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The disintegration of the catalyst particle during the polymerization of ethylene into
successively smaller fragments is necessaryhigh performanceHowever,rapid and
extensive fragmentatiomithout control maygenerate fine particles < 100 pirhese fine
particles are of poor polymer quality and often lead to reactor fouling and impact process
efficiendesand costsAlthoughmethodssuch as prpolymerization have been developed
to mitigate the effects of fine particles,the root cause othar formation is poorly

understoodIn this dissertation, the effects of active site and pore size distribuftar



the immobilization ofcatalytic compoundsuch as methylaluminoxane and metallocenes
within silica support®n the fragmentation of the catalyst particle during polymerization
are systematicallynvestigated. The experimental results indicate a strong correlation
between thentraparticle distribtions of active sitesand thecontact timebetween silica
particles and solutions containing catalytic compounNstuniform distributiors lead to
evidence of extensive fragmentation and higher fractions of fine particles iphgas
polymerization Next, catalysts with different distributions of active sites and pore
diameters were utilized in both gas and slurry phase polymerization of ethylene. The
polymer particle morphologies illustrate the effects of the presence and @b$enquid
diluent andhe porediameteron the fragmentation procegsdiffusion-adsorption model

was developed to generate dynamic radial concentration profiles and total concentrations
of catalytic compounds within the particlehe model correlatesith the experimental

da@ which assists with the optimization of the preparation condition of the supported
catalyst.The effect of pore diameter was further studied by preparing supported catalysts
with three different commercially available silicd$e pore diametewas deternmed to

havea significant effect on polymerization activity and polymer properties. Finally, a flat
surface silica was developed to directly observe the formation of polgiagénsat the

active siteThese results provide guidamto the preparation asgnthesis of metallocene

supported catalysts and optimize their performance in ethylene polymerization.
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Chapter 1. Introduction

1.1 CatalystsF o rOlefin Polymerizations

Polyolefins such as polyethylene and polypropylene are ubiquitous in modern
society due to their advantageous physical and mechanical properties and ease in
manufacturability and processabili®olyethylene (PE), polypropyler{PP), and their
copolymers have excellent chemical resistaarughigh tensileandimpact strength™
Moreover ther mechanical, thermal, and physical proesare extremely tunable and
resut in a variety of industral applicationssuch as irfood packagind;!! fibers for
fabric, > insulators for electrical cables and esf>'’ implants in biomedical
applications®?! and membranes ifuel cells?>?> Melt processingincreases their
versatility by allowing the addition of other materials such as graphite to improve
electrical conductivit$#?® or carbon nanobes and metallic powder to form high
strength composite$3! High volume processes reduce their produatiost while the
raw materiad usedto manufacture PE and PP (ethylene and propylere) readily

available as a refined byproduct in crude oil and natural gas procés¥ing.
1.1.1 ZieglefNatta Catalysts

Earlierindugrial processes utilizedieglerNatta catalysts which useaixtures
of TiCls and alkyl aluminum to fornTiCls and other TiCi-based compounds ahe
active siteto produce polyolefind38 These catalysts were valued for their ability to,
for the first time, form stereoregular polynsrch as isotactipolypropylene Figure

1.1).
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Figure 1.1. Typical representation of different types of stereocisomerism.

Thesecompounds were further developed by immobilizing the Zieijkta
catalysts onta@rystallineMgCl, supportswhich ledto higher activity while retairing
their stereoselectiwt3**? The immobilization of catalysts on these supports is highly
complex due to the differetateral face of MgClz, the formation of different active
sites andthe multipleinsertion methods of monomer during polymerizafi&t The
multisited nature of supportedieglerNatta catalysts leads toatalyst particles
containing active sites with different polymerizatioactivities the simultaneous
production of polymer chains with varying levels of sterud regie selectivity, and
broad molecular weight distriiohs with the definitive role of each component

unclear?’0



1.1.2 Metallocene Catalysts and Their Advantages

Stereorigidansabridged metalloce@e compoundsynthesizedy Brintzinger
and coworkersvere also found to be stereospecific in the production of isotactic
polymer>:°3 These metallocene compounds are characterized by a metal active site,
usually Zr, which is sandwiched between two cyclopentagiebased groupshat
restrict monomer access to the metal center through steric and electronic factors

(Figure 1.2.>%%7
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R hydrocarban group >AL__ O/AI\IVIe
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Figure 1.2. Typical structure of a metallocene compound and proposed
methylaluminoxane structuré.

Interest in these compoundsgnificantly increased withthe discovery of
methylaluminoxane (MAO) by Sinn and Kaminsi#! When used as a cocatalysth
metallocene catalystdAO increased the catalyst activity by several ordefs
magnitude through alkylation of the metalloceeaterandformation of the cationic
active site?%® Due to the restriction from the catalyst ligand groups, monomer
compounds must coordinate with the catalyst compound amilyh one arrangement
allowing access to the metal centeinitiate polymerization and form a single polymer

chain.



Thi s fssiitnegd leas anany radvantages over the multiple insertion
modes seen for ZiegkMatta catalyst8”®® First, direct correlationbetween the
polymerizatiorkineticsand stereospecificity and the catalyst structamedetermined
by methods such as-My diffraction’®"3 The polymer microstructure and tacticity can
be easily controlled as only one orientation of polymer can be folbaseld on the
cat al yst 6s.53%27 ganardly, Gsymmepris catalysts produce isotactic

polymess while Cs-symmetric @talysts produce syndiotactic polyraéFigure 1.3).74

C, symmetric C. symmetric C, symmetric/Asymmetric
& R* X: Bridging atoms R x: Bridging atoms
¢y X Bridging atoms R: Alkyl or other R: Alkyl or other
X Zr{' R: Alkyl or other X Zr\’ cl hydrocarbon group X Zr\’ci hydrocarbon group
Ci hydrocarbon group Cl R’ Alkyl or other Cl R’ Alkyl or other
R R R hydrocarbon group R hydrocarbon group

Figure 1.3 Symmetries seen in anbadged metallocenes.

Second, lte formation of theationicactivecenter of metéocene/MAO system
is well-defined through NMR spectroscopyand guids the design of catalyst
compounds to form polymer with desired propeitie®§ " Third, thesinglesite nature
of the catalystiniquely produces polymer witharrow molecular weight distributisn
that approaches the theoretical value of polydispersity (Mw/Mn =72®)The
homogeneous nature of the polymer chalesgths formed leads to superior
mechanical thermal, and rheological properties and uniform solubility
charactestics/®®2 Finally, manipulation of thenolecular weight distribution through
clearmechanisms such as the introduction of hydragahother chain transfer agents

allows alteratbn of the polymer property without affecting the polymer composfion.
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Whenmetallocenes are uséal polymerize ethyleneith comonomers such as
propene, dhexene, or bctenethecomonomersre uniformly incorporated within the
polymer chaisandtheproductretairsthe narrow moleculaweightdistributionsfound
in polyethylene® 888 Moreover, the ratand amounbf incorporation and branching
of polymer chaingan easily be controlled via the ligand greuy the maidllocene
compound catalyst concentti@n, and comonomer to monomer feed with vasfined
incorporation model obtain desired polymer propertf&8?! This led to the creation
of several commerally relevant polymers such lsear low density polyethylene and
other copolymers with lower melting pointand crystallinities, and better

processability

1.2 Supported Catalysts and Their Advantages

Despite thesennate advantages, use of metallocenestheir homogeneous
forms has several challenges that limit their applications. For instance, metallocenes
aresoluble in diluerd used in slurry processeghich leadsto severe reactor fouling
such as sheeting on the reactor walhsl arealso unable tobe used in gas phase
processed?® Therefore, mtallocene compoundse normally immobilizean inert
supports to form supported catalystdhich not only réain me t al | owatene s 6
advantages, but also address the shortcomings of the homogeneous forms. For example,
immobilizing the metallocenes on supports leads to better morphology of the polymer
productwith high bulk densityand a weldefined shape as éhsugport actsas a
template for polymer growt?r®® Also, theamount of MAO neegd to activate the

metallo@ne issignificantly reduced from the 1000 10000 Al/Zr mol ratio in its



homogeneous form mminimum1007 300 in its supported form due to the generation
of weak Lewis acid sites from interact®between MAO and the silicaudace that
enhance activain of the metallocen¥®1%4 Lastly, immobilization onto supports
allows metallocenes to be used in -prasting processes designed for supported

ZieglerNatta catalysts including gas phase and slurry phase proé&sses.

1.2.1Advantages oSilica as Support Materidbr Metallocene Catalysts

Metallocene compoundsave beereffectively immobilizedon severalinert
supportsuch as MgGl alumina, zeolites, and amorphous silicatgébrm supported
catalysts'%>197 Of these, morphous silica offers several inherentactages and is one
of the most common support usedrtdustriallyimmobilize metalloceneompounds.
For instance, theurface of silica possessa natural abundance of silanol groups that
can act apotentialbinding sites?® Three types of naturgl occurring silanol groups
are present: isolated (Type tgminal (Type 2), and siloxane groups (Type®§12
Of these, isolated silanol groupsadilyreact withMAO andmetallocenes® 113 The
type and tothconcentration of silanol group can bentrolled hrough heat treatment
by calcination in air at temperatures between 200 and 6(Et0re 1.4).11411€ The
desired calcination temperature and concentrations of silanol groups can vary and

largely depend on the metallocene catalyst used.



~ /SI\ — ~ /SI\ ~ ~ /SI\ /SI\ -~
o’ 170 o” o o 107 1o
Type 1 Type 2 Type 3
., 5&5 1.0
2 4 - w ¢ 0.8
9‘5—‘ o ' (o] %
i . - ®
o5 2; o © T 0.4
o = % e ) ' Type 2
-'6 11 . o 0.2 -o-- --o--e')”e\s
B 0 . ' _ % 0 0°> f . ~Jyped|
200 400 600 800 1000 200 400 600 800 1000
Calcination Temp. (°C) Calcination Temp. (°C)

Figure 1.4. Effect of calcination temperature on siliséanolgroups and typ&®

1.2.2 Effects ofsilica ParticledPore StructuresroActive Site Distribubn

Another advantage lsow physical properties of silica particlase easily tuned during

their synthesis processoptimize the amount of immobilized metallocene coonmuds
andtheiractivity. Most commercial silica used in supported catastsplerical with

surface aresranging from 50 800 nt/g, pore volumes between 1.(.0 cn/g, and
particle sizes between 2080 um. Traditionally, silica particles used iugported
catalysts are produced using in agel method wheraliquid slurry of @dium silicate

and sulfuric acid forms silicic acid which polymerizes and forms gels and particles as
it precipitates out of solutioh”11° The overall silica particlés composed of primary

silica particles between 1050 nm that formaggregates betwe&®01 500 nm The
random arrangement of these large aggregates produces a silica matrix with complex

internal pore space with mixtures of large void spaceacropores (pores > 50 nm),



mesopores (pores betweebD nm) , and mi cr opofinemref por es
larger than the upper limit of those measurable franpMsisorption (micron sized)

as void space¥? Interstices between the primary particle andrtlagjgregatesre
primarily mesoporeand carsterically control access of catalytic compouddsolved

in solutionduring the immobilization process ambnomer and cocatalyduring he

initial instants of polymerizatiorkor instanceSano et al Kumkaew et al, and Silveira

et al. observed minimal polymerization activities when mesoporous sieves and other
supports with pore sizes smaller than 10 nm were used to support metallodeoigs i
slurry and gas phase polymerization of ethyfi&* Recent studiegsing techniques

such as Small Angle Neutron Scattering, computational experimeat$HaNMR,
haveshown that MAO has a cage structure with a size around 1.9 nm and a radius of
gyration of 5 nm while metallocene compounds are usually around 1 nm dependi

the ligand group® 125128 The size of the compounds mhgve inhibited access and
prevented the formation of active sites within smaller pofém effect of steric
hinderance due to theope size on mass transfer of monomer and comonaiser
becomsapparent based on the amount of comonomer that is incorportatdeifinal
polymer product. Kumkaew et al., Paredes et al. and Silveira et al. ob$eghed
incorporation of lhexene usig (BuCp)ZrClo/MAO in both gas and slurry phase
when using spports with higher pore sizé€!3? These results show that the pore
diameter and pore size distution of the silica support have a significant effect on the

performance of the supported catalyst.

(



1.2.3 Importance dhtraparticleMass Transfer on Distribution of Active Sites

In addition tomesoporeslarge microrsized interstitial voids betweeilisa
aggregates are frequently observed within silica particles produced through spray
drying method$23 Figure 1.5shows the crossections of two types of silica particles
that we analyzedone with interstitial voidgroduced by spraglrying (P-10, Fujt
Silysia) and one withouproduced by microemulsion metho@3M-L-303, AGC)
During the synthesis processterstitial void spaces are uniformly distributed
throughout the silica particlevhich may facilitate the mass transfer of catalytic

compounds during the immobilizatigmocess

Figure 1.5. Crosssectional SEM image of silica ganes (a) with interstitial voids and
(b) without interstitial voids.

During the immobilization process, mass transfer of catalytic compounds
(MAO or metallocene) thrazh the silica particlenust occurto form active sites
throughout the interior of theapticle The effect of mass transfer can be obsefr@u
elemental mapmnalysisof the crosssections of supported catalysthich shows the
locatiors of Al and Zr, representing MAO and metalloceaetive sites after the

immobilization procesdActive stes can either be uniformly distributed throughout the



particle or solely located near the edge of the esestion in a corghell distribution.
Bashir ¢ all** observed that silica particles with interstitiadids (Grace 948) had
uniform distribution of Al while silica particles without interstitial voids (R@1732)

had a coreshell distribution of Al despite similar pore volumes and identical
preparation conditiong.hey proposed thabierstitial voidsprovide a pathway fothe
compounds to bypass the tortuous pore space and access the interior ofdllee Plati
dependence of the distribution of active site on the silica pore structure indicates that
dynamic mass transfer of catalytic compounds duringningobilization process must

be considered.

Further evidence of the importance of mass transfer dtlmegnmobilization
processvasseen based on the size of the silica partise et at>> 16 observed tha
supported catalysts that were 100 pm in size had lower polymerization activities
compared to those that were 45 um in size despite identical preparation procedures.
The polymerization activityof the larger catalysiscreased after longer contact times
between the particles and the MAO solutidhey proposed thatarger particle sizes
have higher mass transfer resistance during the immobilizatiocessand fewer
active sites are formed compared to smaller particles given thelsagtieof contact
time. While thesilica particlenfluenceshe mass transfand final locatiorof catalytic
compoundssuch as MAO or metallocenahiring the immobilization processhe
preparation method used to form supported catalysts affectature of the active site

during polymerization.
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1.3 Preparation Methods of Supported Catalysts

Various methods to prepare supported catalysts have been reported and can be
classified agitheradsorptiormethods or chemical tethering methoésr the former
case, thermally teged silicgparticles are brouglm contact with solutionsontaining
dissolved catalytic compounds such as MAO or metallocene. Dgontact, the
compounds diffus through the pore structure of the siliaadimmobilize onto the
internal surfaces of thpore throughreaction withsilanol functional groupsThree
methodsare used (i) directimmobilization of metallocene to the silica particl@i)
mixture of a MAO and metallocene solution firgollowed by immobilization of both
compoundso the silicasimultaneously, anfii) sequentialmmobilization ofMAO to
the silica particle to form MA@nodified silica followed by immobilization of
metallocene to the MA@nodified silica. The method used to immobilize the

metallocene affestthe nature of the aige site within the silica particl&; 107137
1.3.1 Directimmobilization of Metallocene

Earlier methods to prepare supported catalydirectly immobilizd
metallocene compounds to the silica particle through covalent bonds with the silanol
groups. Thermally treated silica particles were contacted with an orgalition of
dissolved metallocene compounds for 1 to 24 hours, genetaiyom temperaturé
115 138140 yan Grieken et dl® observed that the Zr content (corresponding to
metallocenes) of the supported catalysts decreased with an increase in ¢he silic
calcination temperatunehich corresponedd with a decrease iaverallsilanol groups

Sacchi et al*! studied the immobilization a&rCl.-basedmetallocenesnd found that

11



the molar ratios of Zr/Cl of the supported catalysts were approximatelyHisGesult
correspondd to the reaction of one metallocene compouadone silanol group
throughremoval of the chlorideligand and generation dhe cationic metallocene
complex active sitéFigure 1.6). However Collins et a*°and dos Santos et'dfboth
observed different polymeritian rates of supported catalysts with simdarcontent

It was proposed that twiypes of active sitewereformed where ongasactive and

the othemwasinactiveduring the immobilization procesBanchenko et af?confirmed
through IRspectroscopyhatboth mone and bidentate surface species, corresponding
to the active and inactivierm, were presentn the supported cataly@tigure 1.6).
Residual silanol groupsewve also found to adversely affect immobilized metallocenes

either by decomposition or formation of groups that hiadactivation!43 44

@

AlR; 7zi-R  Monomer
— r\ﬂ_,

‘(l)@

Si

Inactive species

Figure 1.6. Immobilization of metallocene to the silica surfdte.
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1.3.2 Mixture of Metallocene and MAO Prior to Immobilization

Mixing the MAO solution with the metallocene compounds prior to contact
with the silicawas proposed taddresstte formation of inactive mettacene species
on the silica andeducethe number of steps during the immobilization procBs®ct
contact betweerhe metallocene and MAO in solutiabelieved tomproveactivation
and formation of the cationic active sipgior to immobilization.However both
activated andunreactedcompounds in solutiomay randomly immobilizeonto the
support and complicate claaterization of the immobilized compounds on the siiféa
Carrero et at®* prepared a series of supported catalysts with varying A#fos in
solution prior to immobilization and observed that supported catalysts with higher Zr
content exhibited less &aty. They proposedhat inactive species formed while the
metallocene catalyst was in solution with MAO were also immobiliaeldlitionally,
the activated complex can be easily disturbed due to the steric and electronic factors of

the silica surface anéad to an inactive forrf> 146

1.3.3 Sequential Immobilization of MAO and Metallocene

The most common technique to prepare supported catalysts is the reaction of
MAO with the silanol groups followed by immobilization of the mktegéne
compoundWhile theexactstructue of MAO is still ambiguous, trimethylaluminum,
a major reactant in thgroduction of MAO,behavs similarly andreadily reacts with
isolated silanofroups on the silica surfacé’*>! The product of this reaction, hereby
referred to as MA@nodified silica, is then used to immobilize the metallocene

compound.The immobilization and activation mechanism of metallocenes to the

13



MAO-modifiedsilicais similar tothat found ér metallocenes isolution Metallocenes
in solution encounter immobilized MAO during diffusion through the silica pore
structure.The immobilized MAO alkylats the metallocene compleand forns the

cationic metallocene active sit€igure 1.7).1°21%4
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Figure 1.7. Immobilization of metallocene tihne MAO-modified silica surfacé’

The presence of the MAO layer provides several advantages to the immobilized
metallo@ne compounds:irst, reaction between MAO compounds and silanol groups
is believed to fornmoderatd_ewis acid site®n the silica surfacecaompanied by the
formation ofAlMex+ caions 192 14" 155 The presence of these iossvidely believed to
acivate and stabilize the cationic metallocene active'site® Confinement within the
pores leads to higher concentrations of these ions, enhancing thes. &éacing the
activaed metallocenes are effectively surrounded by Lewis d@eisl an the surfacef
the pores further stabilizng the cationic active sitend preven dissociation and
leachirg. In addition, less external cocatalyst during the reacti®duch as
triethylaluminum (TEAL),is requiredas the metallocene is already in activated

state. Third, saturation of the silica surface with MAO compounds prevents any
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undesiredreactiors between the metallocene and the silanol grabps lead to the
formation of inactive specielastly, immobilized MAO compounds effectively act as
spacers, preventing bimolecular deactivation reactions between neighboring
metallocene compoundd.t>® 10 The naure and distribution of these active site
coupled with the silica pore structuaffect the initial instants of polymerizatiand

growth behaviorof the polymer particle

1.4 Fragmentatioand Growth of the Supported Catalyst

The growth of the polymerapticle starts with théormationof polymer chains
at immobilized active sites ithin the pores of the supported catalyst. As polymer
accumulates and expands at the active site, stress exerted onto the surrounding pore
structure leaslto fracturing of thepore wall creating new pathways for monomer
access to newly revealed active sigthin the catalyst particlt?*162 Two models
developedrom supporteieglerNatta catalystshat arefrequently used taescribe
andcalculatethe growth of polymer particles from metallocene supported catalgests
the multigrain model (MGM) and the polyneflow model (PFM). MG/ is based on
the experimental observatiaof the neatinstantaneous breakup of the Mg&upport
into small fragmentst the start of the reactipeach of which contains a catalyst
crystallite’®#1®” These fragments are encapsulated by polymer that continuously
expand over the course of the reaction and make up the overall polymer pRFMle.
simplifies the transport of monomer through the polymer particladspmingthe
diffusion throudn the pore of the particleand the polymer layer surrounding each

active siteis equaf*®® 1*® While boh models have been shown to accurately predict
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molecular weight distributioand polymer growth raté<® 1! key assumptios such
asinstantaneous fragmentationuniform porositymay not be valid in all metallocene
supported catalyst systenisieglish et a2 observed the presence of large unreacted
islands of silica approximately 10 pum in diametvithin low activity polyethylene
particles Similarly, Zheng et at” observed large silica fragments within
polypropylene particles surrounded by a polymer shAaetbmparablgolymer shell on
the exterior 6the supported catalyst watsoseen byZechlin et al’* at early stages
of the reaction during the polymerization of ethylene in slurry ppaseto extensive
fragmentation As aforementioned, the pore structure of silica is randomly arranged
with the pesence of large interstitial voids and macropores. These void spaces have a
significant effect in the fragmentation behavior amdy account fo the discrepancy
between models and experimental results

Experimental observation of the fragntation of metallocene supported
catalysts generally folles two separate behaviors. The first is the ldyelayer or
shrinking core model where fragmentation of the silica support occurs successively
from the surface region and proceeds toward theeceffigure 1.8).173 175177
Expansion of the polymarearthe surface ruptures the continuaerior, forming
large void spaces for monomer to access active kkiteded in the interior ofhe
particle!’®8° This process repeats at the surface of the unreacted congr@rebds
until the entire paitle has fragmentedf this rupture does not occur, monomer must
diffuse through the polymer shell, which represents a significant diffusion limitation

limiting further growth and the presence of large unreacted silica fraghi&tts
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Another method of fragmentation that is frequently seen is referradthe
continual lisection model where the support will successively fragment from internal
void spaces and form smaller fragme(fggure 1.8).18+186 polymer will first form
within macroporesf the catalyst particldue to reduced mass transfer limitatiofise
accumulation of polymer within the macropores leadsttess between opposite
polymer layers and the formation of large aggregawsomer will then diffuse
through he macropores of these aggregates and the process couatitilgee particle
is completely fragmentedZzheng et al”® proposed that the dominant method of
fragmentation is dependent on the porosity of theasilvherethe continual bisection
modeloccurred in particles with higher porosities while lalggdayermodeloccurred

in less porous silica.

Layer-by-Layer Fragmentation

Figure 1.8. The layefby-layer and continual bisection modelfaigmentation of the
silica support (black) from the formation of polymer (yellow) over the course of the
reaction.

However, the appearance of both highly andimally porous regions within

silica particles often leads &videnceof bothshrinking core and continual bisection
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fragmentation modelsven withinthe same particldJsingex situtechniques such as
X-ray ptychography with Xray fluorescence to perfornoninvasive characterization

of prepolymer particles along with focused ion befThniquego view the cross
sections of polymer particles after short
to view the nitial areas of growth and fragmentatiti®® They found that despite
using the samgradeof supported catalystveakly fragmented particleslfowed the
shrinking core model while heavily fragment@drticles followed the continual
bisection model. Zanoni et ° observed evidence of both layey-layer and
continual bisection fragmentation in the cresstions of polymer/catalyst particles
after gas phase and slurry phase polymerization of ethylene. Polymer growth and
expansion near the surface of tharticle experienced layeby-layer fragmentation

while polymer growth within internal interstitial voids experienced continual bisection
fragmentationThese results show that the manner and progression of fragmentation

are heavily dependent on the psteicture dthe silica.

1.5 Formation of Fine Particles

While fragmentation is a necessary and essential process in polymer particle
growth, severascientific and technicaksues remaindeally, the growth of polymer
at the active site occurs at revaly equalrates throughout the polymer/silica particle
and forms a polymer matrithat encompasseslica fragments dispersed within it.
However,heterogeneous polymer growth rateslifferent areas ahe particle antdhe

rapid production of polymer to quickly for a continuousmatrix to form prior to
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expansion andseparationof the polymer aggregatesand may lead to rapid

fragmentation and the formation of fine partiofesl00 pum)o¢192

1.5.1 Adverse Effectsf Fine Particles

The presenceof fine particles is extremely detrimental toward industrial
processes as theoften lead to agglomeration within the reacéord fouling of the
piping and heat exchaags Agglomeration disproportionally impacts gas phase
fluidized bed reactors and exacerbates poor thermal cobuwelto the small margin
between reaction temperatures (90°C) and the polymer melting temperature (110°C),
fine particles will often melt anddidify on the reactor wallsvhich adversely impact
t he react or 0 sAdditibnally, madntrobetl polymerizattonvithin the
particle often leads toough particle morphology and loss of the desired spherical
shape. This is especially impantin fluidized bed reactors as ngpherical particles
have increased drag and affect the fluidization behavior and stabilégdition to
impacting theimprocessability downstream of the reacttr!* The formatiam of fine
particles in slurry phase processeseduceddue to the presence of the liquid diluent.
The presence of liquid diluent provides gabdrmal controland actsas a heat sink

and remove excess heat generated.

1.5.2 Methods to Mitigat&ffects of Fine Particles

One of the most common approachmitigate the formation of fineis pre
polymerization The supported catalysts first pass thgh a secondary reactor which
operates at mild conditions (losmperature olow monomer concentratn) prior to
the main reaction vessE®%’ Lower degees of fragmentation and growtbccurand
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silica fragmentgan be containedithin thepolymerphasdormed These prepolymers
are then transferred to the main reactor to undergo polymerization designed
reaction conditions The control & polymer paticle morphologyobtained by the
inclusion of the prepolymerization stagas shown to be improved and ovecaitalyst
activity increased as the active sites were already expmseadrly catalyst particle
fragmentationt®® 198200 However, this method requires an additional pre-

polymerizationreactor unit and associated equipment. In additionrehetiontime

within the prepolymerization reactor needo be optimized tacontrol the particle

morphology and avoid prematucatalyst deactivation.

Another common industrial practice is operatanthe fluidized bed reactor
under condensed mode, where liquid togéirbons, or induced cooling agents, are
added to the fluidized bed react8t2°?In this method, the feed temperature is reduced
below the dewpoint temperature and up to 18 wt.% of the liquid in the form of droplets
is added to the reactor feed stream. As the dimflew up the reactor, they will
evaporate and assist in the removiaheat generated by the polymerization reaction,
preventing catalyst overactivity. In addition, the presence of the liquid droplets softens
the polymer particles making the polymer ctsaimore deformable, reducing the stress
exerted on their surrounding®2%* However, their applicatioiis limited due to the
possibility of being adsorbed liye polymer particle and their addition and evaporation

must be carefully controlled to prevent liquid pooling and mud formation.

The use of liquid hydrocarbon or mineral oil within the pores of tipparted

catalyst has also been propogedreduce thdormation of fines serving the same

purpose of the diluent in slurry pha®8e*®*Wor k by McKennads group
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the presence of oil drastically redddde number of fine particles after the reaction

and theoverall polymerization actity. While oil only coas the exterior and internal
pores, these particles are prone to agglomeration during the feed and startup period of
the reactor and might lead to othmEocess issue’$® Additionally, removal of the oil

must also be considered after the reaction is compleits presence will affect

polymer properties such as meltipgint and crystallinity?9%2%8

1.5.3 Possible Causes of Uncontrolled Fragmentation

While these methods can alleviate the formation of fine particles and their
effects, they do not address their root cause. This is due to the multitudes of factors that
canlead torapid polymerizationand fragmentatianThesecan generally be divided
into two categories: those related to the choice of silica and those related to
supported catalyst activity. The former includes the porosity, pore dimension, and
mechanichstrength of the silicalnterstitial voids and areas of loosely bound silica
aggregates within the particle could lead to heterogeneity in stress builcegsaugc
for fragmentatiort®> However,it is unclear if this behavior is present in other classes
of silica particles, including thoseithout interstitial poresAs aforementionedthe
choice ofpore size distribution dfilica will impact the mass transfer processl the
subsequent locatignof active sites. In addition, the arrangement of the meso
macropores is an important facto the fragmentation behavior. However, the pore
structure of the particle after immobilization of catalytic compounds lmeagifferent
from its initial staé. Studes of the supported catalyst after immobilization reedal
that the average pomiameter surface area, and pore volurakcommercial silica

decreased with increasimy content0% 189 209 210 1t s thys difficult to accurately
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comparefragmentain behavior between studies as the immobilization of catalytic
compounds will affect the pore structure differently based on the amount of
immobilized compounds and the initial pore structdiahle 1.1 shows reported pore

diameters and aluminu content (enount of MAO immobilized) of the original silica

and supported catalyst

Table 1.1. Reported pore sizes and Al wt. % of supported catalysts

Silica Alwt.% | Original pore Final pore MAO layer | Ref.

support in silica | diameter (nm)| diameter (nm)| thickness (nm)
ES767 17.0 42 22 20 101
PQ MS1732] 18.8 10.1 5.5 4.6 209
PQ MS3040, 15.8 28.5 11.8 16.7 209
PQ MS3040, 10.7 27 22 5 210
PQ MS3040, 9.8 24 19 6 210
Grace 948 15.6 23.2 10.8 12.4 209
Grace 948 8.8 24 14 10 210
Grace 948 7.6 23 15 8 210
ES70W 14.5 24 17 7 189

Despite similar Al content, the thickness of the MAO layer will vary due to
inherent differences in theore structuresfahe silicas used. Of the studies that used
the same type of silica (Grace 948 and PQ MS3040), a general trend of thicker MAO
layerswith higherAl contentis seen. Velthoen et # observedvith ES767 silicahat
MAO will first adsorb in larger pores until the MAfayer thicknessreaches a limit,
presumably due to inability to enter the smaller pofés. presence of tHdAO layer
may affect the mechanical strength of the partitheough thereinforcement of silica
particles with silicon oligomers, McDaniels ef#} %12 found that the activity of silica
particles and fragility écreased with smaller pore volumesfsities after depositing
the silicon layerThis was attributed to higher degrees of contact between the silica
aggregatewhich strengthened the partided inhibited fragmentatiotowever, it is

unclear whether the MAO layer within the supported gatatill have a similar effect.
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The supported catalyst activity is mainly dependent on the local density of
active sites within the supported catalysteally, active sitesrelocated uniformly
throughout the particle to enswreengrowth during the ractionand the formation of
a continuous polymer matriSupported catalysts with nesmiform distributions of
MAO have beemeported to cause uneven fragmentation of catalyst paréinkk$ow
bulk density of the polymer formef: 134 210 213 214 \jetgllocene compounds
immobilized in areas with lower concentrations of MAO do not receive the
aforementioned benefitassociated wittMAO compound and are ultimately less
active during reactionlhus, theradial concentratiaiof both MAO and metallocene
within the particle must be accounted for to ensure complete activation of the
immobilized metallocene compoundss aforementioned, solutions daming MAO
or metallocene must diffuse through the poreicitre and immobilize in a mass
transfer process during the preparation procedure. Ample contact time between the
particle and solution is needed to guarantee a uniform distribution of actige site
However,a wide range of contact time between the sifiod catalytic solution has
used been used in reported studies to prepare supported cataphsl.2 shows the
range of contact time used along with their respective support and metallocene

conmpound.

Table 12. Examples of coact times used in prepariddAO/metallocenesupported
catalysts

Support Metallocene | Time in MAO | Time in metalloceng Ref.
catalyst solution (h) solution (h)
Grace 948 nBuCpZrCl, 4 1 113
Grace 948 and | nBuCpZrCl; 1 1 215
PQMS 3040
Grace 948 nBuCpZrCl, 1 0.5 216
Grace 948 nBuCpZrCl, 1 1 217
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Porous polymer,  nBuCpZrCl; 2-3 2-3 218
support

Porous polymer,  nBuCpZrCl; 10 2-3 182
support

Mesoporous nBuCpZrCl, 12 4 123
molecular

sieves

Variety of silica| nBuCpZrCl, 0.5 0.5 219
Variety of silica| nBuCpZrCl, 1 1 136
ES70 nBuCpZrCl, 1 1 114
ES70W CpZrMe> 4 2 189
Aldrich, grade | racEt(Ind)ZrCl, 1 24 220
62

Grace 948 and | racEt(Ind%ZrCl, 2 0r4 20r4 210
MS-3040

Grace 532 CpZrCl, 2 2to 4 221
Grace 948 CpZrCl, 4 0r8 4 or8 222
Witco SMAO® | Me;Si(Ind)ZrCl, N/A 0.5 223
Witco SMAO® |  Et(Ind).ZrCl, N/A 0.25 224

USMAO already has MAO imobilized

As can be seen, most studies utilized contact times between 1 and 4 hours for
both MAO and metallocene solution with a variety of silica supports. Despite a dearth
of literature regarding the distribution of active sit@iform distribution of ative sites
in silica particles has been assunmedittle attention has been paid to the active site
distribution in silica particlesMost reportsof active site distribution focused dhe
elemental mapping of Abecause th&r contentis very low(<1.0 wt. %) for SEM-

EDX mapping While elemental mapping provides a qualitative view of where MAO
is located, it does not provide quantitative valtesnsurethat the local density of
active sitais the same throughout the particle. Overall metal contefiténed either

by inductively coupled plasma mass spectrometry {M3$) or inductively coupled
plasma atomic emission spectrometry (I8PS) from dissolving the supported
catalysts, or througheam methosisuch as Rutherford backscatteringSi#M-EDX,

which can only detect metal content up to a certain depth (~2Mhile these methods
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measure the total metal contethie data on their spatial digtution in silica particles
are not obtainabléhus, in order to obtain a comprehensive view of the Ideakity
and distribution of active sites within the supported catalyst, hotlitative and

guantitativemethods must besed complementarily

1.6 Research Objectives

The aim of the dissertation is to investigate the effects of catalyst preparation
procedire on the fragmentation of silisupported metallocene catalysts and the
resulting polymer particle morphology. Several factors such asdtréddtion of active
sites, the silica pore structure, and the changes in the pore structure after immobilizing
MAO have been identified and their effects have been examined. Specific research

objectives are as follows:

1. To investigate the effects of contaime between the silica particles and
the solutions of catalyst compounds (MAO and metallocenes) on the total
immobilized amount and distribution of aluminum and zirconium;

2. Toinvestigate the effects of active site distributions on the reaction kinetics
and the fragmentation behavior of supported catalysts in slurry and gas
phase polymerization of ethylene;

3. To develop a mathematical model for timmobilization of MAO and
metallocene in porous silica particles to calculate radial distributions of

activesites for variougpreparatiorconditions;

25



4. To investigate how the podkameterof an initial type of silica isltanged
by the immobilization of catalytic compounds and if that affects the
fragmentation behavior or polymer properties;

5. To compare the fragm@&tion and polymerization behavior of the
supported catalysts with silica particles made by different procesges
(spraydried) and without (microemulsion) interstitial voids

6. To develop a flat surface silica model that mimics the conditions seen at

thesilica surface to observe the growth of polymer at the active site;

The firstobjectiveis examined inrChapter 2 where supported catalysts with
varying distributions of MAO and metallocenes were prepared. This was done by
varying thecontact times between the silica particle and the MAO solution and the
MAO-modified silica and the metallocene solution. Analysigha catalyst cross
sectionillustrates amarked dependence on the distribution of active sites and the
contact time. When used in gas phase polymerization of ethylene, a significant fraction
of fine polymer particlesvasproduced with catalysts with namiform distributions.

The secondbjectivweis addressed i@hapter 3wheresupported catalysts with varying
distributions and pore diameters wensed in both gas phase and slurry phase
polymerization of ethylenelhe kinetic, thermal, and fragmentation beiors reveal
the importance of the poddameter in the final catalyst particle which differs from its
initial size. Thethird objective is addressed ®hapter 4 with supported catalysts
prepared with a separate silica support and varying preparaioiitions including
contact time and metatcene solution concentratiomhe measured Al (for MAO) and

Zr (for metallocene) concentrations were used to produce a mathematical diffusion
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adsorption model that @dicts the total and radial distribution of Alda@r within the
particle that agrees witexperimental result§he model is used to better understand
other reported results such as the dependence on polymerization activity on particle
size.The fourth and fifthobjectives are addressed@mapter 5 where three different
commercial silica wh and without interstitial voids were used to immobilize varying
amounts of MAO to obtain catalysts with varying pore diameters. Polymerization
activity and thermal properties such as the crystallinity and meltmpgdraturevere
shown to beinfluenced by the poreliameterof the catalyst. The last objective is
addressed ihapter 6 where a flat surface silica catalyst model was developtud
exposed active site§he nascent growths of both polyethylene and polyyene in

gas and slurry lpase reaction were observed and illusttades the presence of the
liquid diluentaffects polymer morphology¥hapter 7 summaries the dissertation and
provides possible future research into furthering the study of the impaghastalyst

properties haw on the fragmentation behavior.
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Chapter 2Spatial Distribution of Active Siteim Porous Silica

Microparticles During Catalyst Preparation Process

2.1 Introduction

The industrial production of polyolefins is primarily perfegd using
heterogeneous spprted catalysts such as Zieghatta catalysts, chromium oxide
catalysts, and metallocene catalysts in conjunction with coactivators such as
methylaluminoxane (MAQO) and aluminum alkyls. When sirgjte metallocene
catalysts a used in liquieslurry or gas phase polymerization processes, they are
immobilized onto porous amorphous silica microparticles eb@Qum in average
diameter. The preparation of silisapported metallocene catalysts is a critical step to
obtain high calyst activity, selectivity and desired polymer particle morphology.
Various techniques of preparing silisapported metallocene catalysts have been
reported in the literatur®: 105 197 137 The three most common heterogeneous

metallocene catalyst preparatioethods are:

0] To immobilize MAO on the silica first and then treat the MA@dified
silica with metallocene to form catalytically active complexes;

(ii) To contact MAO and metallocene in solution to generate active sites and
immobilize the catalyst on the sifi support;

(i)  To impregnate or graft metallocene directly onto the silica support by the

reaction between surface silanol groups and metalloteig?2°

In the first method, thermally treated amorphous silica microparticles are

contacted with an organic solution MAO to form MAO-modified silica whichare
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then immersedh a solution containing the metallocene catalysthe second method,

a solution of MAO and metallocene compounds is used to contact the silica particles.
Both MAO and metallocene will simultaneously diffuse through the pore structure and
form active ges. In the third method, only a solution containing metallocene is used
In all these catalyst impregnation methodse catalytic compounds (MAO or
metallocenes) in solution diffuse though the tortuous mend macrepores of silica.
Through adsorptio and complexation of the catalytic compounds, active sites are
formed and anchored onto the silica pore surfacesdiBtrébution oftheseactive sites
within a porous silica micrparticle isa critical factor thatimpactsthe overall

polymerization agvity, polymer properties, and particle fragmentation.

Fragmentation of the heterogeneous catalyst/polymer particles @dualedin
polymerization reaction is one of the most prominent and characteristic physico
chemical phenomena of theogess andhas been the subject of extensive theoretical
and experimental research in the past years. The catalyst particle fragmentation is a
critical process to achieve high catalytic activity and desired final polymer
morphologies.”® 213 227 |n industrial polyolefin proesses, catalyst particle shape
replication is desirablehe final polymer particlshape is similar to that of the initial
catalyst particle (usually sphericalHowever, uncontrolled or irregular fragmentation
and the generation of very small diamdtee polymerparticles less than 138m are
frequently observed iolefin polymerization processes, notablyfimdized bed gas
phase polymerization processes. Such fines often lead to increased agglomeration of
the polymer particles, deposit in the rdeystream, and foul the piping andahe

exchangers, making the reactor operations diffictiite fineswith high catalytic
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activity due to high concentrations of active catalyst components tend to segregate into
certain poorly circulated regions of theiflized bed reactorespecially in theipper
disengagement zort&” 228 However, themechanisms diormation of fine particles in

gas phaseglymerization reactorarenot fully understood. It is generallgcognized

that catalyst particle fragmentation and overall catalyst activity are dependent on
several factors such as silica particle size and tekttir€> 22° polymerization
conditions!® 178189 gnd the overall catalyst activity itself that is further influenced by
the amount of MAO and metallocene immobilized onto the silicactf{s 216230 The
fragmentation of a silica catat particle occurs due to the buildup ofdraulic
pressure within the pores as the amount of polymer in the catalyst pores increases
during the polymerizatiotf? 1% Thus, it is highly likely that the local polymerization

rate or catalyst activity will influence the rate of puolgr formation in very narrow pore
space, especially during the early stafjpadymerization.The catalyst activity in turn

is dependent on the density of active site which is directly affected by the preparation

procedure.

In this chapterwe have invesdated the effect of spatial distribution of catalyst
components in silicaupport particles on the polymer particle morphology and particle
fragmentation in gas phase polymerization of ethylene. To this purposeriedthe
catalyst preparation procedues by changing two major variables: the MAO
impregnation time and the metatene catalyst impregnation time. The distributions
of aluminum and zirconium in the cressctions of the silicaupported catalysts were

analyzed using focused ion beam (FIB) arergydispersive Xray spectroscopy
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(SEM-EDX). The total aluminum and zimaium concentrations in silica particles were

measured using Inductively Coupled Plasma Mass SpectrometnM8}P

2.2 Experimental

2.2.1 Preparatiorof Supported Catalyst

Thesilica support used in this study is the commercially availaktl® Bruj-
Silysia Chemical) with an average surface area of 33@,ma pore volume of 1.41
cm®lg, an average pore width of 30 nm, and an average particle size of 35.8 um (Data
provided by tle manufacturer). The silica particles as received were first sieved to a
narrov size cut (32 45 pm) to minimize the effect of particle size variation on the
distribution of catalytic components. Thievedsilica particleg0.5 g)were therplaced
in a 5 mL Pyrex glass bottle amélicined at 250°C in air for 19 h and then trarrsfé

to a glovebox in an argon environment to prepare the silipported catalysts.

The calcined silica particles were treated with a MMADsolution (7 wt. %
solution in tolene, Sigma Aldrich; [[(Cko.ogn-Cg)H17]0.0sAIO]n) under gentle
agitation. Toobtain MAO-modified silica,6 mL of MAO solution was slowly added
to the Pyrex bottle with the calcined siliChe mixture of silica and MAO solution
was heated to 110°C forteer 1 or 19 h in order to obtain MAR@odified silica
particles with varying amnounts of adsorbed MAO andifferent intraparticle
distributions It is expected thaa relatively noruniform distribution of MAOwith
short contact timé€l h) and relatively uifiorm distribution of MAOwith long contact
time (19 h) may be obtained\fter the contact time, agitation wasopped,and the
particles were allowed to settle to the bottom of the bottle. The supernatant MAO
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solution wasremoved,and 10 mL of fresh toluee was added. The toluesgica
mixturewasgently stirred for 5 minutest 0°C and again the supernatant toluene was
removed. This rinsing step was performed three times to remove unboundTVAO.
MAO-modified silica particles were then treated with a toluene solutioracf
dimethylsilylbis (2methyt4-phenylindenyl)i dimethyl zirconium (WR Grace) at
70°C under gentle agitation. To examine the effect of metallocene distribution within
the siica-supported catalyst, the contact times between the M&Qified silica and
metallocene solutions were varied (1, 4, 8, 12, and 2Bdtails of the impregnation

procedure used ashownin Table 2.1

Table 21. Preparation @nditions of supported catalysts

Supported | Time inmetallocene| Time inmetallocene
catalyst® solution (h) solution (h)®

1-1 1 1

191 19 1

194 19 4

198 19 8

1912 19 12

19-24 19 24

dSilica used: 0.5 Al content: 5.98 mmol® Zr content: 39.84 pmol

Afterward, the supported catalyst particles were washed witkthe
aforementionedrinsing procedure with dluene three times teemove unbound
metallocene compounds. The final catalyst particles were oirieglcuoovernight at
room temperature and the supported catalyst was recovered-#e\iieg particles.

Figure 2.1depicts the surface anchored MA@etallocene complex in trsdlica pore.
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Figure 2.1. rac-dimethylsilylbis (2methyt4-phenylindenyl)i dimethyl zirconium
complexed with MAO at the silica pore surface.

2.2.2 Gas Phase PolymerizatiohEthylene

Gas phase ethylene polymerization expenitseusing thesilica-supported
catalystsprepared as desbed in Table 2.1were performed using a sealed 350 mL
high pressure glass reactor equipped with an ethylene injection port and a
thermocouple. 50 g of sodium chloride particles (Sigkidrich) were used as a
seedbed. The salt particles were dehydratedviacuum oven at 250°C for at least 48
h before transferred to an argon glove box. The heterogenized metallocene catalyst was
first precontacted with a triethylaluminium (TEAL) solution (1M in hera Sigma
Aldrich) for 30 minutes to activate the catalysthe reactor. Thgolume of TEAL to
catalystwasfixed to the [AllreaL/[Zr]solution Mole ratio of 1000. After the precontact

time between the TEAL and the catalyst, the solvent in the mixtureenasved and
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the dehydrated salt particles were addetiéa¢actor. The contents in the reactor were
gently agitated to uniformly disperse the catalyghin the seedbedThe catalyst
loaded reactor assembly was removed from the glove box and thed ipl@acsonstant
temperature water bath set to 60°C. Theor pressure from any possible residual
TEAL solution was negligible. After the reaction temperature in the reactor was
reached, polymerization grade ethylene gas was supplied to the reactat thesta
reaction. Intheseexperiments, the salt bed wal lenstirred in order to avoid the effect

of attrition of catalyst particles due to collision by mechanical agitation. The gas phase
ethylene polymerization rate during the polymerization was m@utby measuring

the monomer consumption rate using a nflagsmeter installed in the ethylene supply

line to maintain the reactor pressure constant at 50 psi with a backpressure regulator.
After 1 h of reaction, ethylene supply valve vedssed,and thereactor was degassed.
Then, 30 mL of 10 vol% HCl/methanablution was injected into the reactor to
deactivate the catalyst. The contents were stirred at room temperature in water to
dissolve the salt particles. The polymer particles obtained were theamddtered,

dried in a vacuum oven overnight, and weifer analysis.A schematic of the

experimental setup for gas phase polymerization is showigure 2.2
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Figure 2.2. Schematic of gas phase polymerization experimaetap

2.2.3 Characterization of Supported Catalyst and Polymer

The exterior morpholdgs of the prepared silicaupported catalyst particles
and the polymer particles produced by gas phase polymerizatom analyzed by
scanning electron microscopy (B (Tescan XEIA FEG SEM) with a 10 kV beam.
Prior to SEM analysis, the samples wattached to the SEMample holdewith
carbon tape andputtercoated with goldHummer X Sputter Coatefdr 1 minuteto
improve image qualityThe crosssections of theatalyst particles were analyzed using
the focused ion beam (Tescan GAIA FEG SEM) technigitie Ga+ ions in order to
preserve the fine pore structure of the impregnated silica catalyst particles andobtain

flat surface for analysis. Enerddispersive Xray spectroscopy (SEMDX) (EDAX,
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Octane Plus) with a 10 kV beam was used to analyze the composition of the surface
layer and at several points within the cresstion of the catalyst particles.

The overall compositioa (aluminum and zirconium) of the wi&supported
catalyst particlesveremeasured using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, Thermo Scientific Element 2). The catalyst sanipl@l g)was dissolved in
15 mL ofconcentated nitric acid (30 wt. %) to dissolve the aluminum aindonium
content for 10 daysAfterwards, the nitric acidatalyst solution was diluted by mixing
1 mL of the solution with 9 mL of deionized water to obtasplution with< 3 wt.%

nitric acid toperform theanalysis.

2.3. Results and Discussion

2.3.1Overall Catalyst Composition

In this chapter, we hypothesize that the fragmentation of a silica/polymer
particle in gas phase polymerization is influenced by the distribution of catalyst
components (MO and metallocene) within the silica support. More gpdly, we
hypothesize that the generation of fines or very small particle fragments in gas phase
ethylene polymerization can be caused by the premature fragmentation of
silica/polymer particles ithe exterior surface region of the catalyst partices to
higher concentrations of active sitd% test this hypothesis, catalysts with different
spatial distribution of active catalyst sites were prepared. To this purpose, we varied
the impregnationimne of thesilica and MAO solution along witlAO-modified silica
particles in metallocene solution to obtain the supported catalyst with different radial

Al and Zr concentration profiles. The treatment of silica with MAO is very important
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because MAO loadg leads to the generation of weak Lewis acid sitésarsupported
activator which are responsible for metallocene activdfidd? 15> 157 These sites
should be uniformly distributed throughout the particle to ensure local Al/Zrisadio
minimum beween 100 - 300 to fully activate the catalyst for ethyke
polymerization® 192194 Uniform distributionof active catalytic sites (i.e., Zr sites) in
silica particles has been assumed in most of the literature as the catalyst impregnation
time is usually several hours or longelowever, changes to the Al and Zr contents

based on the ecdact time might indiate that this not the case.

The overall Al and Zr concentrations in the supported catalysts obtained using
different preparation conditions are showable 2.2. An increased contact time with
the MAO solution from 1 h to 19 h led 88% increase in tr@mount of Alimmobilized
on the silica support. For long MASIlica contact timg (19 h), theimmobilized Al
content ranged from 24 to 31 wt. %, which is slightly higher than those reported in

literature when other commercial silicarficles were used asipports-o% 2%

Table 22. Aluminum and Zirconium content immolaéd on thesilica

Supported Alwt.% | Zr wt.% Activity
catalyst | in silica | in silica | (g/mmolZr.h)®
1-1 18.73 0.34 289
191 25.93 0.42 307
194 31.02 0.54 295
198 25.48 0.57 364
1912 23.55 0.55 296
19-24 25.30 0.37 278

°) Ethylene pressure: 50 psig, aP601 h

The amount of Zimmobilized in silica shows a strong dependence on the
contact time between the MAModified silica and the metallocene solution. It is

shownin Table2.2 that theimmobilized Zr amount is higher when the contact time
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between the MA@nodified silica and the metalloge solution is increased. Although
the amount of Zmmobilizedin porous silica particles varies from catalyst to catalyst,
the overall Zr content rangdetween 0.20.5 wt. Zr/SiQ for many silicasupported
catalysts:3® 139209 Quite high Zr content is establishedvary short contact tinsge.g.,

1 h), which is consistent with the literatdf€.2” Table 2.2 also shows that the Zr
concentration reaches a maximum valtter8 h and then decreases as the contact time
is further increased. Similar observasomhere the Zr content was lowered at long
contact times werereported by dos Santos et #° who drectly supported
(nBuCp)ZrCl, onto commercial silica (Grace 948Jhey proposed that thdecrease

in the amount of Zr was attributed to catalyst decomposition due to possible

condensation reactions or poisonthgt occurred at longer contact times

The experimental results shown in Talle indicate that the amourdf
metallocene compounds immobilized within the silica particles depends on the contact
time between the MA@nodified silica and the metallocene solution. At short contact
times (e.g., 1 h)the total amount of Zr or catalytically active sites reachetatively
large value and continues to increase with longer contact time. Then, it is possible that
at short contact times, the catalyst sites may not be uniformly distributed in the silica
particle butpreferentiallynear the external surface region of gilica catalyst particle.
Regionsof high Zr concentration (near the particle surface) and low Zr concentration
(in the interior of the particle) present in the catalyst panieg causeuneven growth
during the polymerizatiodue to a spatial nonunifimity of active catalyst sites. For
instance, polymerization rates will be higher in regions with high concentrations of

active sites and the differences in local polymerization rates &act #ie progress of
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pore filling, buildup of hydraulic pressureithn the pores, and eventually particle

fragmentation.

2.3.2 Spatial Distribution of Al and Zr in Catalyst Particles

Although we can measure the overall content of Al and Zr in the p#id&les
by ICP-MS analysis, the spatial distributiontbbEse e#menton a crossectional plane
of the silica particle is needed to test the hypothisisareas of high concentrations
of active sites might occur due ittraparticle mass transfer resistan@me possible
method touse scanning electron microscopergy dispersive Xay spectroscopy
(SEM-EDX). Using this method, Al and Zr concentrasoof the surface layer up to a
depth of 2.2 um as approximated from the expression provided by Andersen and Hasler
can be obtaine#! Differencesbetween measured Al and Zr concentrations from SEM
EDX and fromICP-MS might be able to quantitativelyetectthe presence of higher
concentrations of @iwe sites near the surfac@pproximately 200 particles were
analyzed in this way for each preparation condition to obtain the Al and Zr
concentrationgrigure 2.3 shows SEM image of Cataly$8-1 and the associated EDX
area scan results which indicatatthoth Al and Zr are present on the surf&milar
analyses were performddr other supported catalystBue to the low sensitivity of
EDX at lower concentrationgnalysis of the particles prepared with shorter contact
times had some margin @fror in the Zr measurements. This error decreased for
analysis of particles prepared with longer contact times with higher Zr concentrations.

Errors in the measuremeardf Al concentrationsvereminimal.

39



1000

800 ;
Al Al al

Si 600
400

Zr 200 1 Zr
0

1.0 2.0 30 0 1.0 20 3.0

1000

800 Al
Al Si

Si 600
400

200
Zr 0 ¢ Zr
1.0 2.0 3.0 0 1.0 2.0 3.0

Figure 2.3. SEM imageof Catalystl9-1. Numbers represent location of EDX area scan
with corresponding EDX spectra.

Figure 2.4 illustrates how the ratio of Zr wt.% (i.e., Zr wt. % in the surface
region/Zr wt.% in the core region) changes over time. Here, the ratio of 1lcatesli
uniform distribution of Zr active sites within the particle. This ratio at short contact
time (1 h) between the MA@ odified silica and metallocene solutionagundl.6
and almost double that at longer contact times (24 h) whieppsoximatelyl.0.
Despite the margin of error in the measurements, these results clearly show the
gualitative difference in the Zr concentrations at the surface over Tinese results

indicate that the distribution of active sites is highly influenced by the caimaet
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Figure 2.4. Ratio of Zr wt.% measured by SEEDX to ICR-MS.

While the comparison between the Al and Zr concentration at the surface and
within the overall particlecan be used te@stimatethe spatial distributiongross
sectional analysis of the particle is needed to confirm whether this approximation is
accurateFor the analysis of the particle cressction, we used the FIB technique wher
Ga+ ions (Beam energy: 30 keV, Current: 7.5 nA) were used to cut the top hemisphere
of the catalyst particle. The beam current was deceased to 2.0 nA to polish the cross
section and reveal the internal structure of the porous silica pastscleell as btain a
flat surface for analysis aluminum and zirconiunmkigure 2.5 illustrates the EDX
line scan results for the CatalystL1Catalystl9-1, and Catalyst9-8 at the center of
the crosssection. The line scans of Catal§8t1 and Catalys19-8 showthat the longer
contact time between tlsdicaand theMAO solutionyields more uniform distribution
of Al. It is to be noted that the line ssshown in Figure2.5 do not necessarily

represent the complete spatial distribution of Al and Zr in the padrosssection.
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Figure 2.5. EDX line s@n of the crossections of Catalystl-1, 19-1, and19-8.

To obtain complete elemental Al and Zr distribution maps in a particle-cross
section, numerous point scans throughout thesgestion~50) were measured using
SEM-EDX. Scan times were set to 1 minute for eagimt scan to maximize the signal
and obtain accurate measuremeiitse resultsvereintegrated using the interpolation
functiongriddatain MATLAB. In this method, eachpatial poin{defined by an X and
Y coordnate within the particle crosgection) with the measured Al or Zr
concentration was used to approximate the values in the nearby areas using the
triangulationbased natural neighbor interpolation methétgure 2.6 shows the
analysis results.

The first tiree images in the top row (Fig62-c) show the cross secti@md
elemental mapsf Catalystl-1 which wagprepared by impregnating silica particles in
the MAO solution for 1 h followed by contact withe metdlocene solution for 1 h.
Since the contadime between the MA@nodified silica and the metallocene solution
was relatively short (1 h), this preparation condition was expected to yielanifonm
intraparticle distribution of Al and Zr. Indeed, Figa&6b and2.6¢c clearly show that
the interior region of the silica has not been fully accessed loy 2.

The second row of Figure@shows similar analysis fdCatalyst19-1 which

wasprepared witlalongercontact timen the MAO solution (19 h) folleved by contet
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with the metallocene solution for 1 h. Figure@ shows that Al is more uniformly
distributed than the previous case (Cataly%) With high Al content at the center of
the particleThis corresponds tthe higheroverall Al content per Bca partice after
19 h contact timeompared tdhe previous case with shorter MAO contact time (25 vs
18.73 wt.% Al, Table.2). Figure 26f shows that the Zr concentration is high near the
external surface region of the particle but very low near #rgec of theparticle
similar to that of Catalyst-1. Both Catalyst1-1 and19-1 have similar overall Zr
concentration(0.34 and 0.42 wt.% Zr) after being prepared in the metallocene solution
for the same amount of time.

The third row of Figure B shows the imagesf the Catalyst 198 particle with
19 h contact time in the MAO solution at@hger contact time between the MAO
modified silica and metallocene solution (8 lrigures 2.6h and 26i show that Al and
Zr distributions are quite uniform acrosketparticle crossection. The mass
concentration of Zr is far smaller than the concentration ofinAline with the
preparation conditiondVhile the overall Zr content for this catalyst is around 0.6 wt.%,
the individual particle analyzed has the Zr emtanging from 0.3 to 0.45 wt.% his

indicates thatcatalysts with a range of Zr concentrations may have been produced.
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Figure 2.6. Top row (a) Crosssection ofCatalystl-1 prepared in MAO solution for

1 h and metallocensdution for 1 h. Interpolated elemental distribution of (b)
aluminum and (c) zirconium. Black dots denote SEBIS analysis at the
corresponding point of crosectionSecond rowSame analysis, but for Catalyst19
prepared in MAO solution for 19 h amaetallocene solution for 1 [T hird row. Same
analysis, but for Catalyst 1® prepared in MAO solution for 19 h and metallocene
solution for 8 h.

The results shown in Figure&llustrate the strong dependence of Aleand
Zr distribution on thecontacttime during the preparation processuggesting that
catalystpreparatiorprocedure needs to be carefully established to warrant the uniform
distributiors of both Al and Zr in the catalyst particles. Figuré &lso indicates that

the kinetic aspects of flision and adsorption/complexation of the metallocene
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molecules may have to be taken into account in designing the preparation procedure

for high-performance supported catakyst
2.3.3 Polymer Morphology

The varying distributions of MAO (Al) and Zr withi a silica particle are
expected to lead to different polymer particle morph@sig ethylene polymerization.
Figure 2.7 shows SEM images of the polyethylene particles obtained from the gas
phase polymerizain at 60C and 50 psig ethylene partial pragsafter 1 h of rection
using the different sets of catalysts with different spatial Al and Zr distributions. Figure
2.7a and Figure 2.7b show large fractions of very small particle fragments whereas
Figure 2.¢ show minimal particle fragments. It is to heted that before the catalyst
immobilization, the original silica particles were sieved to sizes above 32After
catalyst immobilization, the particles remairsgtherical and free of fine silica particles
(Figure 2.3) Thus, the particle fragments @bpged in Figure 2.7a and Figure 2.7b are

entirely the result ofragmentation duringhe polymerization reaction.

Catalyst 1-1 ‘ _Catalyst 19-1 - Catalyst 19-8

Bt~

20 e : o 3. 1 " 00 um
Figure 2.7. Polyethylene particles produced after 1 h gas phase reaction at 60°C from
(a) Catalyst 11, (b) Caalyst 191, and (c) Catalyst 18.
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The morphologies of individual polymer particles provide insight into how
fragmentatiorwas impacted by thdistribution of active sitesSjgure 2.8). Figure 28a
shows a representative polymer particle formed from @sitdtl which had non
uniform distributiors of both Al (MAQO) and Zr (metallocene). The particle is no longer
spherical and has an uneven extedomprised of polymer aggregates. Figur@b2.
shows a representative polymer particle formed from Cataly$wiltich had uniform
distribution of Al and noruniform distribution of Zr. The particle has been split into
two hemispheres containing large d&mcand separated into severactangular
polymer aggregates on the surface. Figuse ghows a polymer partielproduced from
Catalyst 198 that had uniform distribution of both Al and Zr. It is mostly intact and
spherical although the edges of the stefaggregates similar to those seen in Catalyst

19-1 along withlarge cracks on the surface are seen.

Catalyst 19-1 Catalyst 19-8

Catalyst 1-1

Figure 2.8. SEM image of representative particle from (a) Cataly$t (b) Catalyst
191, and (c) Catalyst 18.

Polymer tains formed at active sites will cause the expansion of the
silica/polymer aggregates where they are locatsdhey continually grow The
relatively porous exterior of the polymer particle formed from Catalistsliggests
that polymerization did nogxtensively occurA possible explanation can be found
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from the elemental map of Al and Ztow concentrations of dth Al and Zr,
corresponding to MAO and metallocene, were sd¢he center of the particl@hus,

the remaining core region experiences lower levels of polymerizatienit is exposed

after fragmentation. The expansion from the compact sphericaystgpalrticle to the

two hemispheres shape seen from Catalyst @i8monstrates areas of uneven ghow
rates where high polymer growth near the exterior of the catalyst leads to expansion
while little growth is seen in the center. Due to the presence @ WAhe core region

of Catalyst 191, polymer growth is sufficient to form a polymer matrix witle th
exterior region. Uniform distribution of Al and Zr in Catalyst-89eads to even
polymer growth throughout the catalyst and intact polymer particles.

In addition to intact polymer particles, large numbers of fine particles were
produced from Catalysts1 and 191. Figure 2.9 shows representative fine particles
seen after reactionFragments seen from Catalystllare usually smooth and
irregularly shapedFigure 2.9% However, some fragments from Catalystllfave
small fibrils approximately 1 um itength growing from themHigure 2.9h. These
fibrils are shorter than those found on the surface of the large polymer particles
obtained from Catalyst 18 (Figure 2.9¢ and is evidence of continued polymer
growth. These SEM images of polymer particlesadly suggest that the formation of
very small particle fragments in gas phase ethylene polymerization is strongly

correlated with nonuniform distributiorf active catalyst (Zr) in the catalyst particles.
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Catalyst 1-1 Catalyst 19-1

Figure 29. SEM image of fragment from (a) Catalystlland (b) Catalyst 19. (c)
SEM image of surface of particle from Catalyst8L9

While evidence of extensive fragmemat is seen after 1 h of reaction, the
progression of the fragmentation over the course of theioaaiie and how it is
affectedby the distribution of active siteis also examinedFigure 2.10 shows the
SEM images of polymer particles at differentatean times with silica supported
catalysts with relatively neaniform Zr distribution (Catalyst 12). The overall
particle image of Figure 20a shows that at 10 min of reaction, polymer hasaaly
been formed on the surface of the catalyst partialetefracture of thesurface has
started due to the particle expansion. The observed morphology is similar to that of
ZieglerNatta catalyst reported in the literature for early stages of gas phasylene
polymerizatior??In the magnified surface shown in Figuré, we can observe the
protrusion of fibrillar polymer bundles and stress fibrils between the fragmented
surface layers and fragmenfdter 30 minutes of reaction, the polymer particle became
larger and the particle surface consists of a mosaic of smaller fragments as surface
rupture continued with the particle expansion (Figur@é(). Thick polymerssilica
blocks that were seen earliean be found at the surface of the particle with polymer
fibrils now around 5 pm in length (Figurel®d). After 60 minutes of reaction, the
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morphology of the polymer particle established at 30 min is still maintained with
polymer fibrils around 10 pum ilength (Figure 2L0e, f). Particle sizes after 60 minutes

remain relatively similar to those seen after reaction for 30 minutes.

Reaction time: 10 min Reaction time: 30 min Reaction time: 60 min

Figure 2.10. SEM images of polyethylene particles aftetbjal0 minutes, (c) 30
minutes, and (¢) 60 minutes in gas phase polymerization with Catalgsi;1Red
squares represent the enlarged zones.

Figure 2.11 shows polymer particles from supported catalysth wetatively
uniform Zr distribution (Catalyst 18). The growth and morphology of polymer
particles are similar to the previous case, but theresome key differences. Compared
to Catalyst 191, few thick polymer fibrils are observed at the particléezg and less
cracks are seen on the surface (Figuded). After 30 minutes, the texture tife
polymer particle appears denser and nspteeical with less open spaces between the

polymer aggregate@-igure 211c). This observatioomight be due to therpsence of
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more active sites in the interior of the particle where polymerization of ethylene occurs.
After 60 minutes, we observe that the pobr particle morphology is maintainadd

the particle has grown larger to approximately 1A@O pum(Figure 211e) It should

be noted that there are many polymer particles in the reaction mixture and the images
shown in Figures 20 and 211 illustratesome samples of these particles of different

sizes and morphologies.

Reaction time: 10 min Reaction time: 30 min Reation time: 60 min

o B

4

Figure 2.11. SEM images of polyethylene particles afteibjal0 minutes, (c) 30

minutes, and () 60 minutes in gas phase polymerization with Catalys8;1Bed
squares represent the enlarged zones.

2.34 Analysis of Fine Particle Bgments

Since a large fraction of fine particlegas generated with nonuniformly

distributed catalyst particles in gas phase polymerization, the compositions of these
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fine partcle fragments were analyzed and the results are shokigune 2.12. Figure

2.12a shows the particle fragments smaller than 10 um chosen for our analysis with
points further analyzed by SEEDX marked by numbers. Figure 2 shows the
elemental scan dPoint 6 marked in Figure 24. The elemental spectrum indicates
that this verysmall particle fragment contains negligible amoun&Zofand mainly
consists of silica and polymer. Batother small particle fragment (marked as 9 in
Figure 2.2a) shows th@resence of both Al and Zr (Figure 2c). The small particle
fragments in Figwe 2.2a might be ones generated just before the reaction was
terminated (1 h) with not enough time to grow or if they were generated earlier, the
active sites might have beepattivated and unable to polymerize ethylene and thus
remain as small fragmentSuch fine particle fragments are likely to be entrained in the
high flow rate exit gas stream if the gas phase polymerization is carried out in a
fluidized bed reactor. Alsdhey can easily deposit on the surfaces of pipes and heat
exchangers in the recle stream. If they stick to the reactor walls, the layer of such

small particles may eventually cause the formation of polymer sheeting.
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Figure 2.12 (a) SEM image of fragments after 1 hour of reaction using Catalyst 19
Numbers represent locations of EDX spot analysis. (b) EDX Spectra from Spot 6 and
(c) Spot 9. (d) SEM image of large polymer particle after 1 hour of reaction using
Catalyst 191 and(e) surface morphology. (b) EDX Spectra from Spot 1 in (e).

An example of a larger polymer particle and a magnified view of the particle
surface obtained from the Catalyst-19s shown in Figure 228 and Figure 22e.
The polymer patrticle surfacmntains cracks and reveals the fragments with short
polymer fibrils, clearly indicating that polymer particle expansion and fracture occurred
at the particle surface. These cracks are the evidence of the growth of polymer particle
due to polymerizationThe diameters of the polymer fibrils are about 3 um and form
bundles of short length (c.a. 5 um) attached to small fragments of silica. Figlire 2.1
shows the elemental scanning spectrum at Point 1 marked in FigRee [¥dtice that

although the fragmeéntself is small, it contains both Al and Zr along with higher
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amounts of carbon (polymer). Although not shown, other points in FigLze 2xbwed
similar results.

Based on the foregoing experimental study, we propose the mechanism of the
particle fragmataion near the young catalyst particle exterior as illustratédgare
2.13. It shows that when the catalyst site concentration is high near the outer regions of
a silica particle, polymer is rapidly formed, filling the porasddisintegrating thin
polymer layers into very small particle fragments. Some fragments may contain
catalyst sites (Zr) and some fragments may consist of polymers with negligible amount
of catalyst sites. Once such initial fragmentation or disintegration of surface layers is
conplete, the polymer particles will expand with internal fragmentation of remaining
silica and subsequent polymer production without generating very fine patrticle
fragments. According to this mechanism, the siiopported catalyst with low active
site conentations near the outer surface region may reduce the formation of catalyst
fines or very small particle fragments.

Several methods have been proposed in the literature to alleviate the formation
of catalyst fines in gas phase polymerizaiinciuding heuse ofanti-static agent$>*
235 catalyst poison in the form of a liquid or gd%23® or small amounts of liquid
hydrocarbon or mineral off® 297208 |n all these methods, a small amount is used to
coat and deactivate the active sites at the surface of the catalyst particle prior to the
main reaction while leaving the interior active sites intact. A reduction inuher
of active sites at the surfaof the particle by increasing the contact time and allowing

them to access the interior may remove the need of using such additives.
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Figure 2.13. Proposed scheme of surface fragmentatioe to nonuniform distribution
of active sites: high concentration of Zr near the silica particle surface causes the
premature fracture of silica/polymer and generates fine particle fragments.

2.4.Concluding Remarks

In this Chapter we have shown thathe distribution of MAO and metalbene
compounds in silicgupported metallocene catalysts has significant effects on the
fragmentation behavior of catalyst and polymer particles during the gas phase
polymerization of ethylene. While the metallocene lgataemployed in the current
study b a relatively low activity catalyst, the correlation between the contact time and
overall immobilized metallocene can be applied to other siliggported metallocene
catalysts of higher activities. The two types ofatgts with different Zr distributios
were prepared by changing tleentacttime betweenMAO-modified silicaand a
metallocene solution. The SEEDX analysisof the crosssectionclearly shows that
short impregnation tingeresut in uneven Zr concentratis in the particle. The high
concentation of Zr in catalyst particle surface region caused the formation of very
small particle fragments of sizes less than 10 um. Some of these fragments contained

Al and Zr (catalyst sites) but some were free of catalys¢ gas phase polymerization
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alsoresulted in the polyethylene morphology characterized by short and thick fibrils

grown from silica fragments in an expanding polymer particle.
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Chapter 3Comparison of Catalyst Distributions and Performances

betweenGas and Slurry Phas®lymerization of Ethylene

3.1 Introduction

Industrially, polyolefins such as polyethylene or polypropylene are produced in
processes that are either gas phase, slurry phase, solution phase, or a combination of
the thre€? 107239 Inherent differences between the gas and slurry phasessex
offer distinct challengem catalystand processlesign. Onalistinct difference is the
presence of thdiluentliquid phase in slurry processes that is absent in gas processes.
The inclusion of the liquidohasesignificantly affecs the polymerizabn process.
Firsty, the liquid phase allows for effective heat removal away from the
catalyst/polymer particlesOverheating of catalyst particlesdverselycauses the
deactivation of active siseas well ashigh rates ofpolymerization leading torapid
polymer accumulatio within the pores of the catalyst and extenssiea particle
fragmentationt®* 240243 Secondly, there is a sequence of mass transfer resistances:
gaseous monomer must dissolve in the bulk liquid phase following the thermadyna
solubility limitations, then diffus to catalyst/polymer particlest the reaction is
sufficiently fast, sch mass transfer resistances can leadlower monomer
concentrations at the active sites, effectivelyucingthe reactiomateand causing #
polymerization process to be diffusigontrolled®*424® Finally, the solvenpresnt in
the ®lid particle phasencreass mobility of the growing polymer chas allowing

them to move within and eventually out of the pdfésThis mobility reduces the
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amount of pressure exerted by the polymer onto their surroundings, reducing the rate

of fragmentatiort®? 163 247

The lack ofliquid causes numerous issues for gas phase processes, primarily
dealing with the heat dissipation from the solid phase. liFhigations in the heat
removal capacity of the fluidizing gas can lead to catabxstractivity and the
disintegration of the catalyst into fine particles which are likely to be entrained in the
gas flow streamn Chapter 2, weeportedhat some of thesfine particles have active
sites present and continue polymerizatibhese finecatalyst/polymeiparticlescan
easilyagglomeratalue to static electricitpnd attach to the reactor walkkgusing the
formation of localhot spots sheetingand foulingof the reactomwall surfaceg?” 208
228 \While severamethods detailed in Chapter 1 are used to mitigate the effects of fine
particles, they daaddress the root cause of the formation of fine particles which

inherently begins with the preparation of the supported catalyst.

Despite theinnate differences andathallenges between slurry and gas phase
reactionssilica-supported metcene catalysts designed feitherprocesses are often
prepared using identical conditiorfe preparation of these catalysts and their active
site distributions determine thetaalytic performance and morphology of the
polymer.For instance, in Chagr 2, we have reported that the preparation conditions,
contact time in particular, significantly impacted the distribution of active sites within
the catalyst. Catalysts with highesncentrations of active sites near the surface of the
particle led to flgher fractions of fine particles formed in gas phase polymerization of

ethylene.
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Another important factor that is affected by the preparation condition is the pore
diameter.The amouhof MAO adsorbed in silica particles duritigeirimmobilization
proces has been reported to change the pore diameter of the'€iféd21° The pore
diameter of supported catalysts can affect the accumulation of polymer prior to
fragmentation of the pore wall as well as the activity of the catégstinstanceSano
et al. and Kumkaew et akportedhatsupports with narrowgyorediametersncreased
the activity of MAO/(n-BuCp)ZrCl, in ethylene polymerization in gas and slurry
phase'?% 123 129 They proposed that the narrower pore diametereshifbnfiguration
of the MAO to a more active fornthat enhanced catalyst activityVhile previous
studies have focused on the effects of these factors on the catalyst activity and polymer
properties, not much has been known about such etfedtse overall morphology of

the polymer

In the present study, wiavestigate the effects of tae site distribution and
changes to the pore diameter after immobilization of MAO and metallocene on the
polymer morphology in both gas and slurry phase reactions. -Sujgaorted
metallocene catalysts were prepared withyway distributions of activesites and
amounts of immobilized MAO with the overall Zr (metallocene) and Al (MAO)
concentrations measured witmductively Coupled Plasma Atomic Emission
Spectrometry (ICRAES). Changes to thaore diameters after the prep@wa process
weremeasured usg N physisorption. These effects on the polymer morphology after

liquid slurry and gas phase polymerization of ethylene were observed.
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3.2 Experimental

3.2.1 Preparatiorof Supported Catalyst

The details of the preparatipnocess of supported cataiywith the R10 silica
supporthave been described in Chapter 2.ihEhort, sieved silica particles were first
calcined in air at 250°C and then contacted with a MAO solution to form MAO
modified silica. The MAGmodified slica was then contacted with metallocene
solution to form the final supported catalyisis expected that relatively namiform
distributions of metallocene will be obtained at short contact times (1 h) and uniform
distributions of metallocene willebobtained at long contactrtes (> 8 h) as seen in

Chapter 2.

In this chapter, the procedure was slightly modified. First, the silica was
contacted with varying volumes of MAO solution (4, 5, 6, and 7 mL) for 19 h. It is
expected that this will yield MA@nodified silica with uniforndistributionof MAO.

In addition, the different volumeare expected to lead to different overall Al (from
MAO) concentrations and different pore diameters due to the thickness of the MAO
layer. Secondhe concentrations of ¢hmetallocene solution weraned based on the
volume of MAO used to obtain 550 mohi:molz: between the total Al concentration

in the MAO solution and total Zr concentration in the metallocene solufiiie was

done in order to minimize the effect of/Ar mol ratio on the activain of the active

site. Details of the preparation procedure used are se€able 3.1.
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Table 3.1. Preparation conditions of supported catalysts

Supported| Volume | Total Alin | Concentration| Total Zr in Time in
catalyst? | of MAO solution | of metallocene| solution | metallocene
solution (mmol) solution (umol) solution (h)
(mL)® (mmokZr/L)®
4-1 4 3.98 4.43 26.56 1
4-4 4 3.98 4.43 26.56 4
4-8 4 3.98 4.43 26.56 8
4-12 4 3.98 4.43 26.56 12
4-24 4 3.98 4.43 26.56 24
5-1 5 4.98 5.53 33.20 1
5-4 5 4.98 5.53 33.20 4
5-8 5 4.98 5.53 33.20 8
5-12 5 4.98 5.53 33.20 12
5-24 5 4.98 5.53 33.20 24
6-1 6 5.98 6.64 39.84 1
6-4 6 5.98 6.64 39.84 4
6-8 6 5.98 6.64 39.84 8
6-12 6 5.98 6.64 39.84 12
6-24 6 5.9 6.64 39.84 24
7-1 7 6.98 7.75 46.48 1
7-4 7 6.98 7.75 46.48 4
7-8 7 6.98 7.75 46.48 8
7-12 7 6.98 7.75 46.48 12
7-24 7 6.98 7.75 46.48 24

dSilica used: 0.5 ¢ Time in MAO solution: 19 h¥Volume of metallocene solution

used: 6 mL

3.2.2Charactrization of Supported Catalyst and Polymer

The Al and Zr concentrations of the supported catalyst particles were measured

with

Inductively Coupled Plasma Atomic Emission Spectrometry -#ES,

Shimadzu ICPE000). The samples were prepared with pinecedire detailed in

Section 2.3.

The gas adsorption isotherms of the original silica and the supported catalyst

were measured usingzdhysisorption at 77KMicromeritics ASAP 2020). Particles
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were first dried overnight in a vacuum oven at 80°C ogdrniFo the analysis, 0.20 g

of the particlesvereplaced in the sample tube, sealed, and degassed at 120°C under
vacuum for 12 h. Then, the dried particles and sample tube were weighed to obtain the
weight after the first degas. Using this weight, tlee fspae was measured to calibrate

the analysis. Afterwards, the particles and sample wéye degassed again at 120°C

for 4 h prior to analysis and measurement of the nitrogen adsogegmrption
isotherm. The BET method was used to calculate thefgpsuiface areas while the

pore volume and pore size distribution were measured using the Bagedr

Halenda (BJH) method with the adsorption branch of the isotherm.

The exterior morphologies of the prepared sibo@ported catalygparticles
and subsequergolymer particles produced were investigated by scanning electron
microscopy (SEM) (Tescan XEIA FEG SEM) with a 10 kV beam. The samples were

analyzed with the procedure detailed in Section 2.2.3.

3.23 Gas Phase Polymerizatioh Ethylene

The pepared catlysts detailed in Table3.1 were used in gas phase
polymerization of ethylend-urther details of the polymerization procedaregiven

in Section 2.2.2.

3.2.4 Slurry PhasdPolymerizationof Ethylene

Slurry phasepolymerization of ethylene with the prepd silicasupported
catalyst were performed by first mixing the catalysts with 180 mL of hexane solvent

and triethylaluminium (TEAL) solution as cocatalyst (1M, Sighidrich) in a sealed
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500 mL high pressure glassactor inside a glove box. The catallsided reactor
assembly was removed from the glove box and then placed in a constant temperature
water bath set to 60°C. After the reaction temperature in the reactor was reached,
polymerization grade ethylene gaas supplied to the reactor to start tbaction with
constant stirring. The slurry phase ethylene polymerization rate during the
polymerization was monitored by measuring the monomer consumption rate using a
mass flow meter installed in the ethylene dypine to maintain the reactor pressure
constant at 50 psi with a backpressure regulator. After 1 h of reaction, the reaction was
stopped by purging the reactor and deactivating the catalyst with 1% vol
HCl/methanol. The polymer particles were then wewdiltered and dried in a vacuum

oven oernight. Schematic of the experimental setup for slurry phase polymerization is

shown inFigure 3.1

Pressure Pressure
Transmitter Regulator

Purification Columns

igi]

Mass Flow Meter Q5 + 13-X Molecular Sieve Beads

.

[]—@ Temperature Data Acquisition
 Transmitter Computer

Temperature Bath

Catalyst particles Liquid diluent

o0 0

Hot Plate

Figure 3.1. Schematic o§lurry phase polymerization experimental setup
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3.3 Results and Discussion

3.3.1 Overall Catalyst Goposition

The overall Al and Zr concentrations of the supported catalysts prepared under
various conditions are shownhigure 3.2 Two variables were examindtie volume
of MAO solution and the concentration of metallocene solution, and the contact tim

between the MA@nodified silica and the metallocene solution.

Figure 3.2a shows the Al concentration in the supported catalyst after 0.5 g of
silica was treatedvith different amounts of MAO solution for 19 h. While high Al
concentrations (17 wt.%) arebtainedwith 4 mL of MAO solution, this linearly
increases as larger volumes are used until a limiting value arokld\26% is reached
at 6 mL. An incrementaincrease in the Al concentration is seen when the volume
increases to 7 mL. The maximum Al %t.on the silica supported used in this stigdy
slightly higher compared to other commercial ststgpported metallocene catalysts
previously reported® 13 Figure 3.2b shows the Zr concentrations of the supported
catalsts after 8 h contact time which represents the highest measuredcentration
value for the particular solution concentratidnqualitaively similar trend to the Al
concentration is seen. The Zr concentration linearly increases up to around €% Zr w
which was consistent with the maximum values reported for other-silgaorted

metallocene catalyst§? 140
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Figure 3.2. (a) Aluminum concentrations of supported catalysts prepared in varying
volumes of MAO solution for 19 h. (b) Zirconiurroncentrations of supported catalysts
prepared with varying solution concentrations after 8 h contact time.

Figure 3.3shows the Zr concentration of the supported catalysts after different
contact times between the MA@odified silica and the metallocenelstion. The Zr
concentration increases from 1 h up to approximately 8 h to its maximumaftdue
which a decrease is seen. This is seen regardless of the metallocene solution
concentrationA similar dependence of Zoacentration on contact tinveas olserved
in Chapter 2 The decrease in Zr concentration at long contact times (> 12 h) was
attributed to catalyst decomposition due to possible condensation reactions or

poisoning**°
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Figure 3.3. (a) Zirconium concentrations of supported catalystp@ared with varying
solution concatrations.

The experimental results shown in Figuré® and 3.3 demonstrate the
importance of preparation conditions on the final composition of the supported
catalysts.Both Al and Zrconcentrationgorresponding to imobilized MAO and
metallocene reach a maximum valieere further increase to either the MAO solution
volume or metallocene solution concentration ygehthimal changesThe dependence
of active site distribution and contact time was previously demoediraChapter 2
As the contact time between the silica and MAO solution is sufficiently high (19 h), it
can be assumed that MAO is uniformly distributed. However, short contact times (1 h)
leadto norruniform distributions of metallocenes with higher cemications near th

surface of the particle.
3.3.2 Distribution of Active Sites

Intraparticle mass transfer resistance may lead to the immobilization of

metallocene compounds in the area near the surface of the particle at short contact
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times. We have pwiously shownn Chapter 2.3.2hat the distribution of active sites
within the sipported catalysts can bpproximatedvith concentration ratios of Al and

Zr (in wt.%) at the surface region and at the core region of a particle which was
confirmed by elerantal maps of the crosection.The ratio of 1.0 indicates uniform
distribution ¢ the compound (MAO or metallocene) within the particlehe Al and

Zr concentrations at the surface of the particle were measured usinge BEM/hich

can only measure up fomicron depthFigure 3.4shows the SEM image of Catalyst

6-1 and 51 and the aciated EDX area scan results which indicate that both Al and

Zr are present on the surface. It can be seen that the signals for Al and Zr are higher for
Catalyst 61 and conprise a larger fractionf the overall spectrandicating higher

proportions othese elements are present.
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Figure 34. (a) SEM image of Catalyst®. (b) SEM image of Catalysth Numbers
represent location of EDX area soaith corresponding EDX spectra.
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Figure 3.5shows the ratio of Al wt.% calculated from the Al concentrations
measured from SEMEDX to ICPMS. These pmts represent the average of all
catalysts prepared with the same MAO volume. It is seen that valuesdat®0 are

obtained, indicating a uniform distribution of MAO after 19 h of contact time.
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Figure 35. Ratio of Al wt.%measured by SENEDX to ICRMS.

Figure 3.6 shows the concentration of Zr (from metallocene) of the prdpare
supported catalysts measured from SEBMIX. Similar Zr concentrations are seen for
the first 8 h of contact followed by a decrease after 24 h, sitoildre removal of Zr
observed by ICRMS. Figure3.6b illustrates how the ratio of Zr wt.% (i.e., Zr Wb.in
the surface region/Zr wt.% in the core region) changes over time. This ratio at short
contact time (1 h) between the MA®@odified silica and metldcene solution is
1.6~2.0 and almost double that at longer contact times (24 h) which is 1.0~1.2. These
results indicate that the distribution of active sites is highly influenced by the contact

time.
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Figure 3.6. (a) Zirconium concentrations of supported catalysts prepared with varying
solution concentrations measured by SEBX. (b) Ratio of Zr wt.% measured by
SEM-EDX to ICRMS.

3.3.3 Pore Structures of Silica and Supported Catalysts

The pore structure of theilisa particle is expected to change as the
immobilization ofMAO, which is used in excess amouftrms a layer thabarrows
the pores. Immobilized metallocenes are assumed to not significantly alter the pore
structuresince they are present in smalnouwts. Figure 3.7 shows the nitrogen
adsorption/desorption isothesof the original P10 silica and supported catalystith
the lowestAl concentration(Catalyst 48, 17 Al wt.%) and highes®l concentration
(Catalyst 78, 25 Al wt.%). All are Type IV isdterms which is typical for silica
structures3® 28 |t can be seen that the original silica has a steep H1 type hysteresis
loop which indicates high pore uniformity and porenmectivity as well as
agglomerates of uniform bBpres?*® At higher MAO loading(e.g., 25 wt.%,) the
hysteesis loopbecomes flatter and wider indicatittge blocking of pores and a more

disorganized pore spaé&¥®?°2 Similar observation was reported in the literature by
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Alonso-Moreno et af>® where the hierarchal MCML1 structure became less ordered

after the immobilization of MAO.
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Figure 3.7. Adsorptiondesorption isotherm of (a) originatX® silica and (b) Catalyst
4-8 (17 wt.% Al) and 68 (25 wt.% Al).

Figure 3.8shows the pore size distributions, average pore widths, surface areas,
and pore volumes of the original silica and the preparpgated catalysts. Increased
Al concentration within the catalyst (immobilizeddAO) from 17 to 25 wt.%,
corresponding to Catalysts8} 58, 6-8, and 78, led to a successive reduction in the
original pore size distribution. The average pore width deededom 18 nm to
approximately 11 nm. Likewise, the original pore volume anthsararea of the silica
(317 nf/g and 1.41 critg respectively) significantly decreased to minimum values of

148 nt/g and 0.4 ciiig.
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Figure 3.8. (a) Pore size distributions, (b) average pore widths, and (c) pore volumes
and suface areas of the original silica and supported catalysts with various Al
concentrations.

The results shown illustrates that the immobilaaibf MAO cansignificantly
altervarious properties of the original silica such as pore volume, pore sidbudisn,
and surface area. It is seen that the initial pore size distribution is centered at
approximately 30 nmbut it decreases to approxitety 18 nm at the highest Al
concentration (25 Al wt.%). MAO preferentially immobilizes in larger pores due to
decreased mass transfer resistance until the compounds are unable to access smaller
pores. The change in podegameterrepresents the addition af MAO layer with a
maximum thickness of roughly 3.5 nm. These results are qualitatively similar to those
obtaired by Velthoen et dP* where a different silica suppofES7) was used to
prepare catalysts with up to 17 Al wt.%. McDaniel et*aprepared Cr/silicditania
catalysts with various pore volumes by coalescence of the silica aggregates and

observed lowr activities from catalysts with low pore volumes. However, this method
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of decreasing pore volumes strengthened the particle and defdagmentation and is

unknown whether the formation of MAO layer will have a similar effect.

3.3.4 Polymerization Actity

The supported catalysigrepared in our experimental stuehere used to
perform both liquid slurry phasend gas phase polymerization of ethylene at 60°C for
1 hour.Table 3.2 shows the measured time averagathlystactivitiesin slurry phase
polymerization The first variables examined are the volume of MAO and metallocene
solution concentration used dugi the preparation procesSatalysts prepared with
higher MAO volumes/metallocene concentrations (order from lowest to highest:
Catalysts 4X, Catalysts 58X, Catalysts 6X, Catalysts 7X, X being contact time with
metallocene solution) have higher Al aAd concentrations (Figure 3.2), leading to
higheractivity in terms of gPE/gcat.h during slurry phase polymerization. The second
variable examned is thecontact time between the MA@odified silica and the
metallocene solutianCatalysts prepared witloriger contact times have higher Zr
concentrations (Figure 3.3) and likewise higher activity (order from lowest to highest:
Catalysts X1, Catalyss X-4, Catalysts X8, Catalysts X2, Catalysts X4, X being
volume of MAO).Normalizing the time averagedlgmerization rate to the amount of
Zr adsorbed in the supported catalygtPE/mmotZr.h) reveals that the catalyst
activity in slurry phase etligne polymerization is between 60000 gPE/mmoltZr
h. Whenaccounting for the concentration of ethylenehia liquid phase[C2Ha]siurry =
0.291 mol LY, the catalyst activity is approximately 2.20.0° g-PE/mmot
Zr.[C2H4]swurry.h. Minimal differenceis seen between the groups of catalysts with the

same Al concentration (i.e., those prepared with the samene of MAO).
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Table 32. Polymerization activity of supported catalysts in slurry piase

Supported | Slurry phae Slurry phase Slurry phas
catalyst polymerization | polymerization activity| polymerization activity
activity (g-PE/mmolZr.h) (g-PE/mmolZr.
(g-PE/gcat.h [CoH4] siury.h)
4-1 18.26 744 2.56 x10
4-4 22.07 665 2.28 x10
4-8 24.61 569 1.96 x16
4-12 22.31 513 1.76 x1G
4-24 20.69 687 2.36 x10
51 22.20 598 2.06 x16
5-4 31.22 617 2.12 x16
5-8 37.16 682 2.34 x16
5-12 31.91 617 2.12 x16
5-24 26.97 669 2.30 x16
6-1 28.26 619 2.13 x16
6-4 33.17 555 1.91 x16
6-8 38.82 623 2.14 x16
6-12 34.52 571 1.9 x1C
6-24 25.66 636 2.19 x16
7-1 40.98 833 2.86 x16
7-4 36.28 637 2.19 x16
7-8 40.89 681 2.34 x16
7-12 34.90 594 2.04 x16
7-24 27.88 718 2.47 x16

dReaction temperature: 60°Ethylene partial pressure: 39 psig.

Table 3.3shows snilar trerds when the same supported catalysts are used in
gas phase polymerization although overall acégiare generally 50% lower compared
to slurry phase reactions. The polymerization activityerms ofg-PE/mmoiZr h is
between 200 300 gPE/mmotZr h. Based on the concentration in the gas phase
([C2H4]gas= 0.097 mol [1), the polymerization activity is approximately62 x 16 g-
PE/mmotZr.[C2oH4]gash. Interestingly,it is seen thaCatalysts7-X have on average
lower activity in gas phaseompared to Qalysts 6X despite similar Al and Zr
concentrationgCatalysts 6X: Al wt.% 24.29, minimum Zr wt.% 0.42, CatalystsX.

Al wt.% 25.45, minimum Zr wt.% 0.45)Thus, the discrepancy in activity may be due
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to the difference in the pore structure (Figure 3W8re Catalysts-X have lower
values of pore diametet? vs 11 nrjy pore volume (0.49 vs 0.41 ém), and surface
area (160 vs 148 ffy) compared to CatalystsX. The difference in pore structure may

lead to variation in the kinetic and thermal behawitthe catalysts during the reaction.

Table 3.3. Polymerization activity of supported catalysts in slurry piase

Supported Gas phase Gas phase Gas phase
catalyst polymerization polymerization | polymerization activity
activity activity (g-PE/mmolZr.
(g-PE/gcat.h)® | (g-PE/mmol-Zr.h) [CoH4] sturry.h)
4-1 5.60 228 2.35 x16
4-4 9.09 274 2.82 x16
4-8 9.76 226 2.33 x16
4-12 9.22 212 2.19 x16
4-24 5.03 167 1.72 x16
5-1 9.38 253 2.61 x16
5-4 11.40 225 2.32 x16
5-8 11.35 208 2.15 x16
5-12 10.33 200 2.06 x16
5-24 8.13 202 2.08 x10
6-1 14.15 310 3.20 x16
6-4 17.48 293 3.02 x16
6-8 22.80 366 3.77 x16
6-12 17.88 296 3.05 x16
6-24 11.30 280 2.89 x16
7-1 18.62 378 3.90 x16
7-4 15.15 266 2.74 x16
7-8 14.53 242 2.50 x16
7-12 12.06 205 2.12 x16
7-24 9.45 244 2.51 x16

Y Reaction temperature: 60°C, Ethylgvatialpressure: 50 psig

3.3.5 PolymerizatiorKineticsof the Supported Catalysts

The instantaneous activity over the course of the reaction provisight on
the fragmentation behavior of the catalysts during polymerizdioning slurry phase
polymerizationethylene in the gas phase will dissolve into the liquid diluent phase in

a gasliquid equilibrium. From Appendix I, it is shown that the masmsfer of
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monomer from the gas to liquid phas=urs relatively quickly (~ 2 minutes) from the
initial state [C2H4]siury = 0 mol LY) to the equilibrium statCoHa]siurry = 0.291 mol

L) at constant pressure (50 psié}.the polymerization progsses, the concentration

of ethylene dissolved in liquid will decrease, leading to a drop in the reactor pressure.
Thus, the flow of ethylee gas to the reactor in order to maintain the pressure of 50 psig

as explained in Chapter 2.3.4 can be used to meé#seipolymerization kinetics.

Figure 3.9 shows the kinetic profiles in slurry phase polymerizatising
Catalysts 6X and Catalysts-X. It is seen that when normalized to the Zr content and
the concentration of ethylene in liquid, Catalysts ave hgher overall activies For
both sets of catalysts, thiene between thethylene gas dissolving into the liquid at the
start of the reamn (2 minutes) andrthenmaximum activity is reached, hereby referred
to as induction time, is approximately 20 miggitinterestingly, Figure 3.9b shows that
there is a subtle dependence between the induction time and the contact time between
the MAO-modfied silica and the metallocene solution. Cataly& with 8 h contact
time with the metallocene solution dia ~20 minutes induction time compared to
Catalyst 71 with 1 h contact time with the metallocene solution whiganmanduction

time ~30 minuts.
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Figure 3.9. Kinetic profiles of (a) Catalysts &< and (b) Catalysts-X during slurry
phase polymerizatiorX represents the contact time between MiOdified silica and
metallocene solution.

Figure 3.10shows the kinetic profiles of the same catalysts when used in gas
phase polymerization. Similéo slurry phase polymerizatiphigheroverall activites
areobtained withCatalysts 7X. However, the activities of CatalystsX7continually
decreasafter 30 minutes of reaction while those of Catalys¥ @main relatively
constant. Interestingly, a dependence on the induction time @omit&ct time is also
seen.However thisinfluenceis opposite of that observed for slurry phase reactions
where shorter contact times between the MA@dified silica and the metallocene

solution led to a shorter induction time during the reaction.
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Figure 3.10. Kinetic profiles of (a) Catalysts €& and (b) Catalysts-X during gas
phase polymerization. X represents the contact time betweeniMdédiXied silica and
metallocene solution.

Differences between slurry and gas ghpslymerization arepgparent from the
polymerization kinetics. When normalized to the Zr content and the concentration of
ethylene in the bulk phase, it is shown that the gas phase activity is ~ 30% higher

compared to the slurry phask.possible explanain can be found fronthe sorption
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effect where the concentration of monomer in the semicrystalline polymer surrounding

the active site can be higher than that in the bulk gas pffeise 2°°

Induction time is affected by to a variety of factors inlohg mass transfer
resistance based on largertjie sizes® 25" 258 ower concentration of &ige sites at
the surface and moreaglual fragmentatiot,* and the presence of a thick polymer
layer at the surface caused by aoiform distritution of catalytic compoundg? 2%%
2801 slurry phae polymerization, CatalystT has a longer induction time compared
to Catalyst 78 while the difference between Catalyst @nd 68 is negligible Due to
the shorter calact time with the metallocene solution, Catalyst has lower Zr
contents with higer concentrations near the surface. The comparatively low number
of active sites may lead to slower fragmentation of the catalyst and a longer reaction
time to totally expse the active sites for polymerizatidHowever, in gas phase
polymerization both @talyst 61 and Catalyst -1 had shorter induction times
compared to Catalyst-& and Catalyst-8. The higher concentrations of Zr near the
surface of Catalyst-& and Cadlyst 71 may allow gaseous monomer to more easily

access the active sites quickgach the maximum activity.

It is also seen that despite similar Al and Zr content within CatalyXtsutd
Catalysts 7X, polymerization activities with Catalysts-X were higher. As
aforementioned, CatalystsX have more narrow pore diameters and smalleface
areas and pore diameters compared to CatalyXtsThe surface area impacts the
active site density which has been reported to affect polymerization activity. For
instance, Silveira et &t° proposed that a high concentration of Zr active sites per area

increased actiwt in polymerization of ethylene and reduced the effect of poisoned
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active sites. In addition, the thicker MAO layer present in CatalyXtsnay enhance

the activity of thammobilized metallocenes.

3.3.6 TemperaturBrofiles During Polymerization Reaction

The temperature profileduring the reactioncan also give insight into the
progression of fragmentation and exposure of active siggsn, both sets of Catalysts
6-X and Catalysts # are examinedrigure 3.11shows the temperature for both cases
within the reactor during slurry phase polymerizatioesiains relatively constant

throughout the reaction.
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Figure 3.11. Reactor temperaturef (a) Catalysts € and (b) Catalysts-X during
slurry phase polymerization. X repreteihe contact time between MA®@odified
silica and metallocene solution.

Figure 3.12 shows the reactor temperature in gas phase polymeriZation
Catalysts 6X and Catalysts -X. While the temperatures foCatalysts 6X rise
approximately 2~4°C withinhe initial 10 minutes of reaction, a 5~10°C increase is
seen forCatalysts 7X within 20 minutesnto the reactiornwhich roughly corresponds

to the induction time needed to reach the maximum instantaneous adtivéalso
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seen that the temperature riseCatalysts 7X is in the order of Catalyst-Z, Catalyst
7-4, and Catalyst-8 from least to highest. This order also corresponds to thdrshift
nonuniform distribution to uniform distribution of active sites as well as total Zr

content within the atalyst.
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Figure 3.12. Reactor temperature of (a) Catalyst &nd (b) Catalysts-X during gas
phase polymerizain. X represents the contact time between MAQdified silica and
metallocene solutian

The ability to regulat temperature and remove heat with the presence of the
liquid diluentis one of the main differences between slurry and gas phase reactions. A
sulile relation between the kinetic induction time and time to reach the maximum
temperaturés seenwith both béng similar. As the amount of catalyst within the reactor
is small (0.1 g),it was expected that any thermal deviation from the reaction
temperature would be minimal. However, it is seen that the temperatures for Catalysts
7-X during gas phase polymerizati were significantly higher. This temperature rise
can be detrimental ancaese overheating of the particle. Tioni et®alshowed that a
change in the reactor gas temperature from 80°C to 100°C during gas phase ethylene

polymerization esulted in the calculated particle surface temperature of almost 135°C.
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Mearwhile, Roos et at*' and Wu et at®? found that deactivation of the supported
catalyst increased at higher gas phase reaction temperature. As the temperatures remain
at elevated levels for ¢hentirety of the reaction, they may be the cause of the decrease

in instantaneus activity seen for CatalystsX7in gas phase (Figure 3.10).

3.3.7 PolymeMorphologyfrom the Supported Catalysts

The kinetic and temperature profiles of the two casestitite different
polymerization rate behaviebased on the contact time between the MAGdified
silica and the metallocene solution. It is expected that this difference would result in
variations in polymer morphologiigure 3.13shows the SEM image$ polyethylene
particles after 1 hour in slurphase at 60°C produced fraDatalysts 6X. Figure 3.13a
shows that the polymer particles from Catalydt Bave grown to between 75125
um. Large macropores and small silica fragments approximately 2 gireirareseen
throughout the surfacef the particle Polymer particles produced from Catalyst 6
are between 100150 um. While similar silica fragments to those seen from Catalyst
6-1 are seen on the surface of the particle, more polymer are seen thhi
macropores. Catalyst®&with the highest Zr concentration produced polymer particles

around 125 200 pm.
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Contact Time: 1 h Contact Time: 4 h Contact Time: 8 h

Figure 3.13. SEM images of polyethylene particles after 1 hour of slurry phase reaction
with supported catalystéa,b), Catalyst 4; (c,d), 64; (ef), Catalyst €8.

Figure 3.14illustratesSEM images of the polyethylene particles obtained with
Catalysts 71,7-4, and 78 with varying distributions of active sites. While the polymer
particles from Catalyst-I aresimilar sized to those produced frdd¥l, the surface
morphology is more rough with irregularly shaped globules. No silica fragments are
seen on the surface of the partidiéne particlesapproximately 50 um are seen in
addition to larger particles (~17pm) for polymer produced from Cataly 7-4.
Although most of the large particles are intact, large fractures are seen on the surfaces
indicating the expansion of the polymer partidlecreasing fractions of smalléne

particlesand larger fractures wiin the polymer particles are seem Catalyst 78.

80



Contact Time: 1 h Contact Time: 4 h Contact Time: 8 h

Figure 3.14. SEM images of polyethylene particles after 1 hour of slurry phase reaction
with supported catalysts: (a,b), Catalyst;1c,d), 74; (e,f), Catalyst -B.

Inherent differences between gas and rislyphase reactions lead to variations
in polymer morphology that are more directly dependent on the supported catalyst used.
Figure 3.15 shows SEM images of polyethylene particles producedas phase
polymerizationfrom Catalysts 6X. Polymer particles from Catalystl6are a mix of
small fragments and patrticles that experienced expansion near the surface and minimal
growth in the center. The surfaces of these open particles are maddfilpllaf
polymer bundles dirly from actiwe sites on silica fragments. For catalystspared
with longer contact times (Catalyséd6and 68), lower fractions of small fragments are

seen, and larger patrticle sizes with a more spherical shape are observed.
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Figure 3.15. SEM images of polyethylene particles after 1 hour of gas phase reaction
with supported catalysts: (a,b), Catalyst;gc,d), 64; (e,f), Catalyst .

Figure 3.16 shows thatCatalysts 7X show subtle differences in the final
polymer mophologiescompaed to those seen in Figure 3.15. A much higher fraction
of fine particles is seen after Catalysl Tvas used in gas phase polymerization with
larger fragments approximately BO5 um in diameter and fine particles betweén 5
10 um. Longe contact timesand more uniform distribution of active sites lead to
successively smaller fragments ({1@0 um for Catalyst -4 and 8 um for Catalyst-7

8) and higher fractions of these fragments.
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Figure 3.16. SEM images opolyethylene pdicles after 1 hour of gas phase reaction
with supported catalysts: (a,b), Catalyst;1c,d), 74; (e,f), Catalyst -B.

The particle morphologies reflect the trends observed in overall activity, kinetic
data profiles, and temperature chamuring thegaction. For both slurry and gas phase
reactions, polymer formed at the active sites builds up within the pores and exerts
pressure on the surrounding pore walls and leads to stress until the particle
fragmentst®® 178 247,263 |t j5 shown that in slurry phase reactiptise shift from non
uniform distribution of active sites to unifordistribution of active sites increased the
amount of polymer formed within the macropores, leading to larger overall particles
for from Catalysts 6X. While larger polymer particles obtained with catalysts prepared
with longer contact times are also séanCatalysts 7X, large fractures are seen at the

surface along with smaller catalyst fragments. It is also shownGhiatlysts 7X
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experienced sigficant fragmentation in gas phase polymerization with large fractions
of fine particles. Higher extesibf fragmentation compared @atalysts 6X areseen

with progressively smaller polymer particles as the location of active sites shifts to a
more unifom distribution. Thermal deactivation of the active sites on these fine
particles might have occurred dteethe high temperature deviation and halted their
growth. This would explain the decrease in activity seen from Catalysand 78
compared to -4 & the fraction of fine particles formed increased. A more gradual
fragmentation and exposure of the e active sites to start polymerization leads to

a lower temperature deviation f@atalysts 6X particles. This corresponds to the
conclusion reachelly Kosek et af*® via dynamic simulation where overheatiofy
catalyst particles can be reduced by slowly exposing the active sites. However, the
reason for whyCaalysts 6X particles experienced a slower fragmentation while
Catalysts 7X particles experienced a more rapid fragmentation i€leat As the Zr
concentration of both cases are similar, we propose that this difference in fragmentation
behavior is bagkon the pore diameters which in turn is based on the Al concentration.
With a decreased pore diameter, it is possible that the catalyst particle bacaene
susceptible to fragmentation during the reaction and led to uncontrolled fragmentation.
Not only ae the MAO compounds in closer vicinity to the active site and promote
activity, but less void space is available for the polymer chains to grow before

contacting with neighboring chains or the opposite pore Wwaju¢e 3.17).

84



MAO layer

3
>
&
]
<
=

MAO layer

MAO layer

a
b

MAO layer MAGQ layer
__/

Zr active site Zr active site Polymer

Original silica Heterogeneous catalyst Polymer particle

Figure 3.17. Schematic of how (a) less MAO adsorbed (b) more MAO adsorbed
affects the pore structure of the silica and lead to fragmentation.

3.4.Concluding Remarks

In this study, supported catalysts prepared with different distritsitsd active
sites and pore diameters through different Al concentrations or amount of immobilized
MAO. It is shown that Zr concentration increased with the contae bietween the
MAO-modified silica and the metallocene solution. In addition, longeracotitmes
led to a more uniform distribution of active sites throughout the particle. As the amount
of immobilized MAO increased, the pore diameter progressively d¢oissttWhen
these catalysts were used in both slurry and gas phase polymerizationlefethy
similar activity in terms ofj-PE/mmotZr.[C2H4].h were obtained. However, contrary
trends were observed in the kinetic profiles despite the use of identidgbtsat@ihe
induction time between the start of the reaction and the maximum activibaged as
the distribution of active sites transitioned to be more uniform in slurry phase while it

decreased in gas phase. Observed polymer particle morphologieswadtatively
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consistent with the trends seen from the kinetic profiles of both ptiagsite similar

Zr concentrations, larger fractions of fine particles were observed in both slurry and
gas phase polymerizatidrom prepared catalysts with a narrovpere diameterThe
results demonstrate the need to prepare the supported catalystsifbended reaction
phase. Immobilizing the maximum amount of MAO may adversely contribute to the
formation of fine particles and further study is needed to claréyr teffects on the

fragmentation process.
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Chapter 4. Mathematical Modelling of tkiatalyst PreparatioRrocess

4.1 Introduction

In industrial a-olefin polymerization processes, heterogenization of
metallocene compounds and the coactivator methylaluram®XMAQ) on porous
silica microparticles leads to several important benefits such as greater control of
polymer particle morphology and reduction of reactor foulitij,decrease in the
amount of external cocatalyst§*1%4 and the ability to be used in both liquid slurry
and gaghase processé® 228 Although some loss of catalyst activity by the
heterogenization of metallocene on inert carrier materials is inevisaiffiejently high
catalyst activity is readily obtainable with heterogeneous or -salghorted
metallocene catalysts for commercial manufacturing of polyolefins. Thus, the
preparation of highly efficient solidupported metallocene catalysts is one efki@y

elements in the successful operation of an olefin polymerization process.

In Chapter 2 and Chapter 3, we demonstrated that the preparation of supported
catalysts will significantly impact thital concentrations and distributions of MAO
and metallocene compunds within the RO silica particle. These two factors were
shown to influence the ultimate catalyst performance during polymerization. However,
polymerization activity have been reported to be affected by several physical attributes
of the silca suppdrincluding particle sizé3 136299 porosityl73211213254 gnd average
pore size and pore size distributith.1?3 129 264 |nconsistencies in the catalyst
performances are frequently observed and even for the same metallocene catalyst, the

direct comparison of catalyst perfornt@s between differestudies is often difficult.
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This is due to the variance in the choice of silica support, catalyst solution
concentrations, and contact time between the support and catalytic solutions which

contributes to differences.

In thischaper, we present the eepmental and theoretical modeling studies on
the catalyst impregnation process by focusing on the effects of intraparticle mass
transfer of MAO and metallocemssing a separate silica support (2408HT, WR Grace)
Silica-supported catalysts were prepared/agying the volumes of the MAO solution,
the contact times between the calcined silica and the MAO solution, the concentrations
of the metallocene solution, and the contact times between the-fi@dified silica
and the metallocene solutida observe if snilar behavior seen in Chapter 2 and 3 are
replicated The overall Al and Zr concentrations, corresponding to the amount of
immobilized MAO and metallocene, in the silisapported catalysts were analyzed
using hductively Coupled Plasma Mass SpectromdtGP-MS). The Al and Zr
concentrations of exterior surface region of the catalysts were also analyzed with
energydispersive Xray spectroscopy (SEMDX). A mathematical model for the
intraparticle catalyst impgmation process has been developed and ntioglel

simulation results are compared with the experimental data.

4.2 Experimental

4.2.1Preparation of Supported Catalysts

Details of the preparation of the supported catalysts have been described in
Chapter 2.1 and Chapter 3.2.1In this chapter, # silica support used is the

commercially available 2408HTsilica (WR Grace) with an average surface area of
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313.4 n¥/g, a pore volume of 1.53 &g, an average pore width of 30 nm, and an
average particle sizeé 82 um (Data provided by WR Grace). Todyuthedynamic
adsorption behavior, the silica and MAO solution was mixed at 110°C for various
amounts of contact time (1, 4, 8, 12 and 19 h) to obtain MA®@ified silicas. The
MAO-modified silica with the contadimes of 1 and 19 h in MAO solution were
chosen to contact with metallocene solutions at different durations in order to study the
metallocene adsorption/complexation behavior on MAQdified silica. According to

the literature, the contact time of 1 KlWMAO solution has been commonly employed
but the exact spatial (or radial) distribution of MAO in silica particles was not always
analyzed in detaf***3® The volumes of MAO solution used wells@varied between

2.7 to 8 mL, corresponding to 2.69 to 7.97 mmol of Al in solution, to observe their

effect. The catalyst preparation conditions are listedable 4.1

Table 4.1. Preparation conditions of supported catalysts

Supported Volume | Total Al | Concentration Total Zr | Time in| Time in
catalyst® of in of in MAO | metallocene

MAO | solution | metallocene | solution | solution| solution (h)

solution | (mmol) solution (umol) (h)

(mL) ™ (mmol/L)©
2.7-1-1 2.7 2.69 3.00 17.93 1 1
2.7-1-8 2.7 2.69 3.00 17.93 1 8
2.7-191 2.7 2.69 3.00 17.93 19 1
2.7-194 2.7 2.69 3.00 17.93 19 4
2.7-19-8 2.7 2.69 3.00 17.93 19 8
2.7-19-12 2.7 2.69 3.00 17.93 19 12
2.7-19-24 2.7 2.69 3.00 17.93 19 24
4-1-1 4 3.98 4.43 26.56 1 1
4-1-4 4 3.98 4.43 26.56 1 4
4-1-8 4 3.98 4.43 26.56 1 8
4-1-12 4 3.98 4.43 26.56 1 12
4-1-24 4 3.98 4.43 26.56 1 24
4-191 4 3.98 4.43 26.56 19 1
4-19-4 4 3.98 4.43 26.56 19 4
4-19-8 4 3.98 4.43 26.56 19 8
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4-19-12 4 3.98 4.43 26.56 19 12
4-19-24 4 3.98 4.43 26.56 19 24
4-4-0 4 3.98 0 0 4 0
4-8-0 4 3.98 0 0 8 0
4-12-0 4 3.98 0 0 12 0
5-1-1 5 4.98 5.53 33.20 1 1
5-1-4 5 4.98 5.53 33.20 1 4
5-1-8 5 4.98 5.53 33.20 1 8
5-1-12 5 4.98 5.53 33.20 1 12
5-1-24 5 4.98 5.53 33.20 1 24
5-191 5 4.98 5.53 33.20 19 1
5-194 5 4.98 5.53 33.20 19 4
5-19-8 5 4.98 5.53 33.20 19 8
5-19-12 5 4.98 5.53 33.20 19 12
5-19-24 5 4.98 5.53 33.20 19 24
5-4-0 5 4.98 0 0 4 0
5-8-0 5 4.98 0 0 8 0
5-12-0 5 4.98 0 0 12 0
8-1-1 8 7.97 8.85 53.12 1 1
8-1-8 8 7.97 8.85 53.12 1 8
8191 8 7.97 8.85 53.12 19 1
8-19-4 8 7.97 8.85 53.12 19 4
8-19-8 8 7.97 8.85 53.12 19 8
8-19-12 8 7.97 8.85 53.12 19 12
8-19-24 8 7.97 8.85 53.12 19 24

dSilica used: 0.5 ¢¥ Concentration of MAO solution: 7 wt.%/olume of metallocene

solution used: &nL

4.2.2 Characterization &@upportedCatalyst andPolymer

The overall composition (Al and Zr concentrations) of the ssigpported
catalyst particle was measured with Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, Thermo Scientific Element 2)The samples were prepared with the

procedure detailed in Section &2.
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The exterior morphologies of the prepared siBopported catalyst particles
ard subsequent polymer particles produced were investigated by scanning electron

microscopy (SEM) with therocedure detailed in Section 2.2.3.

4.2.3 SlurryPhasePolymerizatiorof Ethylene

The prepared catalysts detailed in Tadld were used in slurry phase
polymerization of ethylene. Further details of the polymerization procedure are detailed

in Section 2.4.

4 3 Results and Discussion

4.3.1 OverallCatalystComposition

The fourvariables of catalyst preparation conditions varied in our experiments
were volume of MAO solution, concentration of metallocene solution, contact time
between the MAO solutionna silica particles, and contact time between the
metallocene solution and M&modified silica particles. Overall concentrations of Al
and Zr in the silica particles prepared by different impregnation conditions were

measured.

The Al concentration in MA@nodified silica (wt. % in silica) prepared with
the conditions listed in Tabk.1 are shown irrigure 4.1 which shows that high Al
concentrations (123 wt.%) was obtained after a short contact time of 1 h. Similar
observations with 1 h contact time weeported in the literaturg? 216 265 Fyrther
incresse in the Al concentration to 4B wt.% is observed as the contact time is

lengthened and the limiting value of Al wt.% is reached after 12 h. Fglibeshows
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that the Al concentration in silica increases with the volume of MAO solbtibthe
increag is not significant, suggesting that the saturation condition has already been
established for the MAO solution volume used. However, similar rise in the Al

concentration is seen for longer contact times for all cases.
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a A b
17} A] o ©
° 15¢ I
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= 15¢ R 1 310t
< 14_ (o] ] <
1314 e 4.0mL] | i 2 7hn MAO Solution ||
A 50mL @ 19 h in MAO Solution
12l : - 0 : : :
0 5 10 15 20 0 2 4 6 8
Contact Time in Impregnating MAO Volume (mL)

MAOQO Solution (h)
Figure 4.1. (a) Aluminumwt.% in MAO-modified silicabased orsilicaMAO solution

contact time; (b) Aluminum wt.% in MA@nodified silica based on the volume of
MAO solution used for impregnation.

Figure 4.2shows the Zr concentration of supportedalysts prepad with the
MAO-modified silica under the conditions listed in Tablel While high Zr
concentrationsre obtained after a short contact time (1 thmgy reach a maximum
value after 8 h of contact timediter which adecreaseés seen The gmilar trend wa
reported in the literature and the decrease in Zr content was attributed to catalyst
decomposition and the leaching of the degenerated pr&fdctis behaviolis seen
regardless of the Al (MAO) concentration within the MAadified silica. Figurd.2c
shows the increasing Zr concentrations with higher cotration of metallocene

solution in contact with the MA@nodified silica.
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Figure 4.2. Zr wt. % vs. contact time of MAO modified silica for (a) contact time, 1 h
and (b) cotact time, 19 h with metallocene solution with differenetallocene solution
concentrations; (cfr wt. % vs. the concentration of metallocene solution for 1 h and
19 h contact time between MAO and silica

The experimental results shown in Figure 4.1 Biglire 4.2 indicate that the
Al concentration (corregmding to MAQO) and Zr concentration (corresponding to
metallocene) of the supported catalysts are dependent on two major factors: contact
time between particles and solute solution and the amountubésah the solution (i.e.
volume or concentration). Ihough high Al and Zr concentrations were obtained at
short contact times (1 h), longer contact times led to increased immobilization of Al

and Zr. The data shown in Figures 4.1 and 4.2 suggestsi¢heatalyst impregnation
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conditions need to be well signed to ensure consistent performance of the silica
supported catalysts. It is also to be noted that the Al and Zr concentrations in silica
supports represent the overall amount, but it is quite lpesthat their intraparticle

distributions may not beniform and dependent on the preparation conditions.

4.3.2 CatalysDistribution in theParticle SurfaceRegion

We hypothesize that the spatial or radial (if particles are assumed to be
spherical) distribution of the solute (MAO or metallocene) is depdgralethe contact
time between the silica support and their respective solutions. If there were a strong
intraparticle mass transfer resistance for the catalytic compounds, solutestigthin
solution may diffuse and immobilize in the areas closer tortexface between the
bulk solution and the external silica surface at short contact times. If suainiiorm
distribution of catalyst components occurs, it can affect the overall tai@tyivity as
well as the resulting polymer particle morphologygh#r concentration of MAO in
the external surface region of the silica has been reported to cause uneven
fragmentation of catalyst particles and low bulk density of the polymer fol?héd.
210,213 214 \vjith longer contact times between the silica particles and catalyst solutions
(MAO solutions and metallocene solutions), more effective penetration and

immobilization of Al and Zr are expected and higher catalyst activitypeavbtained.

To determie the Al and Zr concentrations at the particle surface, we used
scanning electron microscoynergy dispersive Xay spectroscopy (SEMDX). As
the penetration depth of the-rdy is around one micron, the results represent the

composition at the outer edgef the silicasupported catalyst particle. Approximately
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200 particles were analyzed in this way for each preparation condition to obtain the Al
and Zr content.Figure 4.3shows an SEM image of supported catalyst particles and
the EDX area scan resufts the four particle groups marked in the SEM imajee

elemental spectrums indicate that both Al and Zr are present on the supported catalysts

and they are consistent for all particles.
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Figure 4.3. SEM image of supportechtalyst 419-8. Numbers represent location of
EDX area scan with corresponding EDX spectra.

To quantify the distributions of Al (in MAO) and Zr (in metallocene) in
supported catalysts, the concentnatiatios of Al and Zr (in wt.%) measured by SEM
EDX andICP-MS at the surface region and at the core region of a particle have been
calculatedFigure 4.4shows the ratio of Alwt.% (i.e., Al wt. % in the surface region/Al
wt.% in the core region). Herdhd ratio of 1.0 indicates uniform distribution of MAO
within the particle. We observe that the ratio is much higher for the short contact time

(1 h) between silica and MAO solution than for the longer contact time (19 h). The
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ratio of 1.1 for 19 h contadime indicates that the MAO distribution within a sidic

particle is homogeneous or uniform.

Figure 4 4. Ratio of Al wt.% measured by SEFDX to ICRMS.

Figure 4.5shows the Zr wt.% ratio plots for two cases: (a) silicatee with
MAO for 1 h, (b) silica treated with MAO fdt9 h. Both cases show that the Zr wt.%
ratio is very high at short contact time, but it decreases gradually with longer contact
time. Itis to be noted that when the silica treated with MAO for 1 rused, the initial
ratio is 2.0~2.5 (Figure 4.5a) bt initial ratio is 1.2~1.5 for 19 h siliddAO contact
time (Figure4.5b). Both Figure 4.5a and Figure 4.5b also show that the concentration
of metallocene solution has a strong effect on the Zr wai¥6 values. It is also clear
that to obtain uniformidtribution of metallocene within a particle, longer siMAO
contact time, longer contact time for MAi@eated silica and metallocene, and higher

metallocene solution concentration will be necessary
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