperature can take a long time to be performed in standard DSC. Because of that, another way to perform these experiments is by using Flash DSC. The results are like standard DSC, but instead of requiring many hours, it can be done in seconds.

Figure 25 shows the results performed in Flash DSC for entangled samples with the same behavior seen as in standard DSC. This experiment was repeated for different samples with a different degree of entanglement. The accuracy of the results also depends on the weight of the samples, which needs to be the same in both cases, either in Standard DSC or Flash DSC. Instead, it can impact the value of the enthalpy area, influencing the plotting of the slop of the curve. The experiment is very useful to predict the degree of entanglement of polymer samples. To verify the efficacy of the measurement, it was also correlated with solid state drawability which is a different and widely established method to calculate the presence of entanglements in the amorphous phase of the polymer and it is well explained in the next section.

Comparison between Solid-State Drawability and Annealing below the melting temperature

To validate the results found from Standard DSC and Flash DSC, an evaluation of the same samples was accomplished using solid-state drawability measurements. By comparing the slope of the curve with total draw ratio, the following results were obtained as Table 12. The results show that the results of both methods, solid-state drawability and annealing below the melting temperature are in agreement, becoming interesting methods to measure entanglement presence in the nascent powder. In Figure 25 this correlation becomes clearer. 

Conclusions

Entanglements substantially hinder the processability of UHMWPE, while a low entangled material could potentially be processed in the solid-state. In this chapter we could see that solid-state drawability is a useful method to measure entanglement density. Regarding the results of reactor powder synthetized in gas and slurry, it was possible to notice that in slurry phase we have a tendency to produce higher entanglement density than in gas phase, even comparing synthesis performed at the same ethylene concentration and/or when the samples have the same molecular weight. Another interesting observation was that a heavier alkane can produce higher entanglement degree either in slurry or in gas phase process. We attributed these differences to the competition between the rate of chain growth and crystal formation, which can be observed in the activity rate and molecular weight when in the polymerization reaction.

According to crystallization studies, thicker lamellar leads to a higher degree of entanglement. The reason for acquiring a higher entanglement density in the slurry polymerization could be due to lower undercooling, which leads to a slow rate of crystal growth and crystal formation, giving more time for inter-and intramolecular entanglements to form.

The competition between the crystal formation and polymer chain growth is also clear when catalysts with different titanium content are used. Perhaps due to the higher activity and resulting molecular weight, Toho catalyst results into a more entangled sample than the standard catalyst used in the study.

Additionally, we could also find a very useful measurement for entanglements presence in UHMWPE, that is from the thermal analysis and is in good agreement with the measurement of solid state drawability.

General Conclusions

The focus of the current project was to develop a gas phase process to produce UHMWPE with highly disentangled chains; sufficiently disentangled that we could obtain draw ratios of over 100. To do so, it was necessary to understand the difference between the level of entanglements and their formation in slurry and gas phase processes. The motivation for this work was the observation in an earlier study that using vaporised alkanes in the gas phase to control the reactor temperature also produced higher molecular weight polymers with higher degrees of crystallinity than expected, and noticeably higher than the values obtained in the absence of ICA with all other parameters being identical. Given that UHMWPE is produced commercially in alkane slurries, it was decided to proceed with a systematic study comparing slurry and gas phase polymerisations with the same (and different) alkanes.

Furthermore, in order to understand the impact of the operation conditions on the in situ entanglements and crystallinity, it was important to find and to develop the appropriate methods of characterization of the reactor powder (as opposed to characterizing melt phase, or dissolved polymer that will loose all trace of its nascent state in the reactor).

To measure the molecular weight, a protocol was developed to use a prototype Intrinsic Viscosity Analyser (IVA, from Polymer Char, Valencia, Spain). The protocol was validated with the help of SABIC (an industrial partner of DPI) where samples of known molecular wieght (measured using a proprietary methodology developed by SANIC) and with known IV were compared with measurements from the IVA, providing reproducible values.

Solid-state drawability was the most obvious technique to measure the degree of entanglement of raw powder as it is possible to obtain drawable tapes using a calendaring process that avoided melting or dissolving the power. This method was taken as the reference technique, and was used to characterize the most interesting reactor powders, but was also used as a reference to validate the thermal characterization methods in standard DSC and flash DSC based on annealing of polymer samples. We found that annealed samples showed a double melting thermogram, and that the slope of the curve between the ratio of the peak areas as a function of the annealing time was an excellent indicator of disentangled polymer. The higher the slope, the greater the degree of disentangled chains.

These different methods were used to evaluate the properties of polymers made in both gas and slurry phase reactions. To compare the polymerizations on an equal fitting, they were run at similar monomer concentrations in the continuous phase. It was observed that gas phase polymerization gives higher activity, however lower molecular weight compared to slurry. In addition, the crystallinity was higher for gas phase than slurry. It was found that running the polymerizations at lower temperatures led to higher molecular weights as expected.

Solid state drawability studies showed that gas phase polymerization in the presence of an ICA provides lower entanglement degree than slurry at the same polymerization conditions, and that this effect became more important as the molecular wieght of the ICA decreased. From the lamellar thickness measurements in SAXS and WAXS, it was shown that thicker crystalline lamellae that is produced in slurry reactions, and these thicker lamellae also correspond to higher degrees of entanglement. Along with other experimental evidence, this validated our assumption that the higher degrees of disentangled chains are controlled, at least in part, by the crystallization process and by the relative rates of crystallization and chain growth. In addition, the crystallization studies showed that the difference in terms of crystallinity and lamellar thickness is due to the rate of crystallization and crystal formation in both reactions, which is much faster in gas phase, than in slurry. Furthermore, the comparison of different catalysts with different titanium contents showed that the activity has an impact on the entanglement formation, once again reinforcing the idea that the competition between the rate of crystallization and entanglement formation is a critical parameter for entanglement formation.

Perspectives

We have demonstrated that it is possible to polymerization ethylene in a gas phase process to obtain highly disentangled UHMWPE, and that the level of chain entanglements is determined by a competition between chain growth and chanin crystallization. Some experiments presented in Chapter 5 demonstrated that the presence of ICA in the gas phase slowed down the nucleation and growth rate of crystals with respect to dry polymer, but these quantities both remained higher than when the experiments were performed under slurry conditions.

These results still leave some questions that are not fully resolved and suggest future directions for research.

SEM-EDX was done at the "Centre technologique des microstructures" (CTμ) at the Lyon 1 University, using MEB ZEISS Merlin Compact microscope. Before the observation, samples were firstly attached to a standard alunimium covered with carbon adhesive tab.

Sputtering under vacuum was done on the sample after coating the samples with 10 nm of Cu.

After that, the samples were observed under high vacuum.

From the catalyst selected, the overall metal content was also analysed from SEM-EDX, as it is possible to see in Figure 2 below.

For the analysis of catalytic activity, polymerization in slurry and gas phase reaction were performed. The conditions chosen were based on our studies on entanglements formation, where at 50°C and 4bar is possible to produce polymer with lower degree of entanglements. In addition, to compare gas and slurry polymerization, reaction at the same ethylene concentration performed and the polymer later analysed.

The procedure for polymerization reaction is the same described in Chapter 4. Viscosity average molecular weight and crystallinity of the samples were then analysed. Note that when compared slurry and gas phase reaction, as observed before, slurry produces higher molecular weight and slightly lower crystallinity. The other observation is that the amount of titanium content does not change significantly the size of the chains, which implies that even with different titanium content, it is possible to produce UHMWPE (Table 1). Gas-pentane 9.9 3.7 65

Gas-pentane 2,7 3.1 67

Gas-pentane 50 10 9.9 3.4 65

Gas-pentane 2,7 2.8 64 diffusivity. For the highest value of sigma, the initial diffusivity delays due to higher porous sizes. 

Effect of mean of the distribution

The mean of distribution was also investigated with 150, 200 and 300μm. Once again, it is clear the effect on the diffusion. For a higher mean distribution, 300μm, the presence of bigger particles is higher, which means that the diffusivity will take more time to achieve the equilibrium. 

The use of NaCl in slurry phase reaction

An improvement in the experiments performed in slurry phase was studied. The use of NaCl to disperse better the catalyst during its injection and polymerization showed to have impact in the activity rate. To do so, reaction was performed using 10g of NaCl mixed with 10g of catalyst in the cartridge of reactor injection. A reaction with no addition of NaCl was also performed for comparison.

Figure 1 shows the rates of activity for polymerization performed using Toho Catalyst and Sabic catalyst. All reaction carried out in slurry at 70°C and 6 bar of ethylene pressure. In both, with and without salt experiments, the activity was higher when NaCl was added in the reactor. The viscosity average molecular weight (Mv) was also measured and for both cases with and without salt the value was 9x10 6 g/mol, indicating that the addition of salt does not change the property of the polymer, but only the yield, improving the polymerization activity.

Swelling experiments using melted disks

When developing a deep understanding of a slurry process, it will be crucial to consider both the polymer's swelling by the diluent and its eventual dissolution in the continuous phase.

It will be important to recognize how sensitive to temperature these two phenomena are, and it is predicted that slurries will react to temperature changes differently than gas phase systems. This thermodynamic information is essential if one wants to control the molecular weight of the polymer produced or optimize the degassing process. Furthermore, because of their high solubility in the polymer's amorphous phase, these liquid diluents will change the physical properties of the produced polymer, causing swelling and softening.

In order to measure the swelling of the polymers synthesized in the experiments, a new setup was developed. Since the yield of polymer produced is relatively low, 1,5g of polymer was melted into a disk, which was later inserted in a small glass reactor containing 50ml of liquid diluent. With the help of 2 Digital Microscope Camera (Celestron) was possible to monitoring the increasing of the diameter and height of the disk.

For an experiment success, the disk needs to be completely melted otherwise the polymer may disintegrate interfering the measurement as is possible to see in Figure 5. Because of this, the polymer was melted in a press at 190°C and 5 ton during 1h30min. The experiments carried out using 2 types of polymers, HDPE and LLDPE, to develop a reproducible methodology for this measurement. 

Equations

In order to correct the volume of the disk during the sweeling experiments, some equations were used considering the thermal expansion of the polymer and the dissolution in the solvent. For that, we have:

Results

Figure9 exhibits the swelling profiles for LLDPE at temperatures of 60°C (a) and 70°C (b), it is observed that the total swelling at 60°C was approximately 16% and at 70°C this value increases to 22%. Regarding to HDPE, the total swelling at 60°C was approximately 16%, while for the temperature of 70°C the polymer swells 20%. The results were compared with the literature [3] and showed to be very similar and reproducible as it is possible to see in Figure11 and Figure12. 
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 2 Figure 2: Lamellae and spherulite structure of the polymer [26].

Figure 3 :

 3 Figure3: Olefin polymerization mechanism using Ziegler-Natta catalyst[34].
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 4 Figure 4: Kinetic mechanism of polymerization reaction in presence of Ziegler-Natta catalyst[17,[START_REF] Passos | Fluidization Enginneering Book[END_REF].
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 5 Figure 5: Hostalen® ACP (Advanced Cascade Process) process description [55].
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 6 Figure 6: Loop reactor for slurry polymerization process [58].
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 7 Figure7: Fluidized bed reactor for gas phase polymerization process[START_REF] Alves | Modeling Condensed Mode Cooling for Ethylene Polymerization : Part II . Impact of Induced Condensing Agents on Ethylene Polymerization in an FBR Operating in Super-Dry Mode[END_REF].
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 8 Figure 8: Representation of topological and cohesional entanglement.
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 6361 Viscosity average molecular weight and Intrinsic viscosity analyserAs mentioned above, the use of the intrinsic viscosity (IV) to estimate the molecular weight of UHMWPE is not new. However the device used in the current thesis is a prototype developed by Polymer Char, so we have included it in this section. The intrinsic viscosity (IV) was measured using Intrinsic Viscosity Analyser (IVA) from Polymer Char. The vials with pre-weighed polymer samples were placed in the external tray of the autosampler at room temperature. The instrument places the vials into the dissolution oven, fills them with 16 ml of trichlorobenzene (TCB) and starts to shake them under nitrogen atmosphere at 150°C for 3 hours. The Mv was calculated from IV data, provided by the device, following the Mark-Houwink equation: Mv = 5.18 × 10 4 [η] 0.705(11) 
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 1 Figure 1: Reproducibility of MV measurements at different concentrations.

Figure 2 :

 2 Figure 2: Standard method to determine the melting temperature of the polymer sample in DSC.

Figure 3 :

 3 Figure 3: Melting curves from the heating rate at 10°C/min.

Figure 4 :Figure 5 :

 45 Figure 4: Annealing below the melting temperature method in DSC.

  for annealing time of 2, 3, 4, 5, 6, 7, 8, 10, 40, 80, 100 and 140 seconds. The melting point acquired was correlated with the mass of each sample. Since the FDSC does not provide the weight of the sample, a DSC at 60 °C/min correspondent to 1K/s in FDSC was accomplished to calculate the weight of the sample following the equation (14) [34]:

  of the maximum of the curve A = asymmetric coefficient Using this methodology was possible to have an accuracy in the results for comparison of different levels of degree of entanglements in the synthesised samples.

  An olefin polymerization system is composed of particles of support-catalyst and polymer, surrounded by a fluid medium containing the reactive species (and other components).
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 1 Figure 1: Setup of slurry and gas-phase reaction.
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 11 Reactor -spherical stirred-bed A-1: Agitation controller TC-1: Exchanger water (heating) VV: Vacuum line valve AV: Valve line of component to the reactor BV: Ethylene ballast valve EV: Ethylene line valve EVV: Ethylene valve to vent ARV: Argon line RV: Reactor valve

Figure 2 :

 2 Figure 2: Solubility experiment of ethylene in n-decane at 60°C,70°C and 80°C and different pressures.

Figure 3 :

 3 Figure 3: Comparison of solubility experiments performed in n-decane with result from Dashti et al. [30] for nhexane. Figure (A) and Figure (B) corresponds to the experimental results at 60°C and 70°C, respectively.

Table 4 :Figure 4

 44 Figure 4 to 6 show the impact of temperature and ethylene concentration on the polymerization activity for the 2 different diluents. At 60°C, the influence of diluent, temperature and pressure are not noticeable due to the low rate of activity. As the reaction

Figure 4 :

 4 Figure 4: Slurry polymerization rate for n-decane (֍) and n-hexane (֍), at reaction temperature of 60°C and C2 concentration of 0.3306, 0.5682, 0.7939 mol/L, respectively.

Figure 5 :

 5 Figure 5: Slurry polymerization rate for n-decane (֍) and n-hexane (֍), at reaction temperature of 70°C and C2 concentration of 0.2713, 0.5133, 0.6915 mol/L, respectively.

Figure 6 :

 6 Figure 6: Slurry polymerization rate for n-decane (֍) and n-hexane (֍), at reaction temperature of 80°C and C2 concentration of 0.2331, 0.4177, 0.625 mol/L, respectively.

  results of HDPE in presence of alkanes from n-hexane to n-decane in HDPE from 30 to 90°C. It can be seen that both UHMWPE and HDPE exhibit very similar degrees of swelling, which is not surprising since both polymers have similar crystallinities of about 66%.
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 7 Figure 7: Swelling experiment of HDPE [29] and UHMWPE in n-Hexaneand n-Decane in function of temperature.

Figure 8 :

 8 Figure 8: Polymerization rate at 60°C and 9 bar of ethylene using 0.4 bar of n-hexane (─), 0.4 bar of n-pentane (─) and no alkane (─).

Figure 9 :Figure 10 :

 910 Figure 9: Polymerization rate for reactions at 50°C and 70°C 4 bar of ethylene using 0.4 bar of n-hexane (─), 0.4 bar of n-pentane (─) and no alkane (─).

Figure 11 :

 11 Figure 11: Slurry and gas phase reaction at ethylene concentration of 0.33 mol/L and temperature of 60°C.Slurry using n-decane (֍) and n-hexane (֍) as diluent and gas phase using n-pentane (─) and n-hexane (─) asICA at 0.4 bars, and no ICA (─).

Figure 13 :

 13 Figure12: Slurry and gas phase reaction at ethylene concentration of 0.57 mol/L and temperature of 60°C. Slurry using n-decane (֍) and n-hexane (֍) as diluent and gas phase using n-pentane (─) and n-hexane (─) as ICA at 0.4 bars.
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Figure 15 :

 15 Figure 15: Particle size distribution for polymers synthetized at the same ethylene concentration in slurry and gas phase reactions.
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 1 Figure 1: Polymerization rate for reactions at 70°C, and 0.51 mol/L of ethylene, using n-hexane (֍) and ndecane (֍).

Figure 2 :

 2 Figure 2: Total draw ratio (λmax) of polymers synthesized in gas phase at the same temperature (70°C) and ethylene concentration (for 4 and 15 bar) using 0.4 bar of n-Pentane and 0.4 bar of n-Hexane, respectively.

Figure 3 :

 3 Figure 3: Polymerization rate for reactions at 70°C, 4 and 15 bar of ethylene, respectively, using 0.4 bar of nhexane (─) and 0.4 bar of n-pentane (─).

Table 2 :

 2 Total draw ratio of polymers synthesized using n-Hexane at different operating conditions.

Figure 4 :

 4 Figure 4: Activity profile of polymerization performed in gas phase. A) Temperature of 60°C using 15bar (60-15C2) and 3bar (60-3C2) of ethylene, respectively. B) Temperature of 70°C using 15bar (70-15C2) and 4bar (70-4C2) of ethylene, respectively. In all reactions 0.4 bar of n-hexane was used as ICA.

Figure 5 :

 5 Figure5: Total draw ratio of samples synthesized in slurry having molecular weight of 2.6 and 2x106 mol/L, and gas phase with 5.3x10 6 mol/L, respectively.

Figure 6

 6 Figure6compares the total drawability (λmax) of samples synthesized in slurry with ndecane and n-hexane, and those synthesized in gas phase with n-hexane and n-pentane, all with the same ethylene concentration and very similar viscosity average molecular weights. When comparing samples with the same molecular weight, the behaviour observed with the same ethylene concentration remains the same: the heavier the alkane, the higher the entanglement density.
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 6 Figure 6: Total draw ratio of polymer synthesized in slurry and gas phase in comparison with the same molecular weight.

Figure 7

 7 Figure 7.

Figure 7 :

 7 Figure 7: Activity profiles of polymerizations from samples with molecular weight of about 5x10 6 mol/L, for gas phase n-hexane (─) and n-pentane (─) and for slurry n-hexane (֍) and n-decane (֍).

Figure 8 :

 8 Figure 8: Demonstration of the influence between the activity rate and drawability in entanglement formation.

Figure 9 :

 9 Figure 9: Lamella thickness of powders synthesized in slurry using n-decane and n-hexane for different ethylene concentration 0.42 and 0.23mol/L at 80°C and 0.51 mol/L at 60°C respectively.

Figure 10 :

 10 Figure 10: Activity rates of polymerization in slurry using n-decane and n-hexane for different ethylene concentration 0.42 and 0.23mol/L at 80°C and 0.51 mol/L at 60°C, respectively.

  depicts the lamella thickness as a function of the ethylene concentration used in the slurry and gas phase reactions. Comparing the reactions with the same ethylene 03 and 0.4 mol/L, polymer samples from gas phase reaction exhibit thinner lamella thickness, dropping from almost 12 nm (slurry reaction) to 4 nm (gas phase reaction).

Figure 11 :

 11 Figure11: Lamella thickness comparison of the powders from polymerizations performed in gas and slurry phase at 60°C and 50°C, respectively,using n-decane (֍) and n-hexane (֍) in the continuous phase at the same ethylene concentration, 0.3 and 0.4 mol/L, respectively.
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 12 Figure12: Activity rates polymers from polymerizations performed in gas and slurry phase at 60°C and 50°C, respectively,using n-decane (֍) and n-hexane (֍) in the continuous phase at the same ethylene concentration, 0.3 and 0.4 mol/L, respectively.

Figure 13 :

 13 Figure 13: Apparent activation energy of crystallization against absolute temperature, for crystallization experiments of UHMWPE powder with different amount of alkane diluent. The calculated values of the nucleation constant (Kg) and undercooling (ΔT) together with the melting temperature (Tm) are presented in the inlay.
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 14 Figure 14: Kg as a function of ΔT for dry, gas and slurry mode.

Figure 15 :

 15 Figure 15: Kg results as a function of different alkanes in slurry mode using n-decane, n-hexane and n-pentane.

Figure 18 :

 18 Figure 18: Total Draw Ratio for polymer samples produced from reactions in Figure7.
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 19 Figure 19: Properties of the polymer synthetized in gas phase using n-pentane in comparison with the results from the literature [10,30-32].
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 20 Figure 20: FTIR spectra for the analysis of branching in the produced polyethylene.
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 21 Figure 21: FTIR spectra of polyethylene with different amounts of 1-hexane [33].

Figure 22 :

 22 Figure 22: Differential scanning calorimetry thermographs of UHWMPE after annealing for different timescales for a relatively entangled sample.

Figure 23 :

 23 Figure 23: Differential scanning calorimetry thermographs of UHWMPE after annealing for different timescales for a relatively disentangled sample.

Figure 24 :

 24 Figure 24: Normalization of enthalpy area percentage varying with annealing time.

Figure 25 :

 25 Figure 25: Annealing below the melting temperature at different time for entangled sample measured in FDSC.As expected, the peaks for disentangled samples shown in Figure26change in size when the annealing time changes, indicating faster melting of the samples and consequently, easier detachment of the chains and lower chain entanglement present[39].

Figure 26 :

 26 Figure 26: Annealing below the melting temperature at different time for disentangled sample measured in FDSC.

Figure 25 :

 25 Figure 25: Correlation of entanglements presence in thermal analysis (annealing below the melting temperature) in standard DSC and Solid-State Drawability.
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 21 Figure 2: EDX analysis of elements present in the catalyst with titanium content 2.7 and 9.9% respectively.
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 5 Figure 5: Particle size distribution and diffusion with different standard deviation from log-normal distribution.
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 6 Figure 6: Particle size distribution and diffusion with different mean of distribution from log-normal distribution.
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 1 Figure 1: Activity profile of reactions with (֍) and without (֍) NaCl for TOHO and SABIC catalyst respectively.
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 3 Figure 3: Morphology of polymer resulted from reaction with NaCl using TOHO catalyst.
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 2 Figure 2: Morphology of polymer resulted from reaction with no NaCl using TOHO catalyst.
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 5 Figure 5: Polymer disk not enough melted.

Figure 4 :

 4 Figure 4 : Polymer disk shape inside of the glass reactor.
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 5 Figure 5: Main Effects Plot for the response « Height »
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 6 Figure 6: Pareto Chart of the Effects for the response « Height »
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 7 Figure 7: Main Effects Plot for the response « Diameter »
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 8 Figure 8: Pareto Chart of the Effects for the response « Diameter »

Figure 9 :

 9 Figure 9: Swelling experiments and reproducibility of LLDPE at 60°C (A) and 70°C (B), respectively.

Figure 10 :

 10 Figure 10: Swelling experiments and reproducibility of HDPE at 60°C (C) and 70°C (D), respectively.

Figure 11 :

 11 Figure 11: Comparison of swelling experiments with values from the literature for LLDPE.

Figure 12 :

 12 Figure 12: Comparison of swelling experiments with values from the literature for HDPE. The results presented could show a different methodology to measure the swelling experiments with a small amount of polymer produced. The values are reproducible and compared with the literature.

  

  

  

Table 2 :

 2 Crystallinity of PE samples as a function of reaction condition[11].

ICA 1

st heat 2 nd heat 3 rd heat 4 th heat

  

	0 bar	59	53	54	54
	0.3 bar n-hexane	66	59	59	59
	0.6 bar n-hexane	69	62	62	62

Table 1 :

 1 Values of IV and Mv obtained by using different protocols from the prototype instrument and provided by SABIC.

	Sample	Amount (mg)	IV (dL/g)	Mv (g/mol)
		SABIC	27,3	4 983
		1	46,37	10 300
	190913(2)			
		2	28,59	5 321
		4	24,63	4 307
		SABIC	35,8	7 224
		1	48,04	11 300
	190913			
		2	36,41	7 499
		4	31,00	5 970
		SABIC	Above 30	
		1	54,18	13 500
	190919			
		2	33,65	6 705
		4	30,61	5 864
		SABIC	31,1	5 957
		1	42,74	9 412
	190905			
		2	31,65	6 146
		4	28,29	5 241
		SABIC	17,1	2 625
		1	31,78	6 182
	190916			
		2	17,27	2 602
		4	16,21	2 379

Table 1 :

 1 Reaction conditions for slurry polymerization.

Table 3 :

 3 Operation Conditions for different diluents at the same ethylene concentration.

	Temperature (°C)	Ethylene Concentration (mol/L)	n-Hexane Pressure (bar)	n-Decane Pressure (bar)
		0.33	4	6
	60	0.57	6	9
		0.79	8	13
		0.27	4	5
	70	0.51	6	8
		0.69	8	11
		0.23	4	4
	80	0.42	6	7
		0.60	8	10

Table 5 :

 5 Viscosity average molecular weight for the reactions performed at 60°C in Figure, for slurry in n-Hexane (SH) and slurry in n-Decane (SD).

	Reaction/ C2 Concentration	Mv x 10 6 (g/mol)	Crystallinity (%)
	SH-0.33	-	57
	SD-0.33	7.2	61
	SH-0.57	5.2	61
	SD-0.57	8.0	60
	SH-0.79	5.7	63
	SD-0.79	8.5	

Table 6 :

 6 

	Reaction/ C2 Concentration	Mv x 10 6 (g/mol)	Crystallinity (%)
	SH-0.27	2.0	60
	SD-0.27	2.8	53
	SH-0.51	2.6	65
	SD-0.51	3.1	62
	SH-0.69	2.5	61
	SD-0.69	3.9	59

Viscosity average molecular weight for the reactions performed at 70°C in Figure, for slurry in n-Hexane (SH) and slurry in n-Decane (SD).

Table 8 :

 8 Viscosity average molecular weight of the polymers synthesized in slurry phase.

Table 9 :

 9 Viscosity average molecular weight of the polymers synthesized in gas phase.

Mv x 10 6 (g/mol)

  

			Crystallinity
			(%)
	SH_0.33	-	57
	SD_0.33	7,0	61
	SH_0.57	5.2	61
	SD_0.57	6.8	60
	SH_0.27	-	60
	SD_0.27	4.6	53
	SH_0.51	4.0	65
	SD_0.51	3.3	62
	Reaction / C2 Concentration	Mv x 10 6	Crystallinity
	(mol/L)	(g/mol)	(%)
	GP_0.33	4.2	59
	GH_0.33	4.6	67
	GP_0.57	2.0	-
	GH_0.57	3.7	61
	GP_0.27	-	66
	GH_0.27	3.2	-
	GP_0.51	3.7	63
	GH_0.51	4.7	65

Table 1 :

 1 Total draw ratio of polymer synthesized in slurry using n-Decane and n-Hexane at the same ethylene concentration and temperature.

Table 3 :

 3 Comparison of same total drawability with different molecular weight of synthesized polymers.

Table 4 :

 4 Total draw ratio and molecular weight of polymer synthesized in gas phase polymerization using npentane as ICA.

	Diluent/	Pressureethylene	Temperature	Pressurepentane	λmax	Mv x 10 6
	Phase	(bar)	(°C)	(bar)	[-]	(g/mol)
			50	0.4	59.7	5.3
	Pentane/ Gas	4.0	50	1.3	82.8	5.4
			40	0.4	112.5	6.2
	5.3					

. Evaluation through the lamellar thickness (and Crystallization Studies)

  

Table 5 :

 5 Comparison solid state drawability with lamellar thickness.

	Sample	Total Drawability λmax[-]	Lamellar Thickness (nm)
	UHPE-198	59.7	5.1
	UHPE-199	36.4	5.1
	UHPE-99	7.0	9.5
	UHPE-119	7.9	9.8
	UHPE-154	14.7	10.4

Table 6 :

 6 Lamellar thickness values from SAXS and WAXS experiments for the reactor powder from slurry reaction in presence of n-decane at different operation conditions.

	Alkane/ Phase	C2 Pressure (bar)	Temperature (°C)	Lamellae Thickness (nm)
		12	60 70	9.36 14.86
	n-Decane/ Slurry	9	70 80	9.53 10.33
		5	70 80	9.87 12.99

Table 7 :

 7 Lamellar thickness values from SAXS and WAXS experiments for the reactor powder from slurry reaction in presence of n-hexane at different operation conditions.

	Alkane/ Phase	C2 Pressure (bar)	Temperature (°C)	Lamellae Thickness (nm)
	n-Hexane/ Slurry	6	70 80	8.34 9.80
	Table 8 shows that when using different alkanes, the lamellar thickness appears to
	decrease at lower temperatures. In a comparison between 60°C and 70°C, the lamellar
	thickness drops considerably. However, if one considers the results in Table 8, it is
	immediately noticeable that the gas phase polymerizations exhibit much thinner lamellae, and
	that once again, lowering the temperature (i.e. moving toward conditions that favor
	disentanglement) further enhances this trend.		

Table 8 :

 8 Lamellar thickness values from SAXS and WAXS experiments for the reactor powder from gas phase reaction in presence of n-hexane or n-pentane at different operation conditions

	Alkane/ Phase	C2 Pressure (bar)	Temperature (°C)	Lamellae Thickness (nm)
	n-Hexane/ Gas	4	50 70	6.17 9.77
	n-Pentane/ Gas	4	50 70	5.13 9.77
	A comparison of Table 6, 7 and 8 strongly suggests that the temperature of the reaction
	has strong influence over entanglement formation. In general, low polymerization temperatures
	(and thus low in situ crystallization temperatures) result in a thinner lamella, suggesting that
	the entanglement of the chains is also influenced by the crystal thickening. A less entangled
	region can crystallize faster, forming more crystalline domains with thinner thickness [21].

Table 9 :

 9 Lamellar thickness measured in SAXS and WAXS before and after melting.

	Reaction Condition	Before Melting (nm)	After Melting (nm)
	Gas/ 50-4eth	4.6	11.3
	Gas/ 50-4eth-0,4pent	5.5	21.9
	Gas/ 50-4eth-0,4hex	6.7	13.6
	Slurry Hex/ 50-4eth	12.4	15.8
	Commercial Slurry Hex	12.6	31.9

Table 10 :

 10 Viscosity average molecular weight for the reaction using Toho catalyst.

Table 11 :

 11 Viscosity average molecular weight for the reaction using standard catalyst.

Table 12 :

 12 Comparison of entanglements presence in thermal analysis (annealing below the melting temperature) in standard DSC and Solid-State Drawability.

	Sample	Annealing	Drawability
		(Slope Curve)	(λmax [-])
	UHMWPE entangled	2x10 -5	Not Drawable
	UHPE-245	5x10 -4	16
	UHPE-244	3x10 -4	16
	UHPE-119	4x10 -4	8
	UHPE-195	1x10 -3	43
	UHPE-198	1.18x10 -3	59

Chapter 1: General Introduction

Figure 8: Particle size distribution and diffusion with using different methods of distribution calculations.

In order to study the crystallization kinetics, the isoconversional method was employed.

Isoconversional analysis is the rate of crystallization, or the time to reach a given degree of advancement of crystallization. This relative degree of crystallization is referred to as the conversion, α. The measurement basically evaluates the dependence of activation energy, , on conversion or temperature in order to explore and predict the kinetics of thermally stimulated processes [20]. The isoconversional method considers the rate to be a function of the variables and as shown in equation ( 1): (1) Where the is the time, is the temperature, α is the extent of crystallization ("conversion"), f(α) is the reaction model, and k(T) is the rate coefficient. Assuming that the rate of the reaction dα/dt is constant and using an Arrhenius-type fitting equation, the dependence of the rate coefficient on temperature can be obtained by equation ( 2):

(

Where the is a pre-exponential factor, is the activation energy, is the gas constant.

The isoconversional principle states, that at a constant extent of conversion, the reaction rate is only a function of temperature. So, the temperature dependence of the isoconversional rate is determined from a series constant heating-rate experiments, run with different temperature ramps, that can be represented as the following equation ( 3):

(

Where the subscript represents the number of temperature program and is the temperature at which a certain conversion is reached under a particular rate.

The temperature variation of the effective activation energy can be linked to the intrinsic energy barriers of the Hoffman-Lauritzen theory following equation ( 4):

(4) Gas and slurry phase polymerization reactions were performed at 60°C and 70°C with the same ethylene concentrations, 0.33, 0.57, 0.27 and 0.51 mol/L and the same alkane (i.e. nhexane). From Figure 11 to 14 show the polymerization rate profiles in slurry and gas phase at the same ethylene concentration in the continuous phase and the same T. The rate profiles for the slurry phase reaction do not reveal deactivation within 2 hours of reaction whereas the gas phase polymerizations are noticeably higher for the same nominal conditions, but do show deactivation. The reason for this is not immediately clear. While the addition of ICA to the gas phase polymerizations has the expected impact (the rate without ICA is lower than that with ICA), one would expect that a slurry phase polymerization would have a cosolubility effect at least as great as for gas phase given that the diluent in a slurry will swell the amorphous phase of the polymer at least as much (and probably more than) the equivalent gas phase systems.

explanation for this, but as pointed out above, the investigation of this is outside the scope of the current thesis.

Nevertheless, we have ascertained that not only are the Mv of the final polymers higher at lower T, but they also appear to be higher for lower ethylene concentrations. 

Perspectives

Extend our study with different ICA. The results in the current thesis show that pentane leads to less entanglement than hexane in gas phase, and hexane leads to less disentanglement than decane. In other words, the lighter the ICA, the lower the degree of disentanglement. It would therefore be useful to examine the use of n-butane, isobutane and propane in the gas phase to see if these lead to similar or better results in terms of molecular weight and disentanglement.

Thermodynamic data. In parallel, it would be useful to understand the relationship between the solubility and cosolubility effects of the different gas phase mixtures and the structure of the polymer in the reactor. This would help to develop a (semi) mechanistic description of the polymerization process, including the effect of ICA on the polymerization rate, and the evolution of the molecular weight. Furthermore, it would be useful to understand if entangled and disentangled polymers swell in the same manner.

Rheological methods. Given the difficulty of measuring the MWD of UHMWPE with a HT-SEC instrument, it is not easy to relate the process conditions to the MWD. The use of rheological methods would allow us to understand the impact of adding ICA, in particular on the readth of the MWD as this is an important factor in determining the final end-use properties of the polymer. 1 Residence time distribution of the reactor. In our laboratory-scale experiments, the powder phase is never renewed, and the gas phase is only replenished with ethylene as it is consumed to keep the temperature constant. Thus the relative amounts of polymer and ICA change throughout the polymerization. It would therefore be useful to at least modify the laboratory-scale experiment to allow for constant renewal (flow through) of the gas phase (this will also limit the accumulation any any impurities that enter with the ethylene 2 ) and control of the ICA:PE ratio throughout the polymerisation. Furthermore, this would allow us to understand better any eventual relationship between the polymer properties and the duration of the polymerization.

Catalyst and cocatalyst. In this thesis we used a reference catalyst based on a patent suggested by an industrial partner. This catalyst is not expected to provide particularly high levels of disentangled polymer (this adds to the interest of using the gas phase approach developed here as we are able to make disentangled polymer in spite of this inherent limitation). In addition, only a brief optimization procedure was used to fix the https://doi.org/10.1122/8.0000502

Al/Ti ratio at 170 in order to get acceptable polymerization rates. It would be very useful to explore different catalysts, and in particular points such as catalyst Ti loading, as well as lower Al levels to understand whether we can get higher molecular weights and higher degrees of disentanglement. Furthermore, recent results from another thesis in our laboratory suggest that when inert polyethylene reactor powder is used to disperse the catalyst, the relative amounts of powder and catalyst have a significant impact on the rates of polymerization for a fixed Al/Ti ratio. Finally, we have only considered the use of Ziegler Natta catalysts. Clearly and investigation into the use of other supported (metallocene, post metallocene) catalysts would also be of interest.

Investigation of the mechanism and kinetics of crystallization. One of the main conclusions of this thesis is that the possibility of obtaining disentangled UHMWPE hinges upon an optimization of the relative chain growth and crystallization rates. Our limited use of SAXS/WAXS spectroscopy has shown that the crystalline structure of powders made in slurry and gas are different, in particular in terms of the lamellar thickness. A more complete study of the relationship between polymerization conditions, crystalline structure and chain entanglement would be useful.

Thermal characterization. We have shown that different thermal characterization techniques are useful in determining the level of chain entanglements, in particular annealing at temperatures below the melting point for different times. Preliminary investigation of the use of Flash DSC for this purpose appears to be quite interesting.

The ability to very rapidly melt the crystalline structures on time scales much faster than those associated with macromolecular mobility seems promising, and more work should be done to elucidate this method.

Process, Property and Particle Modelling. Ideally, one would like to be able to link the different phenomena involved in making disentangled UHMWPE. If we could learn more about the kinetics of crystallization, and combine this with a single particle model to account for mass transfer resistance and the accessibility of monomer to the active sites (i.e. how do chain entanglement and crystallization impact monomer solubility and diffusion), we might be able to build a full model of the process linking changes in process conditions to changes in polymer production rate and polymer properties.

Appendix

Appendix A: Synthesis of Ziegler-Natta

Catalyst with Different Titanium Content Catalyst Synthesis and Characterization

Synthesis of UHMWPE using conventional Ziegler-Natta catalysts results in high entanglement of the chains because of the reaction conditions used in such process. For those commercially synthetized polymers, where a heterogeneous ZN catalyst is used, the crystallization rate is slower than the polymerization rate. Also, in a heterogeneous catalytic system the active sites are tethered on a support and are close to each other, leading to a higher probability of finding the neighbouring growing chains. This results in the formation of entanglements during the synthesis [1].

Aiming the production of less degree of entanglement and understanding of the impact of titanium content in UHMWPE production in gas phase using alkanes, following the recipe of the standard catalyst using in this project, catalysts with different titanium loading were synthetized. The steps of the synthesis are described Figure, and to decrease the titanium loading, the step SiCl4 addition was skipped. As a result of the catalyst synthesis, Ziegler-Natta catalyst with 2.7, 3.0, 3.4 and 9.9% of titanium were produced. The lowest and highest titanium content were chosen for characterization and analysis.

Appendix B: Modeling Particle Flow Model Diffusion of gas within spherical polymer particles

The equilibrium solubility of the penetrant in the amorphous phase of the polymer can be obtained from the steady state value of mass uptake, and an overall diffusion coefficient can be extracted from the rate of mass uptake in the dynamic part of the experiment.

A single value of D and of r was not able to predict the shape of the degassing curves, when applied to polyolefin porous reactor particle systems. Despite the fact that Zubov et al. [15] research demonstrated that it is possible to ignore the transport resistance through particle pores during degassing experiments, they discovered that the diffusion coefficient that best fits the process's initial seconds appeared to be higher than the one that was found for the second part of the uptake curve. They explained this by pointing out that actual polymer particles are aggregates of smaller granules of varying sizes rather than being morphologically homogeneous particles (and thus different values of r). To more accurately reflect the experimental mass uptake curves, they approximated the particle morphology by an agglomeration of compact polymer granules with two different sizes: one with a small radius and one with a larger radius. In addition, the authors noted that while this idea provides good predictions of experimental degassing rates, a real particle is actually an assemblage of numerous domains of various sizes. This makes sense because the polymer powder undoubtedly has various diffusion length scales due to various particle sizes as well as various morphologies within each particle. Instead of just two length scales, a distribution is more likely to represent these scales. In order to improve the prediction of diffusivity, a modelling with different distribution types was initiated.

If sorption takes place in spherical particles, of the same size, the solution of Fick's equation of diffusion, is given by Crank for a spatially uniform sphere [2]:

(

(mg): the mass sorbed at a given time t(s).

(mg): the total mass sorbed at equilibrium. D(m²/s): the diffusion coefficient of the penetrant that is independent of the concentration.

R(m): the average radius of the polymer powders.

Particles with several sizes and length scales

We have two types of distributions:

Distribution of the particles size.

Distribution of the length scale within each particle.

The idea is to "explode" the particles, and regroup the "fragments" into one distribution.

Indeed, diffusion in the void, between the fragments of particles, is very fast, and can be considered not to limit the absorption.

If we assume a distribution of substructure sizes (or characteristic length scales) with fraction wi, equation 1 becomes:

(

is the fraction of characteristic length scales (or particle radius) with radius .

Based on these approach different types of distributions were studied in order to identify its impact on the diffusion of penetrants in the amorphous phase of the polymer. For this modelling experiment, the diffusion was considered in a polymer particle without reaction.

Normal distribution

If the lengths are normally distributed, then the distribution can be written:

(

(m): the standard deviation of the distribution (the variance is given by ).

(m): the mean of the distribution.

Effect of standard deviation of distribution ( )

Different values standard deviation of distribution (σ), 20, 50 and 100μm, were considered in order to see its impact in the total diffusivity. According to Figure 3, the higher is sigma value, the broader is the distribution, which impacts in the velocity of the diffusivity.

For the highest value of sigma, the initial diffusivity delays due to higher distribution of particle sizes. 

Effect of mean of the distribution

The mean of distribution was also investigated with 150, 200 and 300μm. It is possible to observe that the diffusion is clearly affected. For a higher mean distribution, 300μm, the presence of bigger particles is higher, which means that the diffusivity will take more time to achieve the equilibrium. 

Log-normal distribution

Changing the distribution of the lengths to log-normal, the distribution can be written as following:

Where :

Effect of standard deviation of distribution ( )

Different values standard deviation of distribution, 20, 50 and 100μm, were considered was considered in order to see its impact in the total diffusivity. According to Figure 5, the higher is sigma value, the broader is the distribution, which impacts in the velocity of the

Effect of distribution type

Different distributions were then compared to analyse its effect. From Figure 72, it is possible to observe that Normal distribution can achieve the equilibrium slower than log normal and then gaussian distribution. It is a reasonable result because the particle size distribution using normal distribution method have larger amounts of bigger particles than Inverse Gaussian.

Effect of different methods

Now, Figure is comparing the effect of same size, two sizes and the distribution we have seen before, when the particles have the same size, the diffusion is very similar to normal distribution. In the other hand, log-normal distribution seems to have the same particle size than when two sizes are considered. Inverse Gaussian is the most different because it considers higher amount of smaller particles sizes. 

Appendix C: Additional Optimization of Operation Conditions

The 2 cameras must be aligned so that the entire sample is in the field of view. Once this is done, the focus must be adjusted so that the images appear as sharp as possible. To prevent the formation of bubbles from interfering with the measurement, the sample must be placed on top of a circular support.

Design of experiments (DOE)

In order to fix a reproducible protocol, a design of experiment was created. The factors and levels considered are shown in Table1. 

Where is the corrected volume, is the volume measured in the experiment, is the volume of dissolved amorphous phase of the polymer, is volume of polymer that undergoes thermal expansion that is calculated according to the equation ( 7).

(

Where is the initial volume, is the volumetric expansion coefficient, final temperature of the experiment, initial temperature of the experiment.