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Chemicalcomposition distribution (CCD) of polyolefins is being measureddlyestablished
crystallization techniquesbut they are limited to senurystalline polyolefins. High-
temperature¢hermal gradient interaction chromatography {H&IC) wasrecently developed

for CCD determinationof semicrystallineandamorphous polyolefinghus broadening the
range of techniques available for the analysis of polyolefin chemical composition distributions
HT-TGIC fractionationrelies onthe interaction opolyolefin chains with a graphitsurface

upon a temperaturechange in an isocratic solvemiased onthe adsorption/desorption
mechanismThe main objective of this research is to understand the fractionation mechanism
of HT-TGIC and study factors conttislg this mechanisnusing one series of ethylene/l
octene copolymerhavingsimilar molecular weight averagdsut a distinct Ioctene fraction
(Category Dandsix series okthylene/loctene copolymers that in each sehagingasimilar

1-octene mole fractioanda wider rang®f molecular weight averagé€ategory Il)

It was foundhat die to the presence of short chain branébesed vial-octenancorporation

the shape othe HT-TGIC profile andthe position ofthe peakelution temperaturehift to

lower and become broader with increasiiigctenemole fraction. Also, thepeak elution
temperature is gradually linearly related to comonomer conérexperimental factorial
designwere appliedto threeindividual and blendsamples okthylene/loctene copolymer
(Category I)to regulate which operation parametéesoling rate, heating rate, and heating
flow rate) influence HFTGIC peaktemperatures and profile3he cooling rate has no
significant effect on thepeak elutim temperature and the broadness of the-THHIC
chromatograms. On the other hand, the heating rate and the elution flow rate, as well as their

interaction, substantially influence the HIGIC peak temperature and breadth.

Four individual samples and their blend ethylene/1octene copolymers having different
comonomer fractionand approximately the same molecular weight averagee chosento

investigate how commercial Hypercarb columns wdistinct lengthsand averageparticle



sizes affected HITGIC fractionation.Neither average patrticle size nor column lengtys
an important role on the fractionation of polyolefins and their bldntésestinglythe fraction
of the component with high comonomer content in a lpiblend couldaffectthe peak position

of the fraction with low comonomer content, perhaps becauseadsarption effects.

Thejoint effect of chain length and comonomer fraction on' F31C chromatograms and the
position of peak elutiontemperaturewere investigatedusing sets of ethylenefictene
copolymer sampleshat each set had differenhain length andimilar 1-octenefraction
(category Il) The peak elutiortemperature decreasexponentiallyand the profiles became
increasinglybroader bw acritical number averagehain lengthvaluethat increasglinearly

with the fraction of comonomer in the copolymer.

Stockmayer distribution anilonte Carlo simulatiorestimating the distribution of average
(AESD) and longest (LESD) ethylene sequengere used to explain trabservedehavior
of HT-TGIC profiles. It was foundthat ro simple correlation existbetween ethylene
sequences in the copolymers andlpelution temperature, buhereis a strong evidence that
axial dispersiors responsible fosymmetricabroadening of the HTGIC profiles.Also, the
HT-TGIC of binary blends was studied, finding that components with simdatene contents

and dissimilar chia lengths tend to increase-adsorption/calesorption effects.
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Chapter1. )i OOT AOGAOEIT 1
1.1 Motivation

Polyolefing which include polyethylene and polypropylemgethe most important class of
synthetic polymerdoday It is impressive that polyolefins, made from simple monomers
containing only carbon and hydrogen, can be used in a wide variety of applications in the
information technologyenergy industry, transportation, packagingalth careand different
blow-molded objects such as bottleshe large impact of polyolefina the marketis due
mainly to their low production cost, reduceshvironmental impact, antheir flexible and

tunablephysical and mechanicptoperties.

The microstructuref polyolefin chaing composed of only carbon and hydrogen atamthe

key to understanding their physical and mechanical properties. The rhajdamental
structural parameters affecting resin properties include their distributions of molecular weight
(MWD), chemical compasgon (CCD), and long chain branching (LCBD). Several analytical

techniquesireused to measure these distributions.

High-temperature ¢ permeation chromatographT-GPC)is widely usedto measure the
MWD of polyolefins. Temperature rising elution fri@nation (TREF)crystallizationanalysis
fractionation (CRYSTAF)andcrystallization elution fractionation (CEF) are crystallization
based techniquassed to measure tHeCD of polyolefins TREF, CRYSTAF, and CEF are
limited to semicrystalline polyolefins. Bcently, high performancdiquid chromatography
(HPLC) has been developetb quantify the CCDof semicrystalline and amorphous
polyolefins based onan adsorptiordesorption mechanism, thus broadenthg range of
crystallizationbased CCD analytical techniques. These techniques inbigtiéemperature
solvent gradient interaction chromatography {BGIC) and high-temperaturethermal
gradient interaction chromatographyT(-TGIC). Thefractionationmechanismis achievedy
the interaction of polyolefin chains widlporous graphitic carbgpackinguponeither solvent
change at high temperature ($8IGIC) ortemperature change in an isocratic solvght-

1



TGIC). HT-SGIC is limited to evaporative light scatteringetectorsbecause solvent
compositionvaries during analysiOn the other hand, all commertyahvailable detectors

can be usewvith HT-TGIC. HT-TGIC has the potential to revolutionize polyolefin analysis
because it can measure the CCD of resins with a wider range of comonomer fractions than
TREF,CRYSTAF, or CEFand eliminate theetectordimitation of HT-SGIC.

1.2 Research Cbjectives

The main objetive of thisthesisis to investigateand understanthe separatiormechanisnof
HT-TGIC for polyolefin fractionation using series of homogeneous ethylelhettene
copolymers synthesizedwith a singlesite catalyst Two major copolymer serieswere
consideredl) polymers having similar molecular weight averadesg differentl-octenemolar
fractionsand 2)polymers withthe same averagkoctenecontent but different molecular
weight averagesThese samples were usedstudy thgoint effect of molecular weight (or
chain length and chemical compositioon HT-TGIC fractionationof individual andbinary

blends ofethylene/1octene copolymer

It is also importanto understand how operating facw@ifecs polyolefin separatiomy HT-
TGIC. Thereforea systematic studyf thedifferent HT-TGIC operatioranalyticalparameters
was performed tetudy the impact on the chromatogramsl®fTGIC andfind conditions that
optimize peak resolution and minimize analysis time for individaahplesandtheir binary
blends.

Hypercarb columns, made of porous graphitic carbon, are considered to be among the best
choices for polyolefin fractionation based on the adsoratEsorptiormechanismHowever,

the effect of the length and average particle sizelygfercarbhas never been investigated
before In this thesis four different Hpercarb columnsvere compared to evaluate if these

parameters had a significant effectpolyolefin fractionation



1.3 Thesis Content

Chapter 2 briefly reviewthe literatureon ethylenepolymerization withmetalloceneatalysts

and provides a detailed overview of sevenatrostructural characterization techniques used
to measure th€CD of polyolefins Chapter lescribes the polymerization procedure used to
synthesize ethghel-octenecopolymes, andthe analytical methods used to determine their
microstructures, notabMWD and CCD. Chapter 4iscusseshe influence of differenHT-
TGIC analytical parameters for individuaethylene/1octene samplegndtheir binaryblends.
Chapter 5comparedifferent Hypercarb colums usedto fractionate individuatopolymer
samplesandtheir blends. Chapter @Gnalyzeghe joint effectof thechain lengthand1-octene
contenton thefractionation mechanismf HT-TGIC for individual copolymersand their
binary blends, and proposes a fundamental interpretation of the experimental results using
Monte Carlo simulation and Stockmayer distributiéinally, Chapter7 summarizes the
conclusions of the entire work done in thi®sis and suggestsecommendations fduture

investigations



Chapter2. ,EOQAOAOOOA 2AOEAX
2.1 Polyethylene Microstructure

Polyethyleneis the most importantommercial polyolefin. Figure 2-1 illustrates typical
microstructures of thethree major types of commercial polyethylenes: -temsity
polyethylene (LDPE) made by fregadical polymerizatioii linear lowdensity polyethy¢ne
(LLDPE) and highdensity polyethylene (HDPE) made bycoordination polymerizatialt-?

Table2-1 compares a fewnechanical and physical propertiegtdsepolyethylene types.

LDPE LLDPE HDPE

IS

Figure2-1. Commercial polyethylendypes!?

Table2-1. Common fysical and mechanical properties of LDPE, HDPE, and LLDPE.

Property LDPE HDPE LLDPE
Degree of branchin§000Q C 2040 0 1530
Density ¢/cmq) 0.915-0935  0.945-0975  0.915-0.940
Degree of Crystallinity % 40-60 7090 55-75
Melting point €C) 100-120 133138 120130
Strength Low High Medium




LDPEis an ethylene homopolymarade by freeadicalbulk polymerizationn a highpressure
(120-300 MPa) and high-temperature (14825 ‘C) process in either autoclave or tubular
reactors. LDPHasdifferent lengths oshort chain $CB) formed viabackbitingreactions
andlong chain branche4.CB) made bytransfer to polymer reactionsong chain branches
havelengths comparable to thaif the polymer backbonajlowing easer processingf high
molecular weighmaterialsand maikng the resin especially useful for extrusion coatifige
SCB in LDPE decre@s the degree of crystallinity and, therefore, the density of
polyethylend®sl

HDPE wagdiscovered two decadesdatby Karl ZieglerandGiulio Nattausing coordination
polymerizationcatalystd® & This type of polyethylenbaslinear chais with no, or very few,
SCBs,beingmore rigid and stiff than LDPE he degree of crystallinity in HDPBay be as
high as90%, resulting in &igh densitypolymer (0.940.975 g/cr). LLDPE has higler SCB
frequency, combining the toughness of LDPE with the rigidf HDPE The presence of
SCBsplays a major rolein decreamg the degree of crystallinity (565%) and density dhe
polymer.HDPE and LLDPEnaybe madewith singlesite catalyst, such as metallocesgor
multiple-site catalyst, such as ZiegleNatta and Philips catalystHDPE andLLDPE are
madeby cqpolymeriang ethylene and -blefinssuch as dbutene, thexene, and-bctene A
short chain brancts formed in the polymer backbone whet-alefin is copolymerized with
ethylene, ashown inFigure2-2. The physical properties of LLDP&ependupon structural
characteristics of the copolymer chaisisch asMWD and CCD.However, br the same
comonomer molar fraction, the density and melting points of an etii{defedin copolymer

decrease generally withcreasing SCB length (&thyl>Ethyl>ButybHexyl).?'12]



T *\/ Tiw

Methyl SCB

E \\\\\\ Tiw

Hexyl SCB

Ti

Butyl SCB

Figure2-2. Mechanism of short chain branch fornia by coordination polymerization. The chains are shown
growing on a titanium active sifé

2.2 Ethylene Polymerization with Coordination Catalysts

Polyethylense (HDPE and LLDPE)are producedby coordination polymerizatiorusing
ZieglerNatta catalysts, chromium oxide (Philips) catalystsnore recently, metallocene and
late transition metal catalysfpostmetallocenes)Table2-2 illustrates the main commercial
catalyst types used tmake HDPE and LLDPE Multiple-site catalystsincluding Ziegler
Natta and Phillipsinake polymers with neaniform microstructures, chacterized by broad
and sometimes bimodal MWDs and CCDs, while shsifie catalyst¢gmetallocene and post
metallocens) producepolyolefins with narrow and uniform microstructural distributi$is
16]

The investigations described in this thesis us#d/lenel-olefin copolymers with narrow
MWD and CCDto investigatedT-TGIC fractionation because these are vadfined materials
thatare ideally use@s standards; therefonmultiple-site catalysts willhot be covered any
further in this chapter.



Table2-2. Example of commercial catalysted their general characteristics

Transition

Catalyst Metal Characteristics
1 Methylaluminoxaneor borate/borane
cocatalyst
Metallocene Zr, TiHf 1 Narrowpolymermolecular weight
distribution PDF H 0
1 Hydrogen as chain transfer agent
1 Aluminum alkyl cocatalyst
ZieglerNatta T 1 Broadpolymermolecular weight

distribution PD£4-6)
1 Hydrogenas chain transfer agent

No mcatalyst
Very broadpolymermolecular weight
Philips Cr distribution (PD¥6)

1 Thermal treatment and support typare
usedto control polymemolecular weight

= —a

* PDlis polydispersity index for MWD

2.2.1 Metallocene Catalysts

Metallocene catalystare as old aZieglerNatta catalysts, buhey had very low activities
when activated with trimethylaluminum (commonly usedo activate ZeiglerNatta
catalysts§®"% In the early 1980s, Kaminsky and oth&f$%92 discoveredserendipitously
that metallocerebecamevery active for olefin polymerization wheheywereactivatedwith
methylaluminoxan€MAQ). MAO (Figure 2-3) is produceddy the controlled hydrolysis of
trimethylaluminum?! Metallocens started to be commercially important soon after
Kaminskyds discovery becthatssed ZipgleNagtanatalysts at i o n
could be adapted to work with metallocen@thout too many modificationsSince these
catalysts have only one type oftige site, they make polyolefins with a degree of
microstructural control that is not possibMth conventional heterogeneous multigiée
catalysts.For instancemetallocens polyolefins have narrow MWD (polydispersity index

close tothe theoreticaminimum value of2.0) andhigh strengtht4 1922



Figure2-3. General structure ofnethylaluminoxangMAQO}?4

Metallocene catalysts are organometallic compogodgposeaf a transition metal, typically
Ti, Zr, or Hf, attachedo one or more cyclopentadienyl ringsp) (or Cp derivatives)via p-
bonds, aidicatedn Figure2-4.18 Figure2-5 showa fewexamples ometallocene catalyst®
1319 Many factors that regulate the catalytic behavior of the metalledemerds olefin
polymerization such asthe natureand typeof transition metalhumberand type of the
cyclopentagnyl rings, cocatalyst/catalyst ratiand polymerization conditioft$”?® These
factorsdeterminecatalyst activity, comonomeeactivity ratios responseo transfer agest

steree and regioselectivity

A constrained geometry catalyst (CG@ a type of metallocenenith only one
cyclopentadienyl ringnda nitrogen substituent coordinatiecthe meél centeras showrin
Figure2-5-c. CGCs alsocalled halfsandwich catalysthave high reactivity ratios towards 1
olefin incorporation becausef steric and electronic reasor@@polymersmade with CGCs
havebeen claimed to haabetterbalance ophysical properties amatocessabity thanLDPE

andother metalloceneLDPE.[? 4 14.24]
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Figure2-4. Generalized structure of a metallocene catalydt; Transition metal X hydrocarbyl, alkylidene,
halogen radicalsR hydrogen, hydrocarbyl radicals;tBidging grouf’

Figure2-5. Some examples of metallocene catalysts: aZ8p; b) racE(Ind)ZrCt; c) Constrained geometry
catalystls

2.2.2 Polymerization Mechanism

Thefirst step in coordination polymerization is the formationiafactive sitein the catalyst.
Active sitesare formedy the reaction of pre-catalyst(or catalyst precurspandan activator
or cocatalys{AlRs). The cocatalyst alkylates the pratalyst after extracting two halogen atom
to forma cationic active sitanda nonrcoordinating anion for catalyst stabilizati@ince the
cocatalyst works as a Lewis acid (electron acceptorg/sib scavenges polampurities

(electron donors such as moisture) from the reactor that poison the actiFgaite2-6 shows



a simplified chemical equation for the activation mechanism and its correspondent chemical

equation?2¢l

€

L X L_® R
>A  + AR, CA + ARX,
L X L
Cationic Non-coordinating
Catalyst Cocatalyst Active Site Anion

Figure2-6. Catalyst activation by reaction with cocatalyAt transition metal (most commonhyfi, Zror Hf), L.
ligands X halogen atom (commonly, CR, alkyl group (methyl or ethyl§”!

After the catalyst activation, the polymerization proceeds through two main stepemer
(ethylené coordination to the active siehaininitiation) and insertion into the living polymer
chain as described ifrigure 2-7. First, an incoming ethyleneanonomercoordinats to the
vacancy of the transition metah its carbon double bortd form afour-member mg structure
among the active site, alkyl groupnd ethylene carbecarbon double bondThen, the
monomermolecule isinsered between the carbemetal bond Once the insertionf the first
monomerhasbeen completeda new free coordination site generated at the metal vacant

position to begin new insertion that lengthens the growing polymer Bhaft?e!

L 2R L @R R, L@
( A + / _— L/\ AS/  —— (t/\A / —_— CL/\A\L

Initiation/Coordination R

L®

Pol
@
Yt — (R
Propagation/Insertion

Figure2-7. Monomer initiation and propagatigrA: transition metal (most commonlyi, Zr or Hf, L ligandsR
alkyl group (methyl or ethylp): number ofmonomers, Pot growing polymer chaif”]

During propagation, the length thfe growing polymer chain increasesa repeated monomer
insertions untila chain transfereactionstopsthe growth of the polymerhain resultingin a

dead polymer chain aradpolymesfree active siteahat carmake another polymer chakigure
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2-8 displays sveral chain transferreactions that are possible in coordination
polymerizaion.21% Thetype ofchain transfestep determinethenature of thehemical group
bound to thechain endb-Hydride elimination and transfer teethylene madelead chais
cappedwith avinyl group (unsaturated end3yansfer to hydrogen or cocatalyst, on the other
hand,generatedead polymers witlsaturatecchainends.Although mostchaintransfersteps
may occur during polymerizationghain transfer to hydrogen is the maesimmon way to

control polyolefin molecular weight ithelaboratoryand industrial reacto#&’-?%!

CL\AG) <L\@H
L/ \/\Pol \/\P0|

b-Hydride elimination

L. @H
—_— C/A + /\Pol

L @~_ Pol L\@/\/Po | L\
<L/A + / - ‘>/ C / Po |

Chain transfer to monomer

L\® L\@HZ
A + H2 e (

L @H N
N—N ( A +
L Pol i

Pol
PoI

Chain transfer to hydrogen

L.® Pol L.®
(PR ARy — (PAg* Por AR,
Chain transfer to cocatalyst

Figure2-8. Chain transfereactions A: transition metal (most commonhfii, Zr or Hf L ligandsR alkyl group
(methyl or ethyl)n: number ofmonomers, Pot growing polymer chaif”)

The steps for ethylene homopolymerizatidescribedaboveare validalso for ethylene/l-

olefin copolymerization. For a given catalyst/cocatalyst system, both propagation and chain
transfer rates during copolymerization are affected by the type of monomers coordinated to the
active site and inserted into the growing polymer chain duehéocbmpetition of two

monomerd?7:28l

11



2.3 Polyethylene Microstructural Characterization

The microstructure of polglefinsis definedby thar molecular weighdistribution(MWD),
chemical compositiodistribution (CCD), and long chain branchindistribution (LCBD).
These distributiongdeterminethe enduse propertiesof polyethylenes Characteriation
techniquesdeveloped to measur€CD, including crystallizatiorbased techniques and

interactivebased techniquesill be discusseth the following sections

2.3.1 Crystallization -Based Techniques

TREF, CRYSTAFandCEFhave been usesktensivelyto measure the CCDf polyethylenes

in the last three decadeBhese techniqueely on the fact thathains with highetd-olefin
fraction have lower crystallization temperatures than chains with lower comonomer content
Differences in crystallizability aréén transformed in differences in comonomer content using
a calibration curve. fie fractionation takeplace byslowly decreasinghe temperatureof a

dilute polymer solutioneither in a stirred vessel (CRYSTAF) or in a packed column (TREF
CEP .28

TREF usestwo temperature cyclesrystallizationand elution. First, the sample is dissolved
in a solvent at high temperature and thengblymer solutionis introducel into a column
containing an inert support, such as glass bebwshe crystallization stephé column
temperatures decreasegdraduallyto room temperaturat a very slow cooling ratgypically

2 °C/h) for enhanced resolutionPolymer chains with higer crystallizabilities (low
comonomer fraction) precipitate first, followed by polymer chains with lower
crystallizabilities (high comonomeifraction). TREF requires a second temperature cycle
(elution step)to separate those fractions physicallshe dution cycleis doneby flowing
solvent through the columatt increasing temperaturés removethe polymer chains in the
reverse order thewere precipitatedFractions ofncreasingecrystalliniesare dissolvedrom
the columnas the temperature ris€BREF provide good peakresolutionbut requireslong
analysis time.[3%32

12



In 1991, CRYSTAF wamtroducedoy Monrabdf*3¥ as a new analytical technique to speed
up theCCD analysis of polyolefia It shares with TREF the same separatn@tharsmbased

on crystallizability. Howeverfractionationis achieved only inthe crystallization step (no
elution cycle) decreasing analysis timie. CRYSTAF, the analysis takes placsideastirred
crystallization vessel withut the use oluppors. An in-line mass detector measures the
polymer concentration in the soluti@s the polymer solution temperature decreases. The
measureccumulative distributions transformednto the CCD (differential distribution) by
takingits first derivativewith respecto the crystallization temperatur€RYSTAF andTREF
profiles have similar shapeas shown irFigure2-9. However, CRYSTAF curves are shifted
towards lower temperatures because TREF profige measurediuring dissolution and

CRYSTAF curves are measured during crystallizatfgi® 37

10

EB-01 CRYSTAF
8 | reesoe EB-01 TREF

20 40 60 80 100 120
T(AC)

Figure2-9. TREF and CRYSTAF prdfilem ethylene/tbutene copolymer made with a heterogeneous Ziegler
Natta catalyst?®

In 2006, Monrab&® introducedCEF as a faster fractionation technique. Differently from
TREF, where the polymer solution crystallizes without solvent fline,solventis flown
through theCEF column during the crystallization stegs illustrated irFigure 2-10. TREF
uses short colunmtypically 10-15 cm longwhile CEF needs loreg columrs, usually 100
200 cm long In the CEF crystallization cyclenoe the crystallizatiotemperature of a fracin

is reachedit is precipitatedon the support while the other fractions are still soluble in the
13



solvent ankeepmoving along the column until their crystallization temperatareseached
Thus,CEFreducesco-crystallizationby segregatig fractionsof differentcrystallizabilitiesin
the column Because carystallizationis substantially reduce@EF can be operated at much
faster coolingrates than TREF and CRYSTA¥ “° Table 2-3 summarizes themnain
characteristics of TREFGRYSTAFand CEF

Sample Loading Crystallization Step Elution Step
T
T r— "
TREF |= - Fe—> e
= =]
Ti 7 T;
T T T
CEF |= Fe— ® - Fo— -m o=
= (o] e

Figure2-10. Crystallization and elution stefn TREF and CEFf

Table2-3. Main characteristics of TREERY ST Adnd CEF.
Technique Characteristics

Column fractionation technique

Noflow during the crystallization step
TREF
Detection during the elution step

= =4 =4 =4

Long analysis times

Batch technique

Detection during the crystallization step
CRYSTAF .
No elution step

=A =4 =4 =

Shorter analysis times than TREF

Column fractionation technique

Flow during thecrystallization step
CEF

Detectionduring the elution step

= =4 =4 =4

Short analysis times
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Molecular weight and comonomer mole fraction are the main key factors affecting the
crystallizability of polymer molecules. Wilet al®?! indicated that the metular weighmight

not affect the position of peak temperature in TREF. They studied a series of linear
polyethylene samples made wdlsingle site catalyst and investigated that peakelution
temperature was independent of molecular weight for gojjetes witha numberaverage
molecular weight NI,) greater than 1000 g/mol. Nietoet al'®! established the same
conclusion for CRYSTAF peak temperature that molecular weight for sampleslvgtieater

than 5000 g/mol did not change th@ystallizationtemperature Anantawaraskukt al*!
realized that although both molecular weight and comonomer content significanttytiaéfec
broadness of CCD of these techniques, comonomer mole fraction is the main determining
factor affects the position of CCD peak for most samplesanigtriationof molecular weights.
Since molecular weights of most industrial linear polyethylenaigte TREF and CRYSTAF

profiles are relatively insensitive to the molecular weights of those resins.

The operatingonditionsusedin TREF, CRYSTAF and CERffect the profilesneasuredy
thesetechnique$®4246l The crystallization step is of great importance dtirthesethree
techniquesince the polymer moleculgst firstly separated from the bulk polymer during this
step.Therefore, the cooling ral€R) is the key parameter in these techniqueED profiles
shift to higher peak temperatigavhen slower cooling raseare used likely due to the
formation of larger crystallitesAnantawarskuet al®%43 used the average temperature lag in
the steadystate regime toorrect the CRYSTAF profiles and thiaund anexperimentalinear
relationship betweethe average temperature lag dine cooling rateOn the other handhey
demonstrated thaecreasingpeating and solvent flow raten TREFshiftthe profileso higher
peak temperatusedueto increased residence time in the colu@@Ds also becomieroader

at higher heating rateas a given volume of solvent will elute the polymer over a wider range
of crystallinities Alghyamahet all®*®42 concluded similar observation for CEF profibat
are strongly affected by theang rate and the solvent flow raiging a series of ethylene/1
octene copolymer samplesust et all*¥! optimizedthe operatingparameter®f TREF using

the aid of a factorial design experiments which leads to a remarkable increase in resolution of
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TREF profike of ethylene/propylene copolymeZhokputtanawuttilercet al*®! developed a
mathematical model dEF basedn population balance with the crystallization kinetic and
the axial dispersion models to describe the expartal CEF at various operating conditions.
They demonstrated that the model parameters estimated were found @obd agreement

with those obtained from other crystallization based techniques.

Co-crystallization is one of the main limitations of ciajskzation-based techniquesndthe
most important factor reducing theresolution®®: 4942471 Apantawaraskulet all4347]
investigatedvhetherco-crystallization effect on CCDs measured by TREF and CRYSSAF
correlatedto the value of cooling rate bstudying blendf ethylene/ihexene copolymer
samples. They noticed thdbw cooling rats reduce but do notcompletelyeliminate co-
crystallizationin blends with componentf similar crystallizabilities The degree of co
crystallization canbe calculatedby comparing predicted and measured blend profiles.
Alghyamahet all*®#? appliedthis methodo studythe effect of severaiperation parameters
on co-crystallizationin the CEF profils of blends of ethyleneftctene copolymerd=igure
2-11 shows that thelegree of cerystallizationin CEF was considerably reducess the
cooling rate decreasedHowever, blend components hang very close elution peak
temperaturesemainaffectal by cocrystallization,even whenmpracticallylow cooling rate
(from 0.5°C/min to 0.09°C/min) were usedf®4l
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Figure2-11. Effect of cooling rate ol€EFco-crystallization.Continuous lines are the experimental profiles of
blends oftwo components ofethylene/l-octene copolymerdaving different comonomer content®0% of
1.51, and50% of3.51 mol%) Dashed linesepresentthe predicted profile for the samblends.%

TREF, CRYSTAF, and CEFcan be calibrated to obtain CCDs from theiution or
crystallization curvesEthylenel-olefin copolymers synthesized by singiée metallocene
catalysts are useful calibration standards for these techniques as they have narrow CCDs and
cover a broad range of comonomer incorporatiBigure 2-12 shows how toobtain a
calibration curve foCEF. A similar procedure can be ugedestabliska calibration curve for

CRYSTAF and TREIE0. 36.4850]
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Figure2-12. The pocedureused to generate a calibration curfer CEF

SeveralTREF and CRYSTAFRalibration curves haveeen reporteth the literature3?: 36:49.50]
Figure 2-13 shows CEF calibration curvedor ethylene/thexene, ethyleneféctene and
ethylene/idodecene copolymel¥! Linear relationshipbetween comonomer mole fraction
and peak temperaturesegenerally observetbr TREF,CRYSTAF, and CEF The slope of
calibrationcurveobtained withethylenel-olefin copolymers with shorter branches (butgl)
higherthanthose for ethylené&folefin copolymerswith longer branches (hexyl or degyit
indicatesthat butyl branches are less effective in disrupting ¢hestallizability of the
copolymer chains than hexyl or decyl branches, perhaps becausebtartghes carbe
partially incorporatedhto the crystal lattice. On the other haaftter a certain limj the length
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of the SCB stops having an effect on tadibrationcurve.Figure2-13 demonstratethat the
calibration curves for ethylenefictene and ethyleneodecene copolymers are the satte

.
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Figure2-13. CEF calibration curséor ethylene/l-olefin copolymes.>!

A microstructural model, such as Stockmayer bivariate distribution and Monte Carlo
simulationwasappliedto obtain a more detailepicture of the polyethylene microstructures
and compared the information provided BREF and CRYSTAI?5% Spareset all*yl used
Stockmayer bivariate distribution to model the ideal fractionatibpolyolefinsby TREF.

Also, Soaret all®*®5% ysed this modeling to fit the CRYSTAfReasured CCDs of several
ethylene/loctene copolymer samples made wétlsingle site catalystThey noticed that
although a good agreememas obtainedetween CRYSTAHMeasured profiles and predicted
Stockmayer distributionCRYSTAF curvestended to be skewed to lower crystallization
temperaturesCRYSTAF profileswerebroader than the theoretical prediction by Stockmayer

distributiondue topeak instrumentddroadening.

Beigzadetet al’® 54 proposed the first Monte Carlo model for simulating the fractionation

process in CRYSTAF and the profiles by calculating the average longest ethylene sequence

(LES) ofthepolymerchain and plotting the distribution of longest ethylene sequence (LESD)

for five ethylene/ioctene copolymer samples synthesized with a sisiggecatalyst. They

proposed that the LES per chain governs the crystallization process in CRYSTAF and a good
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ageement between experimental and simulation resultsse observed However,
Anantawaraskuét al®%4used Monte Carlo simulation to propose that using the distribution
of overallethylene sequenc®ESD),instead of LESDrepresents bhetter modeling approach

for CRYSTAF profile for a wider range of ethylenadétene copolymers.

2.3.2 High Performance Liquid Chromatography

High performanceliquid chromatography (HPLC) is a fractionation techniquedute
characterize polymers according to their chemical composition. Begsseusapplications
of HPLC were limitedto temperaturgup to about80 °C, thar applicability to polyolefin
analysis was restrictdt?®”! In 2003 however, Macko et all®®® separate isotactic
polypropylene from linear polyethylene using ethylene glynohobutylethe(EGMBE) as
eluent in an HPLC column packedwith silica gel chemically modified with
oligo(dimethylsiloxane) by therecipitatiorfre-dissolution mechanism. Becauseovalent
bonds betweenthe oligo(dimethylsiloxane) layer and silica gale stable up to 380 °Ghis
packingcan be usetb fractionatepolyolefins at high temperatul®! Separation in this system
is possible becaudseGMBE is a good solvent for isotactic polypropylehat a norsolvent
for polyethylend®? The recovery opolyethylenehoweverdecreasgas its molecular weight
increasd. Therefore, thefraction of polyethylene with this methodas limited by the
solubility of polyethylenén the mobilephaseand suffeedfrom poor resolutiorf® €

Heinzet al’®' used a gradient of TCB/EGMBt& fractionate polyethylene and polypropylene
blends Figure2-14). TCB is a goodsolvent for bothpolyethyleneandpolypropylenewhile
EGMBE is a good solvemnly for polypropylene The polymerblendwas first dissolvedh a
good solven{l-decanol)andtheninjected intahemobile phaseomposed 0100% EGMBE.
After a few minuts, polyethylenebegns to precipitate onto the colunf8ilica getNucleosil
500), while polypropyleneelutes from the column (precipitation step) the redissolution
step, the volume fraction of TCB is increased gradually up to 100%eidissolve the
precipitated polethylene into the mobile phaseEthylene/propylene copolymersere

fractionatedoy composition using a TCB/EGMBE gradientarHPLC column packed with
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silica gel (Nucleosil 500 usingthe samanethod.The column outletvas connectetio an
evaporative light scattering detector (ELSD, modelfRIS 10®).[°% As illustrated inFigure
2-15, propylenerich chainsare eluted at low TCB/EGMBEatiosand ethyleneich fractions
at high TCB/EGMBE ratio&*¢°l

1.0 . T r T o P, P T T T

9 100
polypropylene

polyethylene - 60

- 20
Elution Volume (mL)

Figure2-14. HT-HPLC profile for separation of a bleofipolyethylene and polypropylen¢Column:Nucleosil
500, mobilephase: EGMBECB, T: 140°C, detector: E).9e dotted line is the solvent gradient profftd

Detector Signal (V)
% 1,2,4-trichlorobenzene

Propylene-rich fraction

Ethylene-rich fraction

I PP /\
0 )

I I 1 I —

0 2 4 6 8 10 12
Elution Volume (mL)

response ELSD (V)

Figure 2-15. HT-HPLCprofile for ethylene/propylene copolymex (Column: Nucleosil 500 mobile phase:
EGMBEICB, temperature: 140°C, detector: ELISD

Mackoet all®4 studied the adsorptiasf isotacticpolypropylenein a chromatographicolumn

filled with an Ultra Stable faujasite zeolite CBR8Q. Isotactic polypropylene can fyllor
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partidly adsorb oto the column packingutthe retained polymecould notbe desorbettom

thezeolitesupport

Macko and Pas#¥ "° useda Hypercarb porous graphitic carbon (PG&@)umn instead of
zeolites to fractionat polyolefins. The useof PGC supportswas the key tofractionate
polyolefin based on the adsorptidesorption mechanismThey demonstratedthat
polyethylene, atactic polypropylene, and syndiotactic polypropylene were fully adsotied on
PGC columns at 160 °@s shown irFigure2-16. The sample was first dissolved ird&canol

and injected to the column at the same temperafineretained polymers were desorbed and
eluted from the column using a solvent gradient (fid% Zdecanol to 100% TCB)lhis
technique is called higtemperature solvent gradient interaction chromatography38T1C)

and has become very successful for polyolefin fractionation since then

0.30

1Blends:

i iPP  8.5kg/mol+sPP 18.8kg/mol+PE  2kg/mol
™y 0.25 {— iPP 52.3kg/mol+sPP 36.3kg/mol+PE 22kg/mol
% iPP198.0kg/mol+sPP193.0kg/mol+PE260kg/mol
= 0204 | P
a ]

@ 1 i

o o015 PP

[ ] H
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© 0.057 aPP
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345 6 7 8 9101112131415
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Figure2-16. HT-SGIQrofile of blends ofisotactic polypropylengiPP), atactipolypropylene (aPP¥yndiotactic
polypropylene (sPP) and linear polyethylene (REQlumn: Hypercarb, Solvent gradient: from 100%etand
to 100% TCB, T: 160 [°€)

Macko et allf¢'68l ysedthe same adsorptifstesorptiosbased HPLC techniqugiT-SGIC)
with 1-decanol/TCB/Hypercarb column systdm fractionate #hylenel-olefin copolymers

with a large variety of comonomer unitsethylene/4dmethyl1-pentenecopolymers and
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ethylenehorbornenecopolymes. They found that onlyhe samplescopolymerized with 4
methyl1-pentenevere partiallyadsorbedrom 1-decanol on th€GC columnFigure2-17),

but all othersamples werdully desorbedafter TCBwasadded into the mobile phasghe
elution volumes of copolymers decreased with itherease of theconcentration of the
branching in thee sample except for thesamples copolymerized with cyclic comonomer
(norbornene) They demonstrated that the presenceslafrt chain branchesSCBs) in the
polyethylene chaishortens the length of continuous methgleequences and thus decreases
the probability of orientation ofhe macromoleule in a flat conformation on the graphite
surface Also, they indicatedhatthereis, in generala linear correlation between the elution

volumes and thaverage chemical cqmosition of ethylenefblefin copolymers.

Ethylene/4-methyl-1-pentene copolymers

0,08 ] 4.01 |TIO| O."’D
% 179 mol %
-
= 0,08 |58 mol % 8 mol %
2 14 mol %
(]
2 0,04 - .

| 17 mol %

P 21 mol %
@ 0,02 - 4 mol %
w Start of gradient

0,00

. — .
0 2 4 6 8 10 12 14 16
Elution volume [mL]

Figure 2-17. HT-SGIC profile of ethylenefhethyll-pentene copolymers.(Column: Hypercarb, Solvent
gradient: from 100%-tlecand to 100% TCB, T: 160[¢¢)

Mackoet all®” %8 studied the influence of throlecular weight on the fractionation of isotactic
polypropyleneandon the separation g@lyethyleneusing HT-SGICas shown irFigure2-18.
They demonstrated thatolecular weight did not significlly affect the pealpositionof the
elution volume ofsotacticpolypropylenesamplesince the elutiotakes placéefore the start

of the ®lvent gradient. The elution volumes of ethylereldfin copolymers with weight
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average molecular weight greater thE520 kg/molwere not affeced by their molecular

weight.
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Figure2-18. HT-SGI(rofiles of isotactic polypropylene (iPP) with distifdt (a) and linear polyethylene (PE)
with distinctMw (b). (Column: Hypercarb, Solvegtadient from 100% idecand to 100% TCB, T: 160 .%8)

Chittaet all®>"used three different typ®f the column(Hypercarb, ZirchrorCARB, and

activated carbofT A95) and different solveninfainly 1-decanol, 2ethyl1-hexanol and TCB)

to study the influence of carbompackingon thefractionationof linear polyethylene and

polypropylene with differentacticiiesusing HFFSGIC with different solvent/sorbent system
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Theyfoundthatfractionationof polyethylene and polypropylerseuld be achievedh different
sorbent/solvent system®olyethylenecan be fractionated usingll tested sorbent/solvent
systemsHowever, plypropylenesamplescould notbe separated according to their tacticity
when 2ethyl1-hexanol/TCB/ZirChrom-CARB systemwasused.

High temperaturéwo-dimensional liquid chromatographiT 2D-LC), as shown irFigure
2-19, is apowerfultechnique tanvestigae themicrostructure opolyolefins In this technique,
polymers are first fractionated bT-SGIC (first dimension); then, each HIGIC fraction is
analyzed by HIGPC (second dimension)providing a comprehensiveicture of thejoint

MWDxCCD ofthe semi and noeaorystallinepolyolefin.

Isocratic pump

= RANCLR——
'. I dispenser

Autosampler

Binary pump HPLC column Oven, 160 °C

SEC column Oven, 160 °C

Data processing
ELSD detector .J - > @

Figure2-19. Schematicfor HT2D-LC72

Ginsburget all’? " were ableo fractionate a blend of linear polyethylene and polypropyene
with different tacticites, and ablend of ethylenerinyl acetate (EVA) copolymers with
different comonomer contegincluding amorphous samples using BD-LC. Theyapplied

a new approacho determine the void and dwell voluntd the developeHT 2D-LC

instrumentby calibratingboth dimesions, HPLC and5PC They showed, for the first time,
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thatthe elution ofsotactic polypropylena the gradient HPL@epends omolecular weight
Royetal.l’® used the same HT 2DC system to study the influence of @ifént catalyst type
(Ziegler-Nattaandmetallocengon the merostructure of ethylene/dctenecopolymes. They
showed that polyolefins made with different catalystshad different molecular weight,
compositios, and number of resolvegopulations in their respectiveHT 2D-LC

chromatograms as a function of catalyst type

The poor detector respondae to the dilution irthe second dimension (GPC)asommon
issuein HT 2D-LC. This problem cannot be solved by using higher sample concentrations or
increasing the sample loops because of increassogsities and shiftg in elution volume

due to concentration effectslekap et all’® enhanced theetector response in HAD-LD
usingmultiple injections of a sample and then starting the desorptiomstepfirst dimension

to avoid these issuesgithout changing the elution volumer overloadingof the stationary

phaseon the column.

Interestingly, adsorptiordesorptiorbased HPLC technigagecan be usedo fractionate
amorphous polyolefingith 1-olefin contens up to 100%since they do not depend on polymer
crystallization as TREF,CRYSTAF, and CEFR"7 Unfortunately, becausesolvent
composition vaesduring solvent gradient HPLC analysispst common detectors cannot be
used with this techniquéd-or instanceinfrareddetectos thatare commonly usedith other
polyolefin analytical techniques are not easily applicabkdvent gradient HPLC because of
the variation in the solvent composition redudetector sensitivitylnstead, an evaporative
light scattering detector (ELSD) is often used, wiaokates a problem for the quantification
of thisanalysis since the detect@ignal is nodinearwith respect ta@oncentration and solvent
compositior?” This limitation canbe eliminatedwith the use of highemperature thermal

gradient interaction chromatography, whishliscussedh the next section

26



2.3.3 Thermal Gradient Interaction Chromatography (HT-TGIC)

HT-TGIC was invented by Dow Chemical to fractionate polyolefins basedthen
adsorptiofdesorption mechanisH! HT-TGIC overcomes the challenges encounténeitie
solventgradientHPLC methodsIn HT-TGIC, a PGC columnis also used as stationary
phase however, instead ofelying on a solvent gradient, a temperature gradientsedto
promote the fractionation iman isocratic solventsuch as O@CB or TCB. Therefore, all
commercially available detectors used with otpelyolefin characterizatiotechniques can

be used Also, as for HFSGIC, HT-TGIC is free of cocrystallization effects that usually
reduce the resalion of crystallizationbased techniques. However, HGIC profiles might

be affected by cadsorption/cedesorption phenomenaeducing theCCD resolution.Co-
adsorption/calesorption causes peak broadening when polymer chain fractions of different

comonomer contents adsorb or desorb togétHét

In a typical HFTGIC experimentthe sample is dissoldan asolvent and injected intoRGC
column at high temperature. Then, two temperature cyrkesmposeda cooling cycle for
adsorption of the polymer chains aadeating cycle for desorption of retained polymer chains.
During the cooling cycle, theotumn temperature is continuously decreased with or without
solvent flow. While the column temperature reducedyradually the polymer chain fraction
with the lowest comonomer content is adsorbed first at the highest tempevhileéhe other
fractions remain in the solvent phase until their adsorption temperati@esachedin the
heating cycle, the retained polymer chainscasorbed andlutedin the solvent at increasing

temperatures.

Conget all’l used HFTGIC to fractionate a series of ethyleneidtene copolymerd={gure

2-20) and foundhat the peak temperaturesSHT-TGIC chromatograms depended linearly on

the Loctene conter(up to 50mol %), as illustrated ifFigure2-21. Monrabalet al’®% reported

that the HFTGIC elution pealpositionsdid not depend opolymermolar massprovidedit

washigher than 25 kg/mohs illustrated irFigure2-22. HT-TGIC was also combined with

TREF and CEF to analyze a blend of ethylermdtene copolymers (0.3% and 1.3% ef 1
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octene) by adding a TREF or CEF column to the exit of theTBTC column.This cross

fractionation approach observed significant improvements in resalgfion
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=—EO-3 3.99mol% octene

* =—=EO-4 8.52moal% octene

EO-5 13.88mol% octene
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Figure2-20. HT-TGIC profile of ethyleneftctene copolymers(Column: Hypercarb®, Temperature gradient
range (175¢ 0) °C, Solvent: ODPB!
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Figure2-22. Effect of molar mass on the elution peak of-HGEIC for polyethylen&’

Alghyamabhet al*®#1-82studied various factors that might influence-BGIC profiles. A set
of ethylene/loctene copolymerwith comonomemolar fractionsup to 3.5% was used to
investigate the effect of cooling and heating cycle parametargple volumesolvent typgo-
dichlorobenzene, ODCB; 1,2fichlorobenzene, TCB; anthloronaphthaleneCN), andsample
volume on indivilual resinsFigure 2-23, Figure2-24, andFigure2-25 show tha cooling rate
and cooling flow atehavelittle influence on HTTGIC profiles of both individualresinsand
theirblend

——1.16% - Fc = 0.02 ml/min

0.09

= = 1.16% - Fc =0 ml/min

0.06 3.51% - Fc = 0.02 ml/min

dWidT

- = 3.51%- Fc = 0 ml/min

003 4

0 4= —
100 110 120 130 140 150 160

Temperature, °C
Figure 2-23. Effect of cooling flow rate on HTGIC profile fothe ethylene/l-octene copolymer. Column:
Hypercarb®, Temperature gradiert56¢90) °C, Solvent: OD{IE]
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Figure 2-24. Effect of cooling rate on HTGIC profile forthe ethylene/l-octene copolymer. Column:
Hypercarb®Temperature gradient:165¢90) °C, Solvent: ODPEI
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Figure2-25. Effect of ooling flow rate on HATGIC profile oBlend-2 (50% 0f3.51 % and0% of1.16 mol % of
1-octene) (Column: Hypercarb®, Temperature gradiehE5¢90) °C, Solvent: ODIIE!

On the other handhe heatingratehasa majorinfluenceon HT-TGIC profiles.Figure2-26
shows that fast heating ratesbroaden and shift the HTGIC profiles to higher peak
temperatureskigure 2-27 indicate thatusing a slow heating rate increases peak resolution

slightly, perhaps by minimizingo-desorption effect&!

30



0.2 1

0.16 1

0.12 1

dW/dT

0.08 4

0.04 4

-===1.16%-HR=3
°C/min

—1.16%-HR =1
°C/min

===-3.51%-HR=3
°C/min

—351%-HR=1
°C/min

92

100 110

Hypercarb®, Temperature gradiert56¢90) °C, Solvent: ODJIE]

0.09 Blend -2 (exp)
A
3.51%
0.06
g8 —1.16%
=
- = Blend -2 (cal)
0.03
0 .
100 110 120 130 140

Temperature, °C

Figure 2-26. Effect of heating rate on HTGIC profile forthe ethylene/l-octene copolymer
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Figure2-27. Comparison between experimental and calculated profiles of BR@0% 0f3.51 % and0% of

1.16 mol % of -bctene)using heating rates of 3 °C/mijA)and 1 °C/min(B) (Column: Hypercarb®, Temperature
gradient: (155¢90) °C, Solvent: ODCE)
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Theelution peak temperatwsef individual resins using ODCB are significantly higher than
those measured with TCB and Ca$ illustrated irFigure2-28. ODCD was a better solvent
for the separation of the blend samples than tihke other solventsinvestigated by
Alghyamah® In addition ODCB minimized co-adsorptioneffects. Small samplevolumes
(less than 10@1) also seersto reduce ceadsorptior®:2 Mekapet al®*#¥ used a series of
ethylene/loctene copolymers to evaluabénary solvent mixtures containing alkanes and
aliphatic alcohols as components of the mobile phase usiigl.8D in HT-TGIC. They
showed tha#0/60 (v/v)1-decaml/TCB and 30/70 (v/v)-decanol/TCBwere optimized binary
solvent mixtures thagnhancedhe resolution oHT-TGIC fractionation of individual samples

and blends of ethylenefictenecopolymes.

0.2 1

0.16 A
—3.51% TCB

====3.51%CN

dW/dT

— =3.51% ODCB

140 150 160
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Figure2-28. Effect of solvent type on HTGIC profile fothe ethylene/l-octene copolymer, containing 3.51%
octene. Column: Hypercarb®, Temperature gradieh&5¢90) °C, Solvent: ODCBN, and TCH}

Inwong et al®>88l developed a mathematical model for HIGIC fractionation based on
population balances assuming a +emuilibrium, multistage adsorpticdesorption
mechanism. Their model fitted well experimental results of individual ethyleutéhe

samples and theirfary blends measured under several operating conditions.
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Monrabal et al®”! compareddifferent type of packing suppors, including molybdenum
sulfide (M0S), boron nitride(BN), andtungsten sulfiddWS,), with equivalent graphitized
carbon packindgor the HT-TGIC analysis of polyolefinsdDespite having different chemical
structures, these supports could all be considered to bat fleg atomic level (atomic level

flat surfaces ALFS). Theyproposedhat HT-TGIC profiles obtained witthe MoS, column

were broader due to a significantly higher Eddy diffusion, as the particle shape and size of
Mo$S; material used were less uniform than Hypercarb coluagshown ifrigure2-29. They
demonstratedhat regardless of the type of packing, tdesorption temperaturdepended

linearly on thecomonomer mole fractioim the copolymer
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Figure2-29. THTGIC profiles of ethylene/dctene copolymer samples using Hypercarb column (above) and

molybdenumsulfide column (bottom)&”!
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Based on these finding®onrabal et all®”:8 proposed that the adsorptistrength of
ethylene/lolefin copolymes on ALFS supports waelatedto the available contact surface
area of thecopolymer chainand thesupport surfacewhich depends on the short chain
branching frequency of the copolymeaisdisplayed inFigure2-30. A samplechainwith no or

few stort chain branches kdonger ethylene (or methylene) sequences, resulting in a larger
contact surface area and stronger interactions with the support. Such a sampkeoad&orb
desorls from) the surface at higher temperatures than a sample havingS@s/ (shorter

ethylene sequences)

ALFS 7

Figure2-30. Adsorption ofpolyethyleneschematic orthe atomic level flat surface (ALFS): A) no SCB, longer
ethylene sequences, and B) with SCB, shorter ethylene sequéfices.
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Chapter3. 01 | UAOEUI AT A 3Ul OEAOEO A

3.1 Polyethylene Synthesis

Two main categories diomogemous ethylene/1octene copolymersiere synthesizeth a
stainless steel autoclave reactor operated in-batoh mode. Categofycompriseca series of
ethylene/loctene copolymearhavinga similar number average molecular weighkgn] but
different average -bctene fractions to study the effectagerating parameters and column
type on HFTGIC chromatogramsCategoryll comprised six seriesf ethylene/loctene
copolymes, polymers ineach series had similardctene content (@3 mol%) but different
Mn to study the joint effect of molecular weight arddoctene content on HITGIC

fractionation.Figure3-1 summarizes th#, and1-octene mol % for all samples.

140000
C%S

120000

100000
2 80000 -
=, Similar M,
= 60000 y "
=

40000

20000

0 2 4 6 8 10 12 14 16 18 20 22 24 26
1-octene mol %
Figure3-1. Ethylene/toctene copolymers investigated in this research: Categioigtudessamples with similar
Mn and different toctene content;,Categoryll comprises samples with similarattene content and different
Mn. (H = homopolymer, C = copolymer, numlxesideC corresponds to the mole fraction ofottene in the
copolymer)
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3.1.1 Materials

All materials used in the polymerizatioaselisted in Table 3-1. Toluenewas distilled over

butyl lithium and netallic sodium to remove polar impurities and residual moisture. Ethylene
and nitrogen were flowthrough molecular sieves and CuQ#3¢ beds to remove oxygen and
water traces. A continuous flow of nitrogen was bubbled through the comonomer for 6 hours
before storage to displace any absorbed volatile contaminants. Methylaluminoxane (MAO)
was useds reeived from eitheSigmaAldrich or Albemarle. Constrained geometry catalyst

(CGC)was preparedt a concentration of 0.Gémol/g in toluene.

For the copolymers in Categotythe polymerizationsvere done with2.0-3.0 g (0.1-0.15
nmmol) of the diluted catalyst and 2 g (1.33 mmol) of MAO, resulting in an Al/CGC ratio of
about 20,000. For Categolly polymerizations were done with0-16.0 g (0.050.8 nmol) of

the diluted catalysand 2 g (1.33 mmol) of MAOHydrogen was used as chaiansfer agent

to decrease polymer molecular weighthe copolymers in Categohly.

Table3-1. Materials used to synthesize ethyleriedctene copolymers.

Material Formula Supplier Grade
Ethylene CH=CH PRAXAIR Polymer (5.0 RG)
1-Octene CH=CH(CEsCH  SIGMAALDRICH 98%
Nitrogen N2 PRAXAIR 5.0 UHP
Hydrogen Hz PRAXAIR 5.0 UHP
Toluene GHs-Ch SIGMAALDRICH HPLC, 99.9%
Methylaluminoxane (MAO) GHoABLOsX: SIGMAALDRICH 10 wt% in Toluene
Albemarle
Constrained Geometry Cataly: CGC STREMCHEMICAL!

"CGC: Methyl@®@-butoxyhexyl)silyf>-tetramethylcyclopentadienyl¢butylamido)titanium dichloride.
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3.1.2 Polymerization Reactors

The polyethyleng and ethylenefbctene copolymarwere madan two autoclave reactors
operated in senthatch mode: A) 600 mL Parr autoclave reactor equipped waith
heating/cooling jacket, and B) 300 mL Parr autoclave reactor equipped with a cooling coil and
a hedéing mantle Figure3-2 andFigure3-3 show thesystem diagram of bottolymerization
reactos, andTable3-2 identifiesthe symbols used in these figare

(@)

@ l -

HOB
Figure3-2. Reactor A600mL autoclave polymerization reactor.
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Figure3-3. Reactor B300mL autoclave polymerization reactor.



Table3-2. Definitions of symbols in Figugl and 3-2.

Symbol Identification Symbol Identification
G Ethylenesupplyfrom manifold PI Pressure gauge
Nz Nitrogensupplyfrom manifold TI Jtype thermocouple
1-butene bomb Amp  Signal amplifier
C Catalyst bomb A/D  Analog to digital conversion board
Hz Hydrogen bomb D/A  Digital to analog conversion board
M Molecular sievesle moisturizing DAS Dataacquisition system

O Deoxygenation bed (CuO on alumin  PIC  Proportionatintegral loop for cooling

F 7 um inlet filter PIH  Proportionatintegral loop for heating
MFM  Mass flow meter SSR  Solid state relay

11 Injection port 1 PRV  Pressure release valve

12 Injection port 2 VP Vacuum pump

F1 Flashing port 1 Drain  Open drain for spent cooling water

S Solenoid valve Fume Vent to fume hood

w Cold water supply HOB Heating oil bath

3.1.3 Polymerization Procedure

After the reactohadbeenassemblegits temperature was raised up to 285 The reactor and
the injection portsvere purgedwith five alternating cycles of nitrogen flow (ki) and
vacuum, and finally cooled down to 7AC undera nitrogenatmosphere. The injection points

were alsqurgedfor 3 minutes with nitrogen using a narrow cannula.

After cooling down the reactoriddilled toluene (200 mL in Reactor A and 150 mlReactor

B) was used to transfer the required amountsadfténe and MAONto the reactothrough

injection pat 2 using a cannuld-OcteneMAO and CGC solutiomere weighted in the glove
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box in 20 mL vialsndividually, and sealed with Teflehined rubber septa. If hydrogen was
required, an external bomb was filled with hydrogen to the required pressureziagithytene

flow was used téransfer it to the reactor through injection por©2cethe reactotemperature

was increasetb the polymerization temperature, toluene in the reactor was saturated with
ethylene up to the required polymerization pressunaer astirring rate of 1500 rpm. CGC
solution in a Teflodined sample cylinder (20 mL) was transferred via injection port 1 using
an ethylenedifferential pressure of 2@sito start the polymerization.

Once the polymerization started, a small exothemas observed for about one minute, after
which the temperature becarmapproximately constant. After about 15 to 20 minutes of
polymerization, the ethylene flow to the reactor was interrupted by closing the reactor feed
(injection port 2) and the polymerization terminated. Then, injection port 1 was open to
pressurize the reactor wittitrogen,and transfer the polymer solution from the reactor to a
beaker filled with 300 mL odthanol After reducing the reactor temperature, toluene (200 mL
or 150 mL) was transferred to the reactor via injection pp@r2 the temperatureas
increasedipto 120°C. The reactor was kept this temperatur®r 10 mirutesunder astirring

rate of 1500 rpmo dissolvethe remainingof the polymerin the reactor. Finallythe purge

toluenépolymer solution wafi ushedfrom the reactor under nitrogen pressur

The polymer product, transfed to a beaker, was stirred for approximately six hours with a
few drops ofhydrogenchloride (to deactivate the catalysiThe productvas filtered and the

resulting polymer was dried overnight in a vacuum oven

3.1.4 Copolymerization Conditions

Copolymerization conditionare showrin Table3-3 for all ethylene/doctene copolymerin

Category | (similarM,). The copolymersvere maden Reactor A.The two main factors
changed during thaolymerizationsvere temperature aridocteneconcentratiorio synthesize
samples having similar number average molecular weight different 1-octene mole

fractions Appendix A). Samples inCategory Iwere labeled according to thisllowing
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convention: the first letter identifies the monomer (E = ethylene), the second letter represents
the comonomer (O =-&ctene), and the number indicates the mole percent of comonomer in

the copolymer.

Table3-3. Copolymerization condition®r copolymersn Category.|
1-Octene reactor

Catalyst (CGC Ethylene Temperature Yield

Sample ID ol (ps9) concentration ) @
(mol/mL)

E/O1.9 0.1 100 0.11 120 6.5
E/O-3.4 0.1 120 0.21 147.5 4.8
E/O-4.8 0.1 120 0.28 142 4.3
E/O5.6 0.1 120 0.36 137 54
E/O-7.7 0.1 120 0.48 131 55
E/O-8.9 0.1 120 0.62 124 8.3
E/0-9.8 0.1 120 0.76 122 7.3
E/O-13.2 0.1 120 0.89 119 8.3
E/O-16.4 0.1 120 1.11 111 10.6
E/O-21.3 0.1 120 141 105 13.5
E/0-23.2 0.1 120 1.58 106.1 9.7
E/0-25.9 0.1 120 1.82 102.8 15.6

Reactor B was used to make the copolymers in Category Il. Etiiideceneratio and
copolymerization temperatuveere the samim each sebf experimentsThe major parameter
changed during theopolymerization experimesitvas the amount of hydrogen added to the
reactor Figure 3-4 shows that the reciprocal of the number average chain |€rglit)
decreasedinealy with the amount of hydrogen used in the polymerization, as theoretically
expectedSince tydrogenreduces catalytic activity when ethylen@dteneare copolymerized
with CGC we increasethe catalyst concentration the reactor to compensate for the drop |
catalyst activity. Tables 3-4 to 39 summarize all polymerization conditions for the
homopolymers and copolymers of Category The samples in these tablase labeled

according to the following conventiokl = homopolymerization, C = copolymerization, the
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numberfollowing C is the mol% of toctene in the copolymer, and the number after the dash

is theM, of the sample in kg/mol.

0.021
0.018
0.015
0.012
- 0.009
0.006
0.003

O 2 4 6 8 10 12 14 16 18 20
H, (mmol)

Figure3-4. Linear relation between the hydrogen amount (mmol) added to the reactor and the reciprocal of the
number average chain lengthh € 1/rm). H = homopolymers; C = ethylenedttene copolymers. Numbers
indicate the mol% of-bctene incorporated in the copolyen.

Table3-4. Ethylenehomopolymerizatiorconditions(Category Il)

Catalyst (CGC) Ethylene  Temperature Hydrogen Yield

Sample ID )
mmol (psig) Q9 (mmol) (9)
H-1.0 0.60 90 120 15.32 1.01
H-1.2 0.40 85 120 13.11 1.02
H-1.7 0.30 120 120 11.91 1.52
H-2.7 0.25 120 120 7.54 1.05
H-3.6 0.25 120 120 5.02 1.18
H-9.2 0.20 120 120 251 2.61
H-12.2 0.15 120 120 2.01 2.76
H-21.0 0.10 120 120 1.76 2.13
H-25.3 0.10 120 120 1.26 2.48
H-56.6 0.10 120 120 0.63 3.08
H-75.0 0.20 80 120 0 4.31
H-97.0 0.20 90 120 0 4.78

41



Table3-5. Polymerization condions for ethylenel-octene copolymers witli.0 mol % ofl-octene(Category Il)

Catalyst (CGC Ethylene 1"OCteNe reactor temperatyre Hydrogen VYield

Sample ID . concentration
mmol (psig) (mol/mL) O (mmol)  (g)
Cki4 0.65 150 0.061 110 17.8 2.41
Ct1.7 0.55 150 0.061 110 14.2 2.01
C12.4 0.45 150 0.061 110 10.7 3.91
Ct4.6 0.35 150 0.061 110 6.28 3.05
C18.2 0.35 150 0.061 110 3.77 3.52
C115.6 0.25 150 0.061 110 2.76 1.81
C119.5 0.25 150 0.061 110 2.26 3.91
C127.1 0.20 150 0.061 110 1.76 5.51
C136.3 0.20 150 0.061 110 1.26 5.81
C168.1 0.15 150 0.061 110 1.00 4.61
C1129.4 0.15 150 0.061 110 0.628  6.01

Table3-6. Polymerizationconditions for ethylenel-octene copolymers witl2.6 mol % ofl-octene(Category 1)

Catalyst (CGC Ethylene 1"OCtenereactor temperature Hydrogen Yield

Sample ID ) concentration
mmol (psig) (mol/mL) O (mmol)  (9)
C2.61.5 0.80 160 0.178 110 19.0 1.28
c2.61.7 0.75 160 0.178 110 16.6 251
C2.62.0 0.65 160 0.178 110 14.2 3.22
C2.63.4 0.55 160 0.178 110 9.49 3.15
C2.64.8 0.50 160 0.178 110 6.91 3.43
C2.67.0 0.50 160 0.178 110 5.53 4.82
C2.614.1 0.30 160 0.178 110 251 241
C2.623.6 0.20 160 0.178 110 2.01 1.92
C2.636.0 0.15 160 0.178 110 1.51 1.43
C2.661.1 0.10 160 0.178 110 1.26 2.02
C2.6115.7 0.10 160 0.178 110 1.00 1.75
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Table3-7. Polymerization conditions for ethylen&/octene copolymers witl3.7 mol % ofl-octene(Category Il)

Catalyst (CGC Ethylene 1-Octene reactor Temperature Hydrogen Yield

Sample ID ol (psig) coFrgilr}:Tr]aEt)lon o) (mmol) ©
C3.72.3 0.50 170 0.296 105 16.6 2.76
C3.45.4 0.45 170 0.296 105 6.91 3.11
C3.%#7.2 0.40 170 0.296 105 5.52 4.85
C3.710.6 0.35 170 0.296 105 3.52 451
C3.716.8 0.25 170 0.296 105 251 2.81
C3.729.2 0.20 170 0.296 105 1.76 3.21
C3.734.8 0.20 170 0.296 105 151 3.51
C3.%452.2 0.15 170 0.296 105 1.26 3.01
C3.785.2 0.15 170 0.296 105 1.00 3.18

Table3-8. Polymerizationconditions for ethylenel-octene copolymers witl7.8 mol % ofl-octene(Category 1)

Catalyst (CGC Ethylene 1-Octene reactor Temperature Hydrogen Yield

Sample ID ) concentration
mmol (psi) (mol/mL) (9 (mmol) (9)
C7.81.9 0.75 130 0.475 95 16.6 3.92
C7.82.9 0.65 130 0.475 95 11.9 3.52
C7.84.6 0.65 130 0.475 95 7.54 5.81
C7.89.7 0.50 130 0.475 95 3.77 6.54
C7.818.5 0.35 130 0.475 95 1.88 4.11
C7.840.1 0.30 130 0.475 95 1.26 5.61
C7.855.7 0.25 130 0.475 95 1.00 5.69
C7.8117.0 0.20 130 0.475 95 051 153
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Table3-9. Polymerizationconditions for ethylenel-octene copolymers with2.9mol % ofl-octene(Category Il)

Catalyst (CGC Ethylene 1-Octene reactor Temperature Hydrogen Yield

Sample ID ol (ps9) co(nnc]isar]ell_t)lon o) (mmol) ©
C132.5 0.80 120 0.831 90 13.1 1.31
C134.5 0.75 120 0.831 90 7.54 3.52
C1394 0.70 120 0.831 90 3.77 3.85
C1315.4 0.60 120 0.831 90 251 4.52
C1328.0 0.45 120 0.831 90 1.51 2.82
C1348.8 0.40 120 0.831 90 1.26 8.16
C1357.3 0.25 120 0.831 90 0.63 3.58
C13127.0 0.25 120 0.831 90 0.00 4.05

3.2 Polyethylene Microstructural Analysis

Gel permeation chromatography (GPC) was used to determine the MWDs of all samples, and
carbon13 nuclear magnetic resonané#(NMR) was used to measure the averageténe
content in the copolymers in Category his data was used to generate a calibration curve for
Fourier Transform Infrared Spectroscopy (FTIR), which was subsequently used to estimate the
molar fraction of 1octene for the copolymers in CategoryReak &tion temperatures and

CCDs of the samples were measured usingl&IC.

3.2.1 HT-GPC Analysis

High-temperature ¢/ permeation chromatograpis/a powerfultechnique used to determine
the molecular weight distrithon (MWDs) for polyolefinsHT-GPC(Polymer Char, Valencia,
Spain) was used to meas&V/D for each copolymer samplesCategoryl and Category Il
using three linear columns (PLdelexis 13mm gel particles, and 300 mm7.5 mm) at 145
°C. NarrowMWD polystyrene standards used to calibrate the columns. A volume afi200
polymer solutiorwas injectednto the columns at a flow rate of 1.0 mL/min of TCB. HiE

GPC chromatogapher was equippedvith an infrared detector, used as a mass detector to
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determine the concentrationspuflymerand a viscometer to measure the intrinsic viscosity on
line. MWDs of all samples were determined using the universal calibration curve and Polymer

Char softwargackage following standard procedures.

The molecular weight averages and polydispersity fdrafic and copolymers i€ategories

| and Il are presented imable 310 to 316. The samples have polydispersities close to 2.0,
which is theoretically expectefor polymers made with singleite metalloceree However,
samples with very lom, hadpolydispersitiesower than 2.0 likely becaus¢he peaks for the
very low My polymers partially superimposed with the solvent paaking it difficultclearly

to define the baseline and the lower molecular weight integration limit

Table3-10. Properties of ethylenel-octene copolymerin Category (similarMn).

HT-GPC NMR FTIR
Sample ID
Mn (g/mol)  PDI l-octene mol% SCB/1000C  AcniAreacH?
E/O-1.9 62 200 2.45 1.93 9.1 0.217
E/O-3.4 64300 2.50 3.43 15.6 0.401
E/O-4.8 62 800 2.46 4.83 211 0.495
E/O-5.6 56 400 2.38 5.64 241 0.531
E/O-7.7 63 200 2.26 7.71 31.3 0.664
E/O-8.9 60 100 2.28 8.91 34.4 0.751
E/0-9.8 67 100 2.34 9.75 37.7 0.805
E/O-13.2 61 600 2.42 13.15 45.1 0.983
E/O0-16.4 62 700 2.32 16.45 54.8 1.148
E/O-21.3 60 200 2.29 21.25 60.9 -
E/0-23.2 64 000 2.48 23.15 64.1 -
E/0-25.9 62 700 243 25.92 68.1 -

45



Table3-11. Properties ofethylenehomopolymer(Category I1)

HT-GPC
Sample ID

Mn (g/mol) PDI

H-1.0 970 1.79
H-1.2 1200 1.82
H1.7 1700 2.33
H-2.7 2700 2.09
H-3.6 3600 2.24
H-9.2 9 200 2.01
H-12.2 12 200 2.01
H-21.0 21 000 2.16
H-25.3 25 300 2.13
H-56.6 56 600 211
H-75.0 75 000 2.23
H-97.0 97 000 2.12

Table3-12. Properties of ethylenel-octene copolymers witlh.0mol % ofl-octene(Category Il)

HT-GPC FTIR

Sample ID
Mn (g/mol)  PDI AcnfAreactz SCB/1000C wt% mol%
Ci1.4 1400 1.79 0.159 51 411 1.06
CI1.7 1700 1.82 0.152 4.7 3.83 0.98
Ci2.4 2400 2.33 0.151 4.7 3.79 0.97
C14.6 4 600 2.09 0.157 5.0 4.03 1.04
C18.2 8 200 2.24 0.153 4.8 3.87 0.99
C115.6 15 600 2.01 0.163 5.3 427 1.10
Ck195 19 500 2.01 0.147 4.5 3.63 0.93
C127.1 27 800 2.16 0.154 4.9 391 1.00
C136.3 36300 213 0.152 4.8 3.83 0.98
C168.1 68 100 2.23 0.151 4.7 3.79 0.97
C1k129.4 129400 2.12 0.147 4.5 3.63 0.93
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Table3-13. Properties of ethylenel-octene copolymers witl2.6 mol % ofl-octene(Category 1)

HT-GPC FTIR

Sample ID
Mn (g/mol)  PDI AchfAreacrz SCB/1000C wt% mol%
C2.61.5 1 500 1.66 0.287 11.5 9.22 247
c2.61.7 1700 1.78 0.305 124 9.94 2.68
C2.62.0 2000 1.79 0.306 125 9.98 2.69
C2.63.4 3400 2.01 0.296 12.0 9.58 2.57
C2.64.8 4 800 1.97 0.290 11.7 9.34 2.50
C2.67.0 7 000 2.18 0.285 114 9.14 245
C2.614.1 14 100 2.06 0.298 12.1 9.66 2.60
C2.623.6 23 600 2.15 0.299 12.1 9.70 2.61
C2.636.0 36 000 2.24 0.292 11.8 9.42 2.53
C2.661.1 61 100 2.22 0.300 12.2 9.74 2.62
C2.6115.7 115700 2.23 0.299 12.1 9.70 2.61

Table3-14. Properties of ethylenel-octene copolymers witl8.7 mol % ofl-octene(Category II)

HT-GPC FTIR

Sample ID
Mn (g/mol)  PDI AcniAreactz SCB/1000C wt%  mol%
C3.72.3 2300 1.88 0.383 16.3 13.05 3.61
C3.75.4 5400 2.06 0.394 16.8 13.49 3.74
C3.%7.2 7 200 2.04 0.397 17.0 13.61 3.78
C3.710.6 10 600 2.07 0.396 16.9 13.57 3.77
C3.716.8 16 800 1.97 0.402 17.2 13.81 3.84
C3.729.2 29 200 212 0.398 17.0 13.65 3.79
C3.734.8 34 800 2.23 0.405 17.4 13.93 3.88
C3.752.1 52 200 211 0.395 16.9 13.53 3.76
C3.785.2 85 200 211 0.386 16.4 13.17 3.65
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Table3-15. Properties of ethylenel-octenecopolymers with7.8 mol % ofl-octene(Category 1)

HT-GPC FTIR

Sample ID
Mn (g/mol)  PDI AchfAreacr2 SCB/1000C wt%  mol%
C7.81.9 1900 1.54 0.683 31.2 25.02 7.69
C7.82.9 2900 1.83 0.692 31.7 2538 7.82
C7.84.6 4 600 2.01 0.687 314 25.18 7.75
C7.89.7 9 700 2.13 0.689 31.5 25.26 7.78
C7.818.5 18 500 2.12 0.692 31.7 25.38 7.82
C7.840.1 40 100 21 0.698 32.0 25.62 7.91
C7.855.7 55 700 2.15 0.701 321 25.74 7.96
C7.8117.0 117000 2.09 0.697 31.9 2558 7.90

Table3-16. Properties of ethylenel-octene copolymers with2.9mol % ofl-octene(Category Il)

HT-GPC FTIR

Sample ID
Mn (g/mol)  PDI AchfAreacH2 SCB/1000C wt% mol%
C132.5 2500 1.51 0.986 46.3 37.11 12.83
Cl34.4 4 400 1.99 0.990 46.5 37.27 1291
C1394 9 400 1.93 0.993 46.7 37.39 1297
C1315.4 15 400 1.92 0.994 46.7 37.43 12.98
C1328.0 28000 2.19 0.989 46.5 37.23 12.89
C1348.8 48 800 2.1 1.001 47.1 37.71 13.12
C1357.3 57 300 2.17 0.987 46.4 37.15 12.85
C13127.0 127000 2.06 0.983 46.2 36.99 12.77

3.2.2 3GNMR Analysis

13C NMR is a powerful analytical approactio quantify chain end structureshort chain
branching and the sequence of comonomer units inetiglenel-olefin copolymerchains

without usinga calibration curveA Bruker 500 MHzhigh-resolution'*C NMR spectrometer
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was used taneasure the mole fraction ofattene in the copolymers displayedTiable 3-10
(Category 1).A mass of 100 mg of each samplas dissolvedn 1,1,2,2terachloroethane
(TCE) in a10 mL NMR tube and homogenized by heating the tube in a heating block at 120

°C for about 1hours before the test. Typical operation condgiwere: pulse angle 931000

scannings per sampliae acquisitiontime of about 6 secondshe spirtlatticerelaxation time
of 10 seconds, anthe spectrometer reference frequency of 125 MHz. The operati

temperature for th&C NMR analysis was 1XC.

The mole fractioaof 1-octene in the samples of Categowydredefined according taSTM-

D5017:96.18%°0 Al peaks in the'3C NMR spectra, such as the one shawRigure3-5 for an
ethylene/loctenecopolymer were integratedAn accuratdull -scaleintegralis recordedrom

10 to45 ppm (the isolated methylene resonaisassignedo 30.0 ppm)Table3-17 indicates
the integration limits foa spectrunof ethylene/ioctene copolymer sample.
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Figure3-5. 3 GNMR spectrum oén ethylenel-octene copolymefd
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Table3-17. Integration limits for**C NMR spectrum of ethylenkbctene copolymer

Area Region (ppm)
A 41.5t040.5

B 40.5t0 39.5

C 39.5t0 37.0

D Peak at 35.8
D+E 36.8t0 33.2
F+G+H 33.2t0 25.5
H 28.510 26.5

I 25.0t0 24.0
P 24.0t022.0

After integrating the spectral regions, the mole fraction-ottene was estimated using the

following equations:
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where O, and O are the carbon atoms locatedlin and a positions Figure 3-5) in the
backbone chain respectively,@ndO Gare the mole average of ethylene arnocfiene in the

copolymer respectively, arfb is the grcentage of-bctene mole fraction.

In addition Equation 3 wasused toconvertthe mole fraction of -bctene tahe numberof

short chain branches per thousands of carbon atoms (SCB/1000 C).

p Tt 1T THO
¢ pnmO Y O

"YO jGp T TOT

ot

The ¥C NMR spectra of the ethylenedittene copolymersf Category lare shownin
AppendixB. Table3-18 and Table 3-19 showed the determinations of the molar fraction
these sampldsased orASTM-D501796.1°"

Table3-18. Integration limits 0ofL3C NMR spectra of the samples of Category |
Area  Region ppm E/O-19 E/O34 E/O48 E/O56 E/O7.7 E/O89

A 41.540.5 0.000 0.000 0.000 0.000 0.000 0.000
B 40.539.5 0.000 0.000 0.000 0.000 0.000 0.000
C 39.537.0 1.000 1.000 1.000 1.000 0.930 1.000

D Peak at 35.8 0.000 0.283 0.262 0.240 0.270 0.294
D+E 36.833.2 2.282 4.279 4.045 4.013 4.131 4.273
F+G+H  33.2255 93.029 77.086 52926  45.522 33.243 30.924

H 28.526.5 3.383 3.904 3.767 3.910 3.510 3.885
I 25.024.0 0.000 0.000 0.000 0.000 0.000 0.000
P 24.022.0 2.031 2.190 2.037 2.302 2.451 2.947
O 1.000 1.283 1.262 1.240 1.200 1.294
07 0.761 1.332 1.261 1.258 1.287 1.326
0) 0.880 1.308 1.262 1.249 1.244 1.310
E' 44.688 36.804  24.823 20.904 14.885 13.356
Fo 1.93 3.43 4.84 5.64 7.71 8.91
SCB/1000 C 9.1 15.3 20.7 235 30.4 34.1
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Table3-19. Integration limits ofL3C NMR spectra of the samples of Category |
Area  Region ppm E/098 E/O132 E/O16.4 E/O213 E/O232 E/O25.9

A 41.540.5 0.000 0.000 0.171 1.000 1.000 1.000
B 40.539.5 0.000 0.000 0.257 1.068 0.877 0.647
C 39.537.0 1.000 1.000 1.000 3.699 2.899 2.134
D Peak at 35.8 0.527 0.677 0.702 2.958 2.887 2.460

D+E 36.833.2 5.450 6.770 5.847 20.162 20.635 16.725

F+G+H  33.225.5 34.066 29.634 24.992 73.187 63.226 47.190

H 28.526.5 4.194 4.673 4.678 15.470 14.733 11.709

I 25.024.0 0.000 0.000 0.000 0.000 0.000 0.632
P 24.022.0 3.742 4.197 3.689 13.349 12.025 9.866
O 1.527 1.677 1.788 7.157 6.286 5.094

07 1.641 2.031 1.972 6.947 7.001 5.686

o' 1.584 1.854 1.880 7.052 6.643 5.390

E' 14.649 12.236 9.550 26.134 22.062 15.411

Fo 9.75 13.15 16.45 21.25 23.15 25.92
SCB/1000 C 36.4 45.1 52.2 60.9 63.9 67.9

3.2.3 FTIR Analysis

FTIR is a powerful tooko quantify the methyl group content that is proportional to the
comonomer mole fraction irethylene/lolefin copolymers Carry 600 Series FTIR
Spectrometer (Agilent Technologies, US#asused taneasure thenole fraction of 1octene

in the copolymes of Category 1l the FTIR spectr@hotometewas calibratedvith standards

of known compgsition of the first category samples. The samph=e preparedor FTIR
spectroscopy by hot pressing about 1 g of copolymer. The thickness of each film was uniform
and between 0.2 to 0.3 mm. Typically, 32 scans were used for spectral averaging, at a
resolution of4 cnit in the range between 400 @rto 4000 cmt. Each spectrum was used to
determine the ratio of the absorbance at 1378 @k, representing methyl branches) and

the area of the methylene combination band at 2019 @reach2), according toASTM-
D66451 .51
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The calibration curve shown Figure3-6 was created bplotting the ratio of the absorbance
at 1378 crit and the area of the methylene combination band at 201glooated in between
19802100 cm') versus number of branches pEDPOO carbons regulated BYC NMR
spectroscopy for the samples in Category Once the standard calibration curve was
establishedEquation 37), the comonomer mat fraction in copolymer samplax Category

Il were calculatedusingEquation 39,

0 JQPTT TT @t Téﬂrochl 00 & pu o¥
b 0 0w
v pTM . PITMTE U . . o8y
0 L — < 0w
0 &
U w
a € PN+ o0 & oo
) )

wherewt% andmolb are the comonomer weight and mole percesspectively MWe and
MWo are thanolecular weighof ethylene and-bcene respectively is thenumber ofcarbon

atoms in the comonomer, aNds thenumber ofshort chain branches per 1000 carbons
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Figure3-6. FTIR calibration curve

FTIR results of all ethylene/@ctenecopolymer samples are shown in Tabl&®Bto 316.

3.2.4 HT-TGIC Analysis

The polyethylene and ethylenedttene copolymewere analyzed by HTGIC to determine
their CCDs. ThedT-TGIC experimentsvere runwith a Hypercarb column installed inCEF
oven (Polymer Char, Valencia, Spain)fhe instrument consists of four main parts:
autosampler, adjustable temperature oyarain oven),top oven (where detectorsare
installed, and isocratic pumps illustrated ifFigure3-7. The Hypercarb colunwas packed

with porous graphitic carbon (PGC) received from Fisher Thermo Scientific.
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Figure 3-7. Schematic diagram of CEF instrument (Polymer Char, Valencia, Spain) used forT@¢CHT
experiments.

Four different Hypercarb colummgere usedh this researchlrheyhad the following common
characteristics: 4.6 mm inside diameter, 120gmsurface area, and 250 A pore size. They
differed in column length and average particle size, as shovabie3-20. O-dichlorobenzene
(ODCB) and1,2,4trichlorobenzene (TCBjvere usedas a mobile phase forlaHT-TGIC
experiments. Antioxidant (Irganox 101@gas addedo the solvents at a concentration of 0.2

g/L to prevent théhermaldegmadationof the copolymesampla duringthe analysis.

Table3-20. Properties of Hypercarb columns.

Column1l Column2 Column3 Column4

Column Length (mm) 100 100 100 250

Average Particle Sizenp) 5 3 7 5
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The HT-TGIC analysis carbe dividedinto five main steps: dissolution, injection, cooling
cycle, heating cycle and cleanindnélsamplavas first dissolveth 8 mL of solvent inside 1.0

mL size vials. The dissolution was carried out at 46 the instrument autosampler for one
hour. The sampleoncentration was 1 mglofor both individual and blend samples. At the
end ofthe dissolution period, a dispenser transferred the sample from the autosampler to the
injection loop locatedh the top ovenThe content of the loop (0.1Lwas injected intdhe

front ofthePGC column using an isocratic pump at a temperature diCL8he solution was

kept for 10 minutes to stabilize its temperature (Ts = ABP After the stabilization, the
polymer samplevasfractionated gsing two temperature cyclegs shown irfFigure3-8. Inthe
cooling cycle the column temperature was reduced t@@Sradually at a required cooling

rate (CR = 3 or 5C/min)to allow the polymer chas to adsorb dio the PGC columnindera
continuoussolvent flow of k£ = 0.02 nL/min. The solvent flow ratés calculatedirom the
cooling rate, column volume, and the difference between the first and the last temperatures in
the ooling cycle. At the end dhe coolingcycle, the column temperature was kept constant
at 35°C for 3 minutes. Then, the pump flow rate was increased to the elution flow rate and
kept constant for 5 minutes to remove the polymer fractionwhatnotadsorbecdonto the
column at the final cooling temperaturgfter that, the column temperature was increased up

to 160°C atapre-determinecheating rate (HR=1 or T/min). As thetemperaturéncreased,

the retained polymer fractions were desorbed and elisied a continuous solvent flowgF

0.1 or 0.5 mL/min}hat allowed the fractions to move from the column to the infrared detector
(IR4 detector Polymer Char, Valencia, SpairFinally, at the end othe heatingcycle, the
column was cleaned with fresh solvenaaigh flow rate Fc =1 mL/min for 10 min)n order

to be ready for the injection of the next sample.
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heating cycle, anddris solvent flow rate during the cleaning.
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4.1 Introduction

HT-TGIC fractionates polyolefs based onan adsorption/desorption mechanism that
influencedby several factors such as tnealytical operatiogonditions A set of homogenous
ethylene/loctene copolymers having different comonomer frastiqup to 25 mol% of-1
octene) and approximately the same molecular weight avei@gesyory Iwere synthesized

to investigate the separation mechanism of HJIC. Their average chemical compositions
were determined and then used to establish a catibratirve for HFTGIC. Also, a 23
experimental factorial design was applied to three copolymer samples and their blends to study
which operation parametersopling rate, heating rate, and elution flow yaté¢luenceHT-

TGIC peak shapes and positions to maximize the peak reschmibreduceéhe analysis time.

4.2 Polymer Synthesis

Section 3.1 in Chapter 3explains thecopolymerizdion procedures copolymerization
conditions materials and @ semibatch autoclave reacttnat were employed tsynthesie

theethylene/loctene copolymersf Category lused in this chapter.

4.3 Polymer Analysis

The characterization techniques used to analyze the copolymer samples of Categay |
describedin Section3.2 in Chapter 3 HT-GPC determing the MWDs of all copolymer
samples antfC NMR quantifiedthe average-bctene content in thepolymes. Peak elution

temperatures and CCDs of the samples weeasuredusing HFTGIC with a Hypercarb

I The results discussed in this chapter have been published in (AKBa24al, J. B. P. Soaidacromolecular
Chemistry and Physicz014[°¢l
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column packed with porous graphite carbon (ColumiT ¢ copolymersamplesf Category

| have very similar MWDs, ashown inFigure4-1.
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Figure4-1. MWDs of ethylene/l-octene copolymersvith different comonomer fractions.

0

4.4 Results and Discussion

4.4.1 Composition Characterization by HT -TGIC

The series of thylene/toctene copolymerof Category lwas analyzed by HTGIC with
Column 1 Table4-1 showsthe elution peak temperatured{) for copolymerswith different
1-octene role fractions. The standard deviation of each chromatogram iseglsiedn Table

4-1 to quantify the broadness of HTGIC profiles. These values were calculated using
Equations (4.1) to (4.3),

Y YOQY QY %
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where, Tmis the mean elution temperature in the inteflialTe2 (35160 °C), f(T) is the

normalized HFTGIC profile,,, is the variance, andis the standardeviation.

Table4-1. HT-TGIC data for ethylen&/octene copolymesamples of Category |

Weight fraction of nonadsorbed

SamplelD Tr(°C) Tm(c) S polymer
E/O-1.9 1326 1321 43 0.5
E/O0-3.4 127.0 126.2 5.2 0.6
E/O-4.8 1221 1216 5.7 0.7
E/O-5.6 1156 1148 7.4 0.9
E/O-7.7 1087 1079 8.3 1.4
E/O-8.9 1021 999 95 25
E/09.8 96.1 94.9 9.7 4.6
E/O-132 86.3 858 114 7.7
E/O0-16.4 772 776 11.8 11.2
E/O-213 645 65.6 12.2 19.3
E/O-232 588 624 12.6 22.6
E/O-25.9 505 56.6 9.4 33.1

Figure4-2 showsthat the HFTGIC profiles become broader as thectene content increases
(the standard deviation increases), except for the last samples with the higtiestelcontent.
This apparent narrowing of the peaks is an artrestilting from the fact tha#s the 1octene
content increases, the fraction of polymer ibatot adsorbeth the Hypercarb column also

increasesTable4-1). Thefraction of polymer thats not adsorbednto the column elutes as
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sharp peak (prge peak) at the beginning of thralysisthe purge peaks were omitted from
Figure4-2 sincethey do not add any additional information to the analyses.

TheHT-TGIC chromatograms for the samples are naremiexpcted for copolymer samples
made with a singksite catalyst.As the mole fraction of comonomer in the copolymer
increases, the HTGIC profiles become broadeand shift to lower temperatigeThis
behavioris expectedince the presence of short chananches (SC§ in the polyethylene

chainsformedvia comonomer incorporatioredreasethe length of the ethylene segmethizst
are adsorbednto the packing surfac&hereforet h e

i nc or jlefin ndersochain o f
adsorption and reduces their dggmn temperatureA relationship between thgeak elution

temperature andomonomer contens displayedn Figure4-3.
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Figure4-2. HT-TGIC profiles for ethylenefdctence copolymergOperation conditions: & 0.02 mL/min, CR=5
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Figure4-3. HT-TGIC Calibration curve for ethyledadctene copolymersf Category |

4.4.2 Influence of Operation Conditions on the Analysis of Individual

Resins

A 23 experimental factorial design was applied to three samplesqB/@&/0-16.4, and E/©

232) and their bénds to study the effect of operating conditions oRTHEIC profiles. The

three factors studied wetlee coolingrate (CR), heating rate (HR) and elution flow rate).(F

The upper and lower values of these three factors are shovabie4-2. All other operating
parameters were kept constant. The main effects and the interactions between these factors
were computed using 95% dalence interval analysis of variance according to
Montgomery®?l The error terms were estimated based on thredcadpl experiments
performed at the central conditionfable 4-3 summarizes the results for this factorial
experimental design.

Table4-2. Factor levelsised inthe 28 factorial design

Coded (A) CR (B) HR ©E

value (°C/min) (°C/min) (mL/min)
Upper level +1 5 3 0.5
Lower level -1 3 1 0.1
Central level 0 4 2 0.3
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Table4-3. Output values for the?® factorial design.

CR HR =8 E/O98 E/O-16.4 E/0-232 Time

Run (°C/min)  (°C/min) (mL/min) o T3 (C) s Te(C) s Te(°C) (min)
1 @) @) 6 10.2 951 108 779 92 617 200
2 @) ) ) 111 91.3 115 738 13.1 591 200
3 @) +) e 12.6 103.1 136 858 126 69.9 110
4 0 +) (+) 95 957 105 77.8 108 613 110
5 +) @) 6 91 950 109 761 92 59.6 180
6 +) @) +) 88 911 116 727 116 56.7 180
7 +) +) ¢ 125 106.3 134 852 124 69.9 90
8 +) +) ) 97 951 116 77.2 11.8 59.3 90

The analysis ofvariance (ANOVA)tablesfor sampleE/O-16.4 using 95 % confidence interval
areshownin Table 4-4 for peakelution tempeatureand Table 4-5 for standard deviatian
Similar tables for samplds/0-9.8 and E/G232 are presenteith AppendixC. According to F
test results of these three samples, thwieg ratewas found tdhaveno significant effect on
Tp and s. On the other handheating rateandelution flow rate, as well as thdimteractiors,

had significant effects onothTp ands.
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Table4-4. ANOVA table for thelution peak temperatures for sample E/0b.4.

Freedom (1,2,0.05)

Main Factor

A -1.07 2.30 1 2.30 10.0 18.5

B 6.37 81.22 1 81.22 353.1*

C -5.89 69.44 1 69.44 301.9*
Interaction

AB 0.44 0.39 1 0.39 1.7

AC 0.21 0.09 1 0.09 04

BC -2.11 8.88 1 8.88 38.6*

ABC -0.18 0.06 1 0.06 03

ERROR 0.45 2 0.23

Table4-5. ANOVA table for the standard deviation of-HGIC profiles for sample EAB.4

Freedom (1,2,0.05)

Main Factor

A 0.273 0.149 1 0.149 2.35 18.5

B 1.088 2.365 1 2.365 37.4%

C -0.903 1.629 1 1.629 25.8%
Interaction

AB 0.178 0.063 1 0.063 1.00

AC 0.328 0.215 1 0.215 3.40

BC -1.538 4.728 1 4.728 74.93

ABC 0.323 0.208 1 0.208 3.30

ERROR 0.126 2 0.063
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Figure4-4 demonstratethatthe value ofthe cooling rateloes not significantlynfluence the
elution peak temperatureand shape ofHT-TGIC profiles. Since HFTGIC is not a
crystallizationbased technique, such BREF, CRYSTAF or CEF,this is not an unexpected
result. The fractionation phenomenon seembeaegulatedy the interaction between the
graphite surface and the ethylene sequences in timeokthain. As indicated by the results
in the tables above, this interaction is not strongly influenced by how fast the cslcooted.
Sincethecooling rate has aegligibleeffect onthe HT-TGIC profiles, it is recommended that

the fastest cooling ta (5°C/min) be used to reduce analysis time.

0.05 ¢ 2) CR=®/min, HR=&/min, = 0.5 mL/min E/016.452 0.05 r 1) CR=&/min, HR=C/min, = 0.1 mL/min E/016.451
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Figure4-4. Cooling rate effect on HTGIC profiles of sample E/{5.4

On the other handhe heating rate has a clear influencet@mHT-TGIC profile as illustrated

in Figure4-5. Whena fast heating rateas usedthe CCD shifts to higher peak temperasure

and becomes broader, espally at low elution flow rat¢Runs 3 and 7)However, when the
elution flow rate was high, heating rate affected the peak temperature positions without
increasing the broadness (R4hand 8) because the interaction between solvent flow rate and
heating rate significantly influens¢he HT-TGIC profile, as showim Table4-5. HT-TGIC

peaks shift to higher temperatures with increasing heating rate, since the desorption
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temperature detected by the time that the solvent has reached the detector at the end of the

column is higher when higher heating rates are applied.

005 2) HR= 4C/min, = 0.5mL/minCR= &C/min = E/016.452 0.05 r 1) HR= C/min, = 0.1mL/minCR= &/min ——FE/016.451
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Figure4-5. Heating rate effect on HTGIC profile of sample E%.4

Interestingly,Figure4-6 showsthatthe elutionflow rate hasa significant effect onfp ands.

Whena slowelution flow ratewas usedthe peak temperature shifts to regtvaluesSince

the solvent flow rate during the desorption step determines the residence time of the polymer
solution in the column, slow elution flow rates broatteeHT-TGIC profile and shift its peak
temperature to a higher value due to, most likely, an increassitsence time. Thus, it is
essential to keep elution flow rate at 0.6/min to minimize the residence time in the column
after desorption. Similar conclusions che reachedor samplese/O-9.8 and E/G232

(AppendixC).
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Figure4-6. Effect of elution flow rate on HTGIC profile of sample E5.4.

4.4.3 Influence of Operation Conditions on the Analysis of Blends

HT-TGIC can also beised to determine the chemical composition distribution of polyolefin

blends.It hasbeen observétf! that the components of binary bteis

af fect each ot

TGIC profile. This phenomenon has been attributed tentatively tadsorption or co

desorption effects of the two components in the polymer blend.

A 23 experimental factorial design was usedstudy the effect of operation atitions on the
analysis of Blend 1, containing 50% of E&® and 50% of E/@32. Three factor§CR,HR

and k) werestudied to find out theperation conditions or fibest 0 Thewpper r e s ol

and lower leved of each factoarelistedin Table4-2. Theerrortermwas estimatetdased on

three replicate experiments parhed at the central conditianSquation (4) was used to

define theco-desorption indeXCDI) to quantify this effeconthe blend,
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where(dw/dT)expis the height ofhe experimental HITGIC chromatogram an@w/dT)pred iS
the predicted height adhe HT-TGIC profile. The predicted heightare estimatethy adding
the HT-TGIC profiles of each parent sampisultiplied bytheir weight fractiors in the blend
as shown in the expression below,

Qo ., D , (9]

QY a7y p QY 180
where my is the mass fraction of the first component in the blend @wd/dT)ex and
(dw./dT)exp are the heights of the experimental -AIGIC chromatograms of each blend

component (measured alone), respectively.

The indexCDI is equal to ero if no codesorption takes place armhe if both blend
components desorb from the column together. Therefore, it is a useful index to quantify how
good is the agreement between the experimental and predicted profiles for the blend (0 =

perfect agreement and no-desorption, 1 = poor agreementlacomplete calesorption).
The 8Runs forBlend 1 were performedandonty. The output value (cdesorption indexfor

each runs presentedh Table4-6. Figure4-7 shows the HITGIC profiles for these eight runs

operating in different auditions.
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Table4-6. Output values of2 factorial design for Blend.

CR

HR

Fe

Run (°C/min) (°C/min) (mL/min) Dl
1 ¢ ¢ ©) 0.424
2 ¢ ¢ (+) 0.562
3 ¢ (+) ¢ 0.536
4 Q) (+) (+) 0.148
5 *) 0 8 0.390
6 (+) ) +) 0.428
7 *) *) 0O 0.574
8 (+) (+) (+) 0.110
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Figure4-7. Experimentalcontinuous lineand predicted(dotted line)HT-TGIC profils for a blend of 50% of
E/0-9.8 and 50% of E/D6.4at different operation conditions.

The F test results calculatedtime ANOVA table (Table4-7) demonstratethat thecooling
rate (CR)had nosignificant effect on theo-desorption index. However, heating rate and
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elution flow rate (HR and & respectively) and their interaction are significant factors

influencing the cedesorption index.

Table4-7. ANOVA TABLE for the-desorption index of Bnd1 presented i able4-6

Degree

Source of Sum of Mean Feritical
variance  Crect Squares fre(g(;om Squares Fobserved F(1,2,0.05)
Main Factor
A -0.20 0.08 1 0.08 5.17 18.5
B -0.48 0.46 1 0.46 30.20
C -0.56 0.63 1 4191
Interaction
AB 0.12 0.03 1 1.99
AC -0.20 0.08 1 0.08 5.43
BC -0.89 1.59 1 1.59 105.5¢
ABC -0.01 0.00 1 0.00 0.02
ERROR 0.4 2 0.02

The operating conditions usedRains 2, 3and 7led to the highesto-desorptionindex (0.562,

0.536, and 0.574 respectivelginong all runs. fie cedesorptionindex of Runs4 and 8are

the lowest (0.148, and 0.11, respectivelyll the experimental profdenatched the predicted
profiles well, & shown inFigure4-7. However, thdow cooling rate in Run 4 increas¢éhe
analysis time without enhancing peak resolution. Therefore, it is preferable to use the analytical
conditions of Run 8 (CR=8C/min, HR= 3°C/min, and E= 0.5 mL/min) to minimize the
analysis time and reduce the-desorption index (better resolution), at least for the samples

covered in this investigation.

Moreover, threetherdifferent blends were chosémable 4-8) to investigatevhetherthese
analytical operation conditionsere also adequat&igure 4-8, Figure4-9, andFigure4-10
show that their predicted profiles match their experimental profitdls indicating that those

conditions are indeed appropriate to analyze polyolefin blends.
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Table4-8. Additional blends used to study the effect of operation conditions on thdesorption index.

Sample E/O9.8 E/O-132 E/O-16.4 E/O-213 E/O-232 CDlI

Blend 2 0.5 0.5 0.071
Blend 3 0.5 0.5 0.094
Blend 4 0.5 0.5 0.104
004 -
—— Blend2
——————— Predicted-blend2
0.03 |
5
3 002 CDI =0.071
©
001 f
0 “Stescad '
30 50 70 90 110 130 150

Temperature (°Q
Figure4-8. Experimentalcontinuous linejand predicted(dotted line)HT-TGIC prble of Blend 2 (50% of E/O
9.8, 50% of E/€6.4). (Operation conditions: CR =6/min, HR = 3 °C/ming £0.5 mL/mintemperature range
in both cycles = 1685 °C)
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5 002+ CDI = 0.094
2
©
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Temperature ¢C)
Figure4-9. Experimentalcontinuous lineland predicted(dotted line)HFTGIC profile of Blend3 (50% of E/O
164, 50%of E/023.2). (Operation conditions: CR =5 °C/min, HR = 3 °C/mnQ /B mL/mintemperature range
in both cycles = 1685 °C)

0.04 -
——Blend4
------ Predicted-Blend4
0.03 -
5
§0-02 B CDI =0.104
©
0.01 +
0 L 1
30 50 70 90 110 130 150

Temperature ¢C)

Figure4-10. Experimentalcontinuous lineand predicted(dotted line)HT-TGIC profile of Blend3 (50% of E/O
132, 50% of E/1.3). (Operation conditions: CR =5 °C/min, HR = 3 °C/minQB mL/mintemperature range
in both cycles = 1685 °C)

4.5 Conclusions

There are good indications that HIGIC is the next major step in a long sequence of

polyolefin CCD-characterization techniques that started in the eighties with TREF. The main
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objective of thischapterwas to studythe fractionation of ethylenefdlefin copolymers
systematicallyoy HT-TGIC to better understand its mechanism and to propose conditions that
maximize peak resolution while minimizing analysis time. One set of ethyleceghe
copolymers having same molecular weight averages and different ooraofractions were
synthesized using a singste catalyst and analyzed by HEGIC. The HFTGIC
chromatograms shift to lower elution temperatures and become broader when the comonomer
content increased. As expected, the relationship between the desteptizerature and the

comonomer mole fraction wdisear.

HT-TGIC profiles of individual samples and binary blerale influencedby analytical
operation conditionsuch as cooling ratCR), heating rateHR), andelution flow rate Ee).

The ooling ratehad no significant effect on desorption temperature and broadness of-the HT
TGIC chromatogramsindicating thatinteractiors between the graphite surface and the
ethylene sequences in the polymer claemnot strongly influenced by how fast the column is
cooled. On the other hanthe heating rate and elution flow rate, as well as their interaction,
had significant effects on bogieak temperature and breadticreasing the heating rate shifts

the HT-TGIC peaks to higher temperatures since the desorfgioperature detected by the

time that the solvent has reached the detector at the end of the column is higher. Furthermore,
slow elution flow rates broadehe HT-TGIC profile and shift its peak temperature to a higher

value due to, most likely, an incaaain residence time of the polymer solution in the column.

Blend 1, containing 50% of E/@.8 and 50% of E/@32, was studied to find the values of
CR, HR, and Ethat led to the best peak resolution and minimurdesorption. The cooling
rates used did not influence the HGIC profiles of this blend, but that the heating parameters
and their interaction were significant. The preferred analytical conditions ar& WRMIn,
HR= 3°C/min, and E= 0.5 mL/min; these conditions reduce thedesorption index (better

resolution) and minimize the analysis tifioe the range of samples covered in this research.
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5.1 Introduction

Hypercarlcolumnspacked with porous graphitic carbare commonly used dise stationary
phase in HITGIC fractionationeven thouglother supports may be adequatethischapter,
Hypercarb columns having distinparticle size andlengtrs were compared tovestigate
howthe column typénfluencesHT-TGIC fractionationfor both individual samples and their
binary blendsWe used lte sameseriesof homogenous ethylenefictene copolymerof
Category ] whichwascoveredn Chapter 4and experimentally and analytically discussed in
Chapter 3 to extendthe investigationof the factors affectingHT-TGIC. Also, hnary
copolymer blends were analyzed to study how different blend compositions afdcie@IC

peak positiosand shapes
5.2 Results and Discussion

5.2.1 Effect of Blend Composition on HT -TGIC Profiles

In Chapter 4we reported thathe components of binary blendsuld affectthe HT-TGIC
profiles of each othedue to theco-desorption ofsimilar polymer chains present ihe two
component®f the blend Also, we establishedhat the importance of this effect depended on
the operation conditions used during-HIGIC fractionation The co-desorption indeXCDI)

was definedo quantify this effecthat can be estimated using Equation Md.codesorption
takes placevhenCDI is zerq and both blend components desorb from the column together

when the value oEDl is 1

2The results discussed in this chapter have been published in (AKBa24al, J. B. P. Soares, Macromolecular
symposia2015!°7]
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Five blends with different weight fractions of the components&8and E/G16.4 were used

to study the effect of blend composition idi-TGIC profiles Table5-1). TheCDI for these
blendsis shownin Table5-1. TheCDI increases for blends with more EAB.4 Therefore,

we may conclude that increasing the fiac of the copolymemwith higher comonomer content
increases the edesorption of the two components in the blends. This trend is apparent from

inspection of the actual HTGIC profiles (measured and predictedfigure5-1.

Table5-1. Codesorption index of five copolymer blends.

Sample ID E/O-5.6 % E/0-16.4 % CDI
Blend A 85 15 0.13
Blend B 70 30 0.15
Blend C 50 50 0.17
Blend D 30 70 0.26
Blend E 15 85 0.31
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Figure5-1. Experimental and predicteH FTGIQprofiles of five blends of E/5.6 and E/GL6.4 measured in

1.

This is an interesting observation, although it is not clear why increasing the fraction of the

component with the highest comonomer content affects th& GIC profiles in the way

shownin Figure5-1. Perhapshe presence of larger amounts of the copolymer with the lower

adsorption temperature helps desorb the blend component with higher adsorption temperature

(lower comonomer contenf)his isobservd in Figure5-1 asa shiftof the hightemperature

peak towards lower desorption temperatures as the amount of polymer under the low

temperature peaklcreases. Independently of its cause, itmportantto account for this

behavior when interpreting HTGIC peaks of polyolefin blends
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5.2.2 Effect of Average Particle Size on HT-TGIC Rofiles

Four ethylene/doctene copolymerffom Category lwere chosento study the effect of the
average particle size and column length on the temperature peak position and shape of HT
TGIC profiles Elution peak temperature®yf, average elution temperaturds)(and standard

deviations §) of these samplearelisted inTable5-2.

Table5-2. Average values for HTGIC analysis of four samples using three different Hypercarb columns.

Column 1 Column 2 Column 3 Column4
Sample dp =51 dp =3mm dp:7mn dp =8mm
L=100 mm L=100 mm L=100 mm L=250 mm
ID

Tp Tm s Tp Tm s Tp Tm s Tp Tm S

E/O5.6 1189 1192 10.0 118.2 1209 9.6 119.2 1195 10.1 1273 126.7 106

E/098 99.9 1004 10.2 1005 100.7 9.7 100.7 100.9 10.5 108.6 1092 107

E/O-16.4 822 833 116 834 837 111 835 84.0 127 911 931 117

E/O-213 702 724 138 713 715 121 699 725 146 785 807 127

Figure5-2 shows that the HTGIC profiles measured i@olumn 1 ¢fp = 5nmm), Column 2 ¢,

=3 mm), and Column 3d, = 7mm) are very similarThis observatioms confirmedby thedata
in Table 5-2 showing thatthe values forTp, Tmand s are essentially the same within

experimental error. Albeit the values for Column 3 are slightly higher than those for the
other two columns. Those differences, however, do not seem to be statistically significant
Figure5-3 indicates thathe shapes ahe HT-TGIC profiles of a blendof E/O-9.8 and E/Q
16.4 (50/50wt.%) are influencednly slightly by the average particle size tiie Hypercarb
columnpacking.Figure5-4 showssimilar results for a different blen&/0-5.6 and E/G16.4
50/50wt.%). In both figures, the peaks shift very slightly for the different columns, but no
change in peak resolution results from using packing with average diametens1pb8m or
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7 mm. Consequently, HITGIC peakpositionand shape aneot substantiallyaffected by the
averagesize ofthe PGC particlefor individualsamplesand blend. Since the average patrticle
size has a negligible effect on the HGIC profiles,columns packed wittargerparticles are
recommendetb avoidpossible puggingandto reduceahepressure during the analysis.

0.1 -
——Column 1
0.08 |  ------ Column 2
— — Column 3
— 0.06
°
=
T 004 t
0.02
0

20 40 60 80 100 120 140 160
Temperature ¢C)

Figure5-2. HT-TGIC profiles of four ethylenetdctene copolymers (E/B.6, E/(39.8, E/G16.4, and E/@1.3)
measured irthree Hypercarb columns having packing with distinct average particle. sizes

0.04
——Column 1

20 40 60 80 100 120 140 160
Temperature {C)

Figure5-3. HT-TGIorofiles ofthe blend of E/G39.8 and E/G16.4 (50/50wt.%), analyzed in three Hypercarb
columns having packingitlv distinct average particle sizes.
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Figure5-4. HT-TGIprofiles ofthe blend of E/G5.6 and E/GL6.4 (50/50wt.%), analyzed in three Hypercarb
columns having packing with distinct average partsibes.

5.2.3 Effect of Column Length on HT -TGIC Rofiles

The same four samples were analyzed using two Hypercarb columns with different lengths:
Column 1 L = 100 mm) and Column 4L(=250 mm). Columnength influencespeak
temperatures of the individusamplessillustratedin Figure5-5 andshown inTable5-2. The
chromatograms ofapolymes analyzedin the longer columnGolumn4) havehigher peak
temperatures than dese measureth the shorter columnQolumn 1. This shouldnot be
misinterpretedas a change in polymer desorption temperature. peads shift to higher
temperaturebecausehy the time thsamplereachsthe detector at the end of the colyriire
temperature will bénigher when the longer columnis used When the HTTGIC profiles
measured in Column 4 are shifted by 9 t6Cl1o0 make them superimpose those measured
with Column 1, both sets of profiles loadvery similar, ashown inFigure5-6. Theprofiles
measured in the 250 mm column look a little broadkso(comparéhe s valuesin Table5-2),

as expected from more pronounced axial diffusion effecdamger column. Apart from this
minor difference,column length does not seem to have much influence oRTBIC

fractionation.
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Figure5-5. HT-TGIQorofiles of four ethylene/doctene copolymergE/O5.6, E/(9.8, E/G16.4, and E/@1.3)
analyzed in two Hypercarb columns having different lengths: 250 mm (dotted line) andl = 100 mm
(continuous line).
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Figure5-6. HT-TGIorofiles of four ethyene/1-octene copolymers (E/B.6, E/(9.8, E/G16.4, and E/@1.3)
analyzed in two Hypercarb columns having different lengths: 250 mm (dotted line) and. = 100 mm
(continuous line). The profiles measured in the shorter column lha@esn shiftedto higher temperatures.

Figure5-7 and Figure 5-8 tell a similar story about two binary blends of these copolymers.

Column length has a negligible effect on the fractionation of theserialat Since shorter
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columns are less expensive and have decreased axial dispersion, they should be preferred for

routine polyolefin analysis by HTGIC.

0.04
Blend 1

20 40 60 80 100 120 140 160
Temperature {C)

Blend 2

20 40 60 80 100 120 140 160
Temperature {C)

Figure5-7. HT-TGIC profiles of Blend 1 (E838 and E/023.2, 50/50wt.%) and Blend 2 (E/@8 and E/G16.4,
50/50wt.%) measured in two Hypercarb columns having different length250 mm (dotted line) and= 100
mm (continuous line).

82



Blend 1

20 40 60 80 100 120 140 160
Temperature {C)

Blend 2

20 40 60 80 100 120 140 160
Temperature {C)

Figure5-8. HT-TGIC profiles of Blend 1 (Ef38 and E/G232, 50/50wt.%) and Blend 2 (E/@.8 and E/G16.4,
50/50 wt.%) measured in two different Hypercarb columns having different leng§iths250 mm (dotted line)
and L= 100 mm (continuous lineYhe profiles mesured in the longer column have beshifted to lower
temperatures.

5.3 Conclusions

High-temperature thermal gradient interaction chromatography is becoming an important
technique to measure tiCD of polyolefins, on par with more traditional methods such as
TREF,CRYSTAFand CEF. Irthis chapterwe extendedheinvestigationsnthefactors that

affect thefractionationof ethylenea-olefin copolymers by HATGIC reported in Chapter,4

by considemg the effects of column length and average patrticle size of the PGC packing.
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We compared Hypercarb columns having two lengths (100 and 250 mnthraedverage
particle sizes (35, and7 mm). Neither column length nor particle size played an importéat
on the fractionation of polyolefins and their blends. It is preferable to use shorter columns with
larger particles, since peak broadening due to axial dispersion is more severe in longer
columns, and higher operation pressures and plugging duradgsenare more likely to

happen in columns packed with smaller particles.

For binary blends, we observed that the fraction of the component with high comonomer
content could affect the peak position of the fraction with low comonomer content, perhaps
beause of cadesorption effects. The cause of this behavior is not clear at present, but it should

be kept in mind when interpreting the results of blends analyzed byGIT.
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6.1 Introduction

Several factors influence the shape and position eTBTC chromatograms, notably polymer
microstructure,analytical conditions and, to a lesser extent, solvent type. This chapter
investigates the joint influence of chain length and comonoroatent of a series of
polyethylene and ethylenetictene copolymers having similarottene fractions (0 13
mol%) and a wide range of molecular weights on-H3IC fractionation(Category )
Stockmayer distribution arldonte Carlomodelthatwasusedto simulatethe distributions for

the longest (LESD) and overall ethylene sequence length (O&8i2)established for these
samplesto explain the observed behaviof HT-TGIC profiles andto interpretthe
experimentalesults.Also, thesesamplesvere usd to study the HITGIC of blends having

different octene contents and chain length.

6.2 Polyethylene Synthesis

Section 3.1 in Chapter 3explained the copolymerization conditions, copolymerization
procedure, materials ar8D0 autoclave reactor used to synthesize the copolymer samples of
Category Il. This category (used in this chapter) incluatedlseesof ethylene homopolymers

with adistinctnumber average molecular weigh (Series Hand five series of ethylene/l
octene copolymers with similardctene content per series, but differeit (Series C1, C2.6,
C3.7, C7.8, and C13)

3 The results discussed in this chapter have been published in (AKBa24al, J. B. P. Soaidacromolecular
Chemistry and Physic2016).1%¢!
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6.3 polyethylene Analysis

The characterization techniques used to analyze ethylentftie copolymer sampglen
Category llwere explainedin Section 3.2 in Chapter &PC measured thé/WDs of all
samplesTheFTIR calibration curve was established to estinmatée fraction of 1octenein

copolymer sampleHT-TGIC wasused to determintne CCD andpeakelutiontemperature.

6.4 Monte Carlo Simulation

Monte Carlo simulation is powerfultechniqueusedto predict the CCD of copolymers and
the distribution of stereoregularity the case of polypropylene. In this chapdonte Carlo
methodwere applied in MATLAB R2014 to estimate the microstructureths ethylene/1
octene copolymer sample$ Category Il Figure 6-1 shows the flow chart of the computer
program used to run the modé#i. this approach, the Monte Carlo model depended on the
propagation probabilitypp) that the chain propagates by monomer with a probability of adding
comonomerThe value of the -bctenecomposition Fo) was directly useas the probability

of 1-octene propagatiomhe number average molecular weigiM+{) andthe 1-octenemole
fraction (Fo) were the only values used to determine the simulation paramBterslumber
average chaitength (rn) that is related to the propagation probability can be calcufated

each sampl&om M, andFo with the following expression,

5
l p O Dw O dw R
whereMWk is the molar mass of ethylene, avidl\o is the molar mass ofdctene.
Therefore, he propagation probability wadeterminedvith thefollowing expression,

i
nn —— 03
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| Generate random

R(0,1)

) Yes No S
propagation Termination
Generate random Save data
R(0,1) LES, AES

No Yes !
Keep generating | Yes
Add comonomer Add monomer another polymer
chain
No

Onehundred thousand chaingere simulatedor each sample. At the termination of each

Figure6-1. Algorithm of Monte Carlo simulation program

chain, the length ofthe ethylene sequence (ES) and the longest ethylene sequence were
recorded, and then thaverageethylene sequenciength (AES) and the averag®engest
ethylene sequendength (LES) were estimated for each samgguations (6.3) and (6.4)
show hav the Monte Carlo model calculates AES and LES for a populationpaflymer
chainscontaining a total number of ethylene segmentsand Figure € illustrates some of

these sequenceAt the end of the program, thocedure generatalistributions of longest

ethylene sequences (LESD) and overall ethylene sequence (OESD).
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Figure6-2. An Example oAES and LES calculatiorMonte Carlo simulation

6.5 Results and Discussion

Monrabalet all®”:88suggested that the adsorption strength of ethyleslefin copolymers on

graphite was proportional to the available contact surface ardee gfolymer chain on the

atomic level flat support surface. A sample with no or fwert chainbranches (SC§

interacts strongly with the support because it has longer ethylene sequences and a larger contact
surface aregBuch a sample will adsorb orr @esorb from) the surface at higher temperatures

than a sample having many SCBs and shorter ethylene sequences, as bepigtee 6-3.

We will combine our experimental HTGIC measurements with Monte Carlo simulations of
ethylene sequence length distributions of our copolymers to examine if this hypothesis can
explain the joint effect of molecular weight and chemical composition oRTGIC

fractionation.
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Figure 6-3. Adsorption of polyethylene on an atomic level flat surface: A) without SCB, longer ethylene
sequences, stronger interaction, and B) with SCB, shorter ethylene sequencesy w¢alactions”!

the mean elution temperatur€nsj, variance(, ), and standard deviatior)  of HT-TGIC

profiles were defined using Equation 4.1 t0.4.3

Peak temperature3H), Tmands for all samplesare listedn Tables 61 to 6-6. These tables

also lised the number average chain lengths) (for eachsample Even though they are
correlated, we will use, preferentially toVl, in our discussion, since the length of the chains,
not their molecular weights, is supposed to be the main factor controlling interactions between

polymer chain and the support in HGIC columns.

The average ethylene sequelam®th(AES) and the avege longest ethylene sequeneegth
(LES) of eachsampleestimated by Monte Carlo simulatianealsomentionedn Tables 6-1
to 6-6. Since ethylene homopolymers have no SGHSS andLES are both equato ry, for
these samples.
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Table6-1. HT-GPC and HTGIC data for ethylene homopolymers

HT-GPC HT-TGIC
Sample ID

Mn (g/mol)  PDI n Te (°C) s Tm (°C)
H-1.0 970 18 35 122.3 21.4 96.5
H1.2 1200 1.8 44 126.5 20.8 104.5
H-1.7 1700 2.3 62 129.9 19.6 113.7
H2.7 2700 21 97 132.4 12.9 123.5
H-3.6 3 600 2.2 131 134.0 10.4 126.4
H-9.2 9 200 21 329 135.9 8.4 130.8
H-12.2 12 200 2.0 436 136.2 5.6 134.4
H-21.0 21 000 21 748 136.7 4.9 135.9
H-25.3 25 300 21 904 136.8 3.8 136.4
H-56.6 56 600 21 2021 137.2 3.3 136.4
H-75.0 75 000 2.2 2680 137.2 29 137.3
H-97.0 97 000 21 3464 137.1 2.8 137.5

Table6-2. HT-GPC and HTGIC data for ethyleng/octene copolymers with.0 mol % ofl-octene

HT-GPC HT-TGIC

Sample ID
Mn(g/mol) PDI rn AES LES  Te(C) s Tm(°C)
Cil1.4 1400 18 50 33 35 1148 19.3 100.0
CI1.7 1700 1.8 61 37 40 119.1 16.8 104.5
Ci2.4 2 400 23 84 45 52 1255 146 1128
C14.6 4 600 21 162 61 70 129.6 129 1222
C18.2 8 200 22 286 74 100 1316 9.6 1275
CI15.6 15 600 21 540 84 156 132.3 6.3 130.6
Ck195 19 500 20 678 87 178 1325 5.7 131.2
Cr27.1 27 800 21 943 90 210 132.7 39 1321
C136.3 36 300 21 1260 92 240 1329 34 1326
C168.1 68100 2.2 2360 95 305 1329 29 1327
Ck129.4 129400 2.1 4485 96 371 132.7 2.7 1327
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Table6-3. HFGPC and HTGIC data for ethylen&/octene copolymers witl2.6 mol % ofl-octene

HT-GPC HT-TGIC
Sample ID
Mn(g/mol) PDI r  AES LES T(C) s Tm(°C)
C2.61.5 1 500 17 51 21 22 93.1 195 84.7
C2.61.7 1700 18 58 23 25 99.7 181 927
C2.62.0 2 000 18 69 24 31 1044 175 96.1
C2.63.4 3400 20 113 28 39 1148 154 105.3
C2.64.8 4800 20 159 30 50 1195 13.3 1119
C2.67.0 7 000 22 235 32 64 121.3 10.1 116.3
C2.614.1 14 100 21 469 34 90 1231 7.1 120.4
C2.623.6 23 600 25 78 35 111 1243 6.2 122.6
C2.636.0 36 000 2.2 1193 36 127 1245 5.3 123.5
C2.661.1 61 100 22 2025 37 148 1245 41 124.6
C2.6115.7 115700 2.2 3833 37 173 1246 3.8 124.6

Table6-4. HT-GPC and HTGIC data for ethyleng/octene copolymers witl8.7 mol %of 1-octene

HT-GPC HT-TGIC
Sample ID
Mn(g/mol) PDI AES LES Tr(°C) s Tm (°C)
C3.72.3 2 300 19 73 19 28 96.8 16.1 88.4
C3.75.4 5400 21 172 22 46 1114 13.3 105.3
C3.%#7.2 7 200 20 233 23 53 113.3 11.1 108.5
C3.710.6 10 600 21 340 24 63 1145 11.0 110.5
C3.716.8 16 800 20 539 24 76 1158 8.4 113.6
C3.729.2 29 200 21 938 25 91 1170 7.6 1154
C3.734.8 34 800 22 1118 25 95 117.7 6.7 117.3
C3.%752.2 52 200 21 1672 25 106 1178 5.6 117.4
C3.785.2 85 200 21 2736 25 120 117.8 4.7 117.5
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Table6-5. HT-GPC and HTGIC data for ethylengfoctene copolymers witi.8 mol % ofl-octene

HT-GPC HT-TGIC
Sample ID
Mn(g/mol) PDI 1 AES LES Te(C) s  Tm(°C)

C7.81.9 1900 16 56 10 16 553 122 50.0
C7.82.9 2900 1.8 83 10 23 76.1 16.0 73.2
C7.84.6 4 600 20 132 11 27 826 14.0 79.4
C7.89.7 9 700 21 279 11 37 90.6 134 8438
C7.8185 18 500 21 534 11 45 96.0 10.3 931
C7.840.1 40 100 21 1160 12 55 98.2 9.4 98.8
C7.855.7 55 700 21 1611 12 59 98.2 7.9 98.0
C7.8117.0 117 000 21 3384 12 68 98.3 7.0 98.2

Table6-6. HT-GPC and HTGIC data for ethyleng/octene copolymers witi2.9mol % ofl-octene

HT-GPC HT-TGIC
Sample ID
Mn(g/mol) PDI AES LES Tr(°C) s Tm (°C)

C132.5 2 500 15 64 6 14 235 2.3 25.8

C134.5 4500 20 116 6 18 539 106 59.5

C1394 9 400 20 242 6 24 63.5 10.2 629
C1315.4 15 400 19 397 7 28 68.9 109 67.7
C1328.0 28 000 21 729 7 32 715 11.7 69.6
C1348.8 48 800 21 1256 7 36 735 114 720
C1357.3 57 300 22 1476 7 38 73.7 105 73.2
C13127.0 127000 21 3266 7 43 73.7 9.0 73.5
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6.5.1 Chain Length and 1-Octene Mole Fraction Effect on HT-TGIC of

Individual Polymer Samples

Figure 6-4 compares HITGIC profiles of all polyethylenes and ethylenettene
copolymersFor a gven comonomer fraction, the HIGIC profiles broaden and shift towards
lower temperatures when decreases. More noticeably, when theciene content increases,

the HT-TGIC chromatograms shift to lower temperatures and become broader. This behavior
is related to the shortening of the length of the ethylene sequences between short chain
branching paits®”# which depends on SCB frequency but also onrthef the polymer
sample. Therefore, sgles with longer average ethylene sequences (lower SCB andhigher

will adsorb at higher temperatures onto the porous graphitic support than samples with shorter
AES (higher SCB and lower).
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Figure6-4. HT-TGIC profiles of polyethylenes and ethylehekttene copolymers with differernt.

Figure 6-5, however, shows thdahe AES estimated with Monte Carlo simulation for these
samples does not depend stronglygrespecially for samples with higheiottene contents,
which is not surprising sincedctene incorporation is the dominant factor controlling AES in
these copolymers. Considering that the shapes and peak positions of &€l profiles of
samples witthigh comonomer content (such as C7.8 and C13) depengl ARS cannot be

used to explaim, (or My) effects on HITGIC profiles.
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Figure6-5. Average ethylene sequences (AES) depend weakly far ethylene/l-octene copolymers witta
high1-octene fraction.

Figure6-6 shows that the average longest ethylene sequength(LES) depends or even

for samples with higher-tictene content, even though this dependency is more pronounced
for samples with lower-bctene fractions. Therefore, it seems that LES may explaiifiects

on HT-TGIC profiles more adequately than AES. Assuming thalehgth of the ethylene
segments is responsible for the interaction between the support and the polymer chains, the
longest ethylene sequences in the polymer should control, or at least substantially influence,
the retention of the polymer in the HIIGIC cdumns. For a given copolymer series this
interaction weakens as LES decreases due to a reductignaind the peaks shift to lower

temperatures.
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Figure 6-6. Average longest ethylene sequences (LES) depend more strongly fon ethylene/l-octene
copolymers.

It is illustrative to compare the overall ethylene sequence distribution (OESD) and the longest
ethylene sequence distribution (LESD) estimated by ®l@garlo simulation for the five sets

of ethylene/loctene copolymerg={gure6-7). The OESD does not depend substantially on
copolymer molecular weight, particularly for samples with highectene content, but the
LESD shifts to lower averages ahdcoms narrower whemn, decreases. The shift to lower

LES correlates to the shift to lower temperatures of the experimentdiGHT profiles,but
contrarily to the experimental observatigiee LESD becomes narrower, not broader,,as
decreased his indicateghat althouglwe may loosely associate the change iR FIIC peak
position to decreasing LES, the shape of the LES distribution cannot explain, and in fact

contradicts, the broadening we observe in theTKBIC profiles ag» decreases.
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Figure6-7. Overall ethylene sequence distributio(isft), and longest ethylene sequence distributions (right) of
ethylene/1-octene copolymers beconmmarrow, and shift towards lower averages aslecreases.
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