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ABSTRACT

Supercritical fluid technology is a well documented @&mdergentechnology used in
many industriesodayfor the formation of micreand nane particles. The use of supercritical
fluids allows synthesis of various types of particles sitihegr propertiescan be varied with
temperature or pressure, which sequentially can control the physical and chemical properties of
the particles produced. Several different processes designed to generate powders and
composites using supercritical fluids have been prapasdhe past 20 yeamhich can be
usedto synthesizematerials with high performance specifications and unique functionality. In
this research work, an extrusion micronization process using supercritical fluid has been
proposed. Thipowder production shnique couldbe a promising alternative to conventional
techniques in terms of improvement in product quality as it provides a better control over
particle size, morphology and patrticle size distribution, without degradation or contamination
of the produt In addition as extrusionis globally usedfor pdymer production and
processingparticle productionby extrusion will allow production and processing in a single

process stegliminatingthe need for secondary particle production methods.

The micranization process designed and described in this thesivesa twin screw
extruder equipped with a converging die and a high resistance spraying nozzle for particle
production. A special C&Qnjection device and polymer collection chamber was designed for
CO, supply and powder collection. To ensure complete dissolution ofi@t® the polymer
matrix, stable injection of C£ pressure generation and constant spray of micronized polymer
particles a special screw configuration was carefully designed for the extrusion process. The

feasibility and the performance of this process have been demonstrated by experimental studies



performed with low molecular weight polyethylene wax. Carbon dioxideugersritical

conditiors was used as a solvent for processingtigmer.

The generated polyethylene particles frahme polyethylene wax/carbon dioxide
solution systemwere analyzed and studiedsing anoptical microscope, scanning electron
microscope cgillary rheometer and differential scanning calorimefedetailed study on the
effects of theprocessing parametersuch as temperature, pressudlew rateand supercritical
fluid on properties of pglethylene particle produced waarried out The paticle size data
collected using an optical microscope indicate a significant impact of temperature and CO
content on particle sizeThe obtained size datawere utilized to geneate particle size
distribution plots and studied to analythe effect of thgprocessing variable#. was found that
particle size distribution iaffectedby processing temperature and f0ntent.Studies of the
SEM images revedhat he maphology of particlescan be controlled by varyingrocessing

variabledike temperaturepolymer feedate and C@content

The particles generated during this study indicate that parficbeluctionin an
extrusion process using supercritical carbon dioxide is achievableappéas to be a
promising alternative t@onventional polymer pade production methodsuch as grinding,
milling and other supercritical fludased precipitation methadso validate and generalize
the applicability of this process, micronization of other polymeric material should be
performed. ©@mmercialization of His technology will further require predictability and
consistency of the characteristics of the product, for which a detailed understanding of the
influence of all relevant procesariablesis necessaryin addition, development of theoretical
modelswill further assist inthe scalaup and commercialization of this supercritical fluid

assisted micramationtechnologyin the near future.
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CHAPTER 1: INTRODUCTION AND OBJECTIVE

1.1 INTRODUCTION

The production ofpolymer micropaticles is of interest in many industrial fields
Biomedical engineering, cosmetictones and paing, for example, are soma&reasthat use
micron sized polymer particles. Traditional techniques used for the production of micro
particles, such as crushing/millin spray and freezelrying, or recrystallization from
solvents, areoperationsthat requirelarge amount of energyare characterized by low
efficiencies ad involve liquid solvents that canontaminateghe producfl1]. These processes
may often incurundesired effects such ghysicachemicalinstabilites and poor product
sheltlife. As far as the micronic particle structure is concerruethventional manufacturing
methods do not guarantee sufficient control the powder characteristicSThe main
consequences anatra-batch particle size variability and broad size distribution. Moreover, the
processes that use organic solvents require additional stages for the extraction of residual
organic solvents, and gengFawaste streammwhich raise environmental concerns and
industrial cos{2]. Due to the limitations associated with conventional techniques, the potential
replacement oftraditional techniques withsupercritical fluid tecnology has received

increasing attention from the scientific community in the past few years

Supercritical fluidbased technologies represent a vdeltumented alternative for
particle design and crystal engineering. Processes thatSG$etechnology for particle
production, take advantage of some specific properties of gases at supercritical conditions,
such asdjugablesolvatingpower and selectivity that can be achieved by varying pressure and

temperature. Use of supercritical fluid beology provide the possibility to achieve



crystallization conditions which may lead to very small particles with consistent particle size
distribution, crystal structure and surface propertiestivacontrol of processing parameters
and equipment, anchéy do not pollute the extracts, residues, and the environj8éesit
Among all the possible supercritical fluids, supercritical carbon diof&2CQO;) is widely

used for its nontoxic nature ama@sily attainablenild critical conditions that make it an ideal
substitute to organic solvents. Use of supercritical carbon dioxide not only psoldigte
purity products, but allows the micronization of thetabile compounds. Moreover, carbon

dioxideis gaseous at ambient conditions, which simplifies the problem of solvent reflues

Numerous supercritical fluidsased processes for mieparticle generation have been
developed for taking advantage of supercritical fluid properéied review articles are
available in the literature on these processes. Techniques like the rapid expansion of
supercritical solutions (RESS), supercritical antisolvent precipitation (SAS), particle generation
from gassaturated solutions (PGSS), and new aratnon processes (SAA) are some of the
methods used in industry today for particle producfi6,7]. However, it is to be noted that
polymer is primarily produced in industry via an ewdion processa well elaborated
manufacturing technology which has been used in industry $hed&930s[8]. As such,
polymer micro particle pragttion via extrusion process wouldliminate the need for

secondanyparticle production steps (grinding, milling, PGSS, SAS etc.).

For particle production in an extruder, the supercritical fluid is first dissolved in the
polymer matrix, where the dissolved gflasticizes and reduces the viscosity of the polymer
to be mcronized. The molten polymeras solution is then passed through a narrow die space
and out through a micresize nozzle hole where the vigorous expansion of the dissolved gas

breaks up the polymer melt to produce micronized part[6ld®]. Here, the supercritical GO

2



hasa dual functionality: it changes the rheological properties of the material, and behaves as an

expansion agent.

Despite the widespread usage of extrgdéar polymer production,micronsize
polymer particle production via extrusion process is relatively new. Only a limited number of
studieshave been conducted to produce particles via an extrusion process. Nalawade et al.
producedsubmicronsize particlef polyester resins using supercritical fluid in an extrusion
processlit wasreported that various process parametsush as pressure, temperature, flow
rates, and nozzle diametean be utilized to control particle size and morphology of particles

produced using supercritical G an extrudef10,11]

1.2 RESEARCH OBJECTIVE S

The work described in this thesis focuses on the extrusion of paymdte presence
of supercritical fluid. The first objective of this thesis is to investigate the feasibility of
producing micron size particles usiagupercritical fluid. Low molecular weight polyethylene
wax and carbon dioxideeerechosen for this pugse. The second objective of this thesis is the
investigation of the effect of processing parameters on properties of the particles produced,

such as particle size, size distribution and morphology.

This thesis is comprised of 5 chiaps including this lsapter containing the introduction
and research objectiv&Chapter 2 focuses on thieerature review related d@ this research,
including a survey on properties and applications of supercritical fluids,otret similar
processe that use supercriticlluids for particle production. For understanding the effects of

shear viscosity and solubility of supercritical flugkctions on C@solubility in polymes and



the viscosity reduction effect of dissolved £ah a polymer was integrate®&eferencedound

in recent publicatiomon materials micronized by supercritical fluid techniques,asamnnary

of the effects of different processing parameters on micronized particle properties is also
included in this chapterChapter 3provides a deta#ld description of thematerials and
equipment used for the micronization proc&dse design concepts used for the experimental
setup anddesign of thescrew configurations outlined. In an effort to establish a steady
micronization process and understarte teffects of processing parameters on particle
production, preliminary experiments were conducted. A summary of the observations made
during preliminary experiments performed is provided in this chaPtepter 4compriseghe

resuls and discussion coeening the polyethylene wax particles producBdrticle analysis
wasperformed usingcanning electron microscop8KEM) andoptical microscopyo evaluate
particle size, size distribution and to analyze the ioliggy of the particlesThe resul are
presented in terms of the effects of processing parameters on the above mentioned particle

propertiesFinally, conclusiors and recommendatior@se presenteith chapters.



CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

The polymer industryproducesover 20 million tons of volatile organic compounds
(VOCs) each year[12]. Conventional well know processes fomicronization (particle
generation)such agnilling, grinding, spray dryingetc.,are known to generatgueous waste
streans, and emit hazardousVOCs and chlorofluorocarbons (CEC Other concerns
associated with these processes ametrol of the particle sizand particle size distribution
[2,13]. Use ofsupercritical fluidi s a vi abl e figreeno alteAnati ve
supercriticalfluid is defined as a substance for which both pressure and temperature are above
the critical value. Advantages of SCFs includew surface tension, low viscitg, high
diffusivity, and densitydependent solvent powérhe density and asuchthe solvating power
of a SCF can be tunedrom gaslike to liquid-like valuesthroughchangs in pressureand

temperaturgl4].

Among all SCFs, supercriticanbon dioxidehas received a lot afttentiondue to its
norttoxic, chemically inert and inexpensiveature Dissolved CQ causes a considerable
reduction in the viscosity of molten polymers resulting in less energy consunmgitiring
processing. The versatile operating conditions that are possible with superdditidsilalso

provide flexibility in controlling theparticlesizeand particle size distributidil1,14,15]

Particle formation technolags that use supercritical fluidbave evolved in many
different forms during the last 2@ears. Several reviewarticles have already appeared in the

literature presenting avariety of particle formation processe§.hese include the rapid



expansion of supercritical solutions (RESS), the gas antisolvent process (GAS), supercritical
antisolvent process (SAS), and the particles fromsgdisrated solution (PGSS) processes
[2,16-18] and many mor¢2,7,17] However, n the polymerindustry, extrusion is tle primary
method for polymeprocessingMicronization of polymers in an extrusion process will allow
elimination of secondary particle generation steps such as grinding, milling as vibg as
recently developed processes such as G andRESS.Unfortunately supercritical fluic

have hardly been appliebr micronization of polymers during extrusionAs a result, the
effects of SCFs on polymen an extrusion processand on extrusion performance axot

been clarified thoroughly19]. This chater will review literaturestudieson properties and

uses of supercritical fluidpolymer/SCF solution behaviour such as solubikbiyd effects of

CO, on polymer rheologgand morphology

2.2 POLYMER

2.2.1 PolyethyleneWax

Low molecular weight polyethylene ksiown aspolyethylene wax(PE wax) It is a
synthetic wax produceduring the polymerization dbw molecular weighpolyethylene.The
ethylene used igenerallyobtainedby cracking petroleum naptha from natural ga$20].
Figure2.1 shows a molecule of polyethylene which is made by subsequent addition of many

ethylene monomaunitsforming a long and linear chain of carbon atoms.

moromer |[HHHHHHHH
\uqccccccc
HHHHHHHH

Figure 2.1: Structure of PolyethyleneMolecule
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Polyethylene wax has good dispersion and fluidity, good electricalramdulding
propertes, good light resistant and chemigalsistant propertiesit is well known for
increasingabrasion resistance and providing excellent barrier protection. It also improves
surface appearance by provig a nonsticky wax surfaceg21]. It is solublein various
polymers such as polyethylene, polypropylene, polyviacetate, ethgingropylenerubber,
butyl rubber, and variougromatic hydrocarbons. It is also used for temperature and viscosity
modification of other polymerg$2olyethylene waxs nontoxic in nature ands available in the
marketin various formsand grades differing in viscosity, softening point, hardness, density
and molecular weighf22,23]. Some of thecharacterisc properties of PE waxre listed in

Table2.1.

Table 2.1: Characteristic Properties of PE Wax[23,24]

CHARACTERISTICS POLYETHYLENE WAX
Melting point,°C 95-100
Molecular Weight(g/mol) 2,0004,000
Density(g/cn?) 0.930.94
Viscosity at 148C, mnt/s 50-1000
Tensile strength, N/ct 10001300
Elongation at break, % 240

Melt index(g/10 min) ~3.5

Colour White

A little more than 10m% of PE produced in the USA finds use in typical wax
applications[24]. The application itself depends on the form of wax and its characteristic
properties. PE wax as homopolymer is used in elastomers, hot melt adhesives, inks, lubricants,
coaings, plastics, solvent polishes, personal care products and wax blends. Copolymers

provide greagr compatibility and solubility than comparable homopolymers. These



copolymers produce emulsions with very light celohat resist yellowing. Major use of
copolymes includes adhesives, polishes, texsle candles, paper coatimgand color
concentrates. OxidisedPE waxis known to emulsifywith anionic, noAonic and cationic
surfactants. These emulsions permit the use of oxidised PE wax as coating for citruthend in
leather, paper, polish and textile fields. It is also used in RWi@ulationas a lubricant, in wax
blends and in industrial coatiagMicronized polyethylene wais used for applicabns such as
stir-in wax for inks and coatirggand suspending anexturing agents in personal care products

[21-23].

2.3 SUPERCRITICAL FLUID

2.3.1 Supercritical Fluid

A homogeneous fluid genehalexists in either a liquid ogas phase, which is clearly
defined by phase boundaries, s®own inFigure 2.2. As pressure and temperature increase
above the critical point, the phases become indistinguishabihes critical point is

thermodynamically defined by the conditions

z - 1 z
I o 4 IF 2.1)

where P is the pressure/ is the molar volume and Tepresentshe absolute temperature.
Beyond the critical point, the substance exists agpercritical fluid The critical point of any

substance is defined by its critical temperature and critical pressure. A list of critical pressures

andcritical temperaturesf some commosulstances is provided ihable2.2.



Table 2.2: Critical Temperature and Critical Pressure of Some Common 8bstanceq14]

Substance Critical Temperature (K) Critical Pressure (MPa)
Acetone 508.1 4.70
Carbon Dioxide 304.1 7.38
Dimethyl Ether 400.0 5.24
Propane 369.8 4.25
Toluene 591.8 41.1
Water 647.3 22.1

In the supercritical fluid region, physi@hemical properties of the material are
intermediate between those of a liquid angas as shown imable2.3[12]. Like a gas, SCFs
show lower viscosity and higher diffusivity relative to the liquid. These properties facilitate
mass transfer phenomena, such as matrix extraction or impregnation. Like a liquid, SCFs show
high densig which improves its solvating poweks a result, i has beemsuccessfullyusedasa
solvent antisolvent or plasticizein polymer processing: e.g. polymer modification, polymer
composites, polymer bleimg, microcellular foamingparticle prodation, and in polymer

synthesig9,26].

Table 2.3: Physical Properties ofGas, Liquid and SCF[12]

Property Liquid SCF Gas
Density (g/cm) 1 0.51 1 10°-10°

Diffusivity (cm?/s) 10° 10° 10"

Viscosity (Pas) 10°71 107 10° 10°

Compared to other organic solvents, supercritical fluids provide improvement in

product quality The advantages ddCFsinclude low surface tension, low viscositlyigh



diffusivity, and densitydependent solvatingower. As suggested bgquation 2.1, SCFs have
high compressibity, which allows for density alteration witpressurechange resulting in
solvent power variatio [27-32]. It is alsopossible tanduce phase change from liquid to gas
without passing through a distinct phase transition by followingBh% path as shown in

Figure2.2. These characteristics allow for a wide range of applicaf@CFg12].

Critical .
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Figure 2.2: PhaseDiagram of a Pure Compound

2.3.2 Carbon Dioxide as a Supercritical Fluid

Supercriticalcarbondioxide has attracted a lot of attention in polymer production and
processing applicatiorss ail gr e e n 0  ® Ihaxieus\WO&L$ andvGF-G. It is nontoxic,
nonflammable,and chemically inertin nature. It is also inexpensive andaisundant in the
atmosphere. &rge amours areavailable as a bproduct from NH, H,and ethanol production.

Its swpercritical conditions are easily attained;. 1304 K, R = 7.38 MRx) in comparison to
other supercriticallfiids. Moreover, many polymerare plasticized in the presence of gO

allowing processing at loav temperature$33,34] As a resultin terms of the supercritical
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fluid being used as solvent in material processing, @@ccupies the majority (86%) of

published work with water being nextontributingat 10%][14,16,35]

Dissolved supercritical C£s known to altethe physical properties of polymgrsuch
asto decrease viscosity, decrease densityjincrease swollen volumid4]. In addition, due
to high diffusivity of the compressed gas, residual,@&noval is easily achieved by simple
depressurization, unlike organic solve[#§]. These characteristic properties have stirtesl

attention ofmanyresearches tovardsthe use of supercritical C&£for polymerprocessing

2.4 APPLICATION OF SUPERCRITICAL FLUID SFOR
PARTICLE PRODUCTION

Supercritical fluid technology has evolved in the last 20 yd#zsous review articles
have been publishef?,13,1618,37,38] where the use of supercritical fluidsas been
proposed for particle production using different methods. These mathnd®e classified into
four categories based on the role of the supercritical:flpidcesss where SCF acts as a
solvent (RESS, RESOLV)roceseswhere SCF acts as amtisolvent (SAS, GAS, SEDS);
particles from gasaturaed solutiors (PGSS, DELOS)and COy-assisted spragrying (SAA,

CAN-BD).

2.4.1 Supercritical Fluid as a SolventProcesse$RESS, RESOLV)

In Rapid Expansion of @ercritical Solution (RESS process the mlymer is first
dissolved in a solvent, such as supercriticabGd then thiigh-pressure solution is rapidly

depressurizednto a collection chambethrough aheatednozzle that lead to polymer

11



precipitation. A schematic of th overall process is provided Figure 2.3. Some of the
advantages of this process include very fine particle production; controllable particle size and
morphology by control of process parameters and geometry of process equifspeaysig
nozzle) and solvenfree productHowever, it is to be oted that RES®rocess is used when

the polymer has some degree of solubilitythe supercritical fluid.As discussed isection

2.6.1, COy is not particularly a very powerful solvefdr polymers for which high pressure

and sometimes high temperatuseequired tadissolveevena small quantity of materialAs a

result, operation and capital cost for this process has been refmtietigh, which isoneof

the disadvantages associated withRIEES Sprocesg1,19,3941].

CO, pump
> —><F—

T g

Precipitator

Saturator

L

CO, reservoir Vent

Figure 2.3: Schematic Representation ofRESS Rocess[26]

The Rapid Expansiorof a Supercritical Solution into a LiquiBolvent (RESOLV)
process is a variation of RE§Bocessresented in Figure 2.31 the RESOLV processthe
supercritical solution is depressurized throughosfice into a collection chamber containing
an agueoussolution containing surfactants or reducing ageatsroom temperatureThe

aqueous medium is usedronimize particleaggregatiorexperiencedluring the jet expansion
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in a RESS procest addition,the surfactants and reducing agents help form stablilize the

nanosized particle§l6,36].

2.4.2 Supercritical Fluid as anAntisolvent Processe$GAS, SAS,
SEDS

Supercritical antisolvent processewolve recrystallization techniques for processing
solids that are insoluble in SCF. The technique is espeaaitgblefor polymers becausthe
majority of polymers are not soluble in supercritical fluids or gasethis methodthe solute
is first dissolvedn an organic solvent. The solution is then exposed to an antisolvent, such as
supercritical CQ@. As the gas starts dissolving in the organic solvent, the solid compound
initially in solution starts to precipitatéd schematicof two of the supercriticabntisolvent
processes iprovidedin Figure2.4. The basic operating principle is the same for all antisolvent
processes; the only difference being the way solution and antisolvent contatking is
achievedln the Gaseous AntisolverfGAS) process, the precipitation vessel is initially loaded
with the solution and then the antisolvent is added to the vessel until the final pressure is
reached. Alternatively, in th&upercritical Antisolvent(SAS) process, the antisolvent at
supercriti@al conditions is first pumped inside the higtessure vessel until the system reaches
the fixed pressure and temperature, and then the organic solution is sprayed through a nozzle
into the vessel. Th&olution Enhanced Dispersion by Supercritiealids (SEDS) process is
similar to the SAS technique except that, in this case, the solution and the antisolvent are

simultaneously sprayed into the precipitation veggél3,16,26,42]

Advantages of antisolvent processes include fine particle production, easily controllable

particle size and morphology with the use of appropriate process equipment, such as spraying

13



nozzle, and applicability for a wideariety of substances insoluble in supercritical fluid.
Disadvantages include use of organic solvent, dilute product stream, particle stripping from
residual organic solvent, and further processing of waste stream for separation of gas and

solvent[2,16].

a) CO, pump

ﬂﬁ Precipitator
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recovery
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CO, reservoir Valve
b)
CO, pump
> Solution

h J reservoir
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%» Solution pump

|—b
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Solvent
recovery
and vent

CO, reservoir

Figure 2.4: Schematic Representation of a) GAS Rocess,and b) SAS Procesq26]
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2.4.3 Particlesfrom Gas-Saturated Solution (PGSSDELOS)

In a PGSSrocess, a substance insoluble in SCpuisinto a molten or liquid state by
heating and then allowed absorb a large amount of gas under sulsupercritical coditions
that causes swelling andecrease the melting point of the substanc&.he absorbed gas
reduces the viscosity of theolution gas absorbed solutipincreasing he free volumeand
further allowing more gas to be dissolved into the solutidme solution is then allowed to
depresurize in a chambewhere the solution is rapidly expandeder anozzle leading to
particle formation by precipitationCurrently, the running industrialapplication of this
technology ismostly on nonpolymeric materials. However, thtschnique has great promise
and is highlysuitablefor polymer powder productiorSchematicrepresentation of a PGSS

processs illustrated inFigure2.5.

PGSS process has numerous advantages. It can préidecparticles with narrow
particle size distbutions, and improved product quality compared to other conventional
processes used for particle production. It uses moderate pressure, consumes less gas, and

generates solvent free product. PGSS process is also an easy to scale upyvocess

CO, pump Vent

> —»

e

Saturator |

r ir .
0z resano Precipitator

Figure 2.5: SchematicRepresentation of PGSS proced26]
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The Depressurization of an Expanded Liquid Organic SoluwlidBLOS) ha been
developed based on the principle of PGSS proddssonly difference between the PGSS and
theDELOS methodis that inthe DELOS method C@does not act as an antisolvent, but rather
a casolvent in addition to an organic solvemihe useof organic solvent allows processing at
lower temperature and the protioo of fine particle of thermalile compounds using the

DELOS method16,36].

2.4.4 Carbon Dioxide assisted Spray Bying (SAA, CAN-BD)

In carbon dioxide assisted spray drying proegsthe supercritical carbon dioxide
plays the role of both a esolvent, as it is mixed wit the solution to be treated, a®ll asa
pneumatic agent to atomize the solutiotoifine droplets. In tts process, theubstanceo be
micronized is first dissolvesh water or ethanol or both and then mixed with supercritical, CO
producing an emulsion, in a packed bed saturdtbe emulsionis then sent to a thin wall
injector and allowed toapidly deprssuize through asuitabledevice into the precipitator at
atmospheric pressure to generate aerosols of rbigbbles and micradroplets that are dried

by a flux of warm nitrogeifd3,44]

The main difference between CABRD (Carbon dioxide Assisted Nebulization with a
Bubble Drye®) and SAA (Supercritical FluidAssisted Atomizationprocesses is the initial
mixing equipment utilized to generate the emulsion. In the case of SAA, the supercritical CO
and the solution are mixeid a vessel loaded with stainless steel perforated sasdieh
assures a large contact surface betweemdigolution and the SCH4,45] On the other hand,

in the CANBD process, the supercritical G@nd the solutiorare pumped throughear zero
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volume channelsto produce the emulsiorwhich is then allowed to depressurize in the

precipitator{46-48].

The advantages of the SAA process include its capability for processingwadémr
soluble and nonvatersoluble compounds. Moreover, both SAA and GBR processs

provide good control over particle siaed particle size distributidd 3,44]

2.4.5 Selection of Methodsfor Particle Production

Several techniquesare currently available for particle production based on SCF
technology. The selection of the process to be used is dependde oharacteristics of the
material to be treateand/or the final product.For ingance, if thepolymeric material is
soluble in the SCF the RES&chniqguecan be usedwhereas if SCF isoluble inthe polymer
the PGSS process can be udedcase of low solubilityan antisolventmethod carbe used.
However, it is to be kept in minchat antisolvent methods use organic solvents that are
associated with issues such as solvent removal and waste stream genéfh&nnorganic
solvens have to be avoidedi.e. in the case of biological products, processes such as-BAN
or SEDScould be selected. Finally, the characteristics of the desired prdgdadicle size,
particle size distribution, shape etapuld drive the selection of the technology as wether

issues such as cost and availability can also derive the choice of gbesssed.

2.5 EXTRUSION IN PARTICLE PRODUCTION

Since the 1930ghe extrusionprocesshas been widely used fonanufacturing and

processingf polymeric material. The overall extrusion system can be dividedtivo units:
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(a) the extrude(Figure 2.6) known as the conveying urthatis usedto melt, mix and convert

the raw material into a product of uniform pleaand density, anth) the die uniwhichis used

to shapehe material by forcing it through a narrow outlet under controlled conditiRered

on design extruders can be divided into typesinglescrew and twirscrew extruders
Irrespective ofthe type of extrudermost commercial extruders have a modular design,
providing a choice of screws (single screw vs. twin screw) with interchangsettiensas

well as various die designs available to meet production requirenfdvantages of an
extrusion process include short residence time, self wiping adjustable screw profile, and
versatility for processing different kinds of materj8]. Among the two types of extruders
available twin-screwextruders are more commonly ugdnsingle screw extrudetis mixing

operationslueto their superior mass and heat transfer characterj8t43).
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For particle productiomsingan extruder, the supercritical fluid is first dissolved in the
polymer matrix, where the dissolved gflasticizes and reduces the viscosity of the polymer
to be micronized. The molten polyrmgas solution is then passed throwmarrow diegap
and out througla micronsize nozzle hole. The high pressure differenesviben the upstream
and downstream of the nozzle causes thermodynamic instability due to reduction of gas
solubility in the solubn resulting in supersaturation. This supersaturation cawsgsation of
bubbles an illustration of which is provided iRigure 2.7. A vigorous expnsion of these
bubbles breakip the solution to produce micronized partid@4.0]. Due to anexcess of CQ
used for particle productionhis method has been termed as expansion et@@asation with

excess gas (EGSE@)5].

thermodynamic

diffusion instability
- -

@

Single-phase Microcellular
polymer/gas solution structure

Two systems

Figure 2.7: Morphology Change of a PolymerGas System in arExtrusion Particle
Production Process Using Supercritical Fluid Solutior{50]
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One of the advantages of using extrusion for particle production is that the particle
shape, size, and size distribution can be contreli@@ontrol of processing parametenszzle
size and geometryJse of extrusion for particle production can help eliminate issues associated
with conventional powder production methods, such as broad particle size distribution in
milling process and heajeneration during grinding procef®]. The plasticizingeffect of
dissolved CQ permitsoperation at lower temperatig@llowing micronization ofthermolabile
compoundsusing extrusion8,9,51] In addition, since polymerare primarily produced in
industry via extrusion process micronization of polymersising an extruer will allow

elimination of secondary particle generatioeps such aor GAS, SAS and RESS.

Only a limited number ofstudieshave been conducted to produce particles via an
extrusion processNalawade et al[10,11] producedsubmicronsize particles flores of
polyester resinsising an extrusion processlhey reported that theffect of variousprocess
parametersuch as pressure, temperature, fiates, and nozzle diameter plays a crucial role

for particle production in an extrudandfurtherdetails are discussed in sectdi.

2.6 POLYMER/ SUPERCRITICAL FLUID SOLUTION

When a polymer melt is exposed to a hjglessure gas, two competing mechanisms
affect the specific volume of the polymgas mixture: (1) the hydrostatic pressure, and (2)
swelling. Hydrostatic pressure decreases the specific volumelir@yeain the other hand,
caused by dissolved gas under high pressure increases the spekifite The latter is
typically higher tharthe hydrostatic pressure effecthe increase in specific volume due to
swelling enhances the overall activity of thelymeer-gas solution, thus creating more free

volume. This increase in free volume causes an increagasisolubility and diffusivity. The
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increase in free volume also increases chain mobility, decreases viscosgiyriaw tension

of the polymef52,53]

All of the above mentioned parameters, such as solubility, diffusivity, viscosity and
surface tensionare affected by swellingor increase in free volume) drare crucial for
understanding the foaming behaviowr an extrusion procesd o attain a stable particle
productionprocess using supercritical GQletailed knowledge oftheseprocess variables
required A discussion regarding some of these characteristic properties of pelymer

supercritical fluid solution is provided in this section.

2.6.1 Solubility

Solubility is defined as the maximum amount of solute that can be dissolved in a
solvent at a specific temperature and pressure without phase separag@uolubility ofCO,
in polymer or polymerin CO,, are both determined by thentermolecula forces ating
between the polyer and theCO, molecules.lt was found thathe quadruplemoment and
Lewis acidity of CQ contributes to & solubility in polymes. Several studies have been carried
out to explore the interactions between polymer and [£@54] The evidence of Lewis acid
base interaction was first provided by Kazarian ef%] in 1996 where he used a Fourier

transform IRspectroscopyo analyzethe interaction between G@nd polymes.

Carbondioxide solubility also depends on processing temperature and presaure
elevated temperature and presstine quadruplemoment of supercritical CQs disrupted by
the thermalenergy leading to a ngpolar behaviounof CO,, allowing dissolution ofa non
polar solutesuch as plgmer, into supercritical CQ However, it is to be noted thtte critical

dissolution pressure antemperature rises with increag molecular weight i.e. larger
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molecules show limited solubility in C@ Polymers with flexible backbones and high free

volume (hence low glass transition temperature) show higher solubility 320

The quantity of CQ dissolved in a polymer caalso be affected by the weak
intermolecular interactions beeen CQ and functionalgroups such as carbonyl grogpether
groups, aromatic groupetc.,availablein a polymer.Evidence of such interactions has been of
much interest to research studies for years and is highlightselveralpublications[54-57].

For examplean FTIR studyindicated that interactions between G@nd carbonyl groups of
poly(methyl methacrylate) and cellulose acetate was thsonefor CO, solubility in these
polymers[55]. In anotherstudy, Shah et al[56] investigated theolubility of carbondioxidein
silicone polymers silicon(dimethyl silmethylene) and poly{tamethyl silhexylene siloxane)
It was found that the solubility of carbon dioxide decreases imttteasingpolymer backbone
substitution or side chain substitutiofhey argued thathis decrease in solubility wasresult

of decrease in specificee volume (i.efractional free volumgin thesepolymers

Various theoretical models such as lattice fluid theorylaiffce theory, cubic equation
of state, are readily used tstimateCO, solubility in polymers. Apart from theoretical
models, several experimentaiethods for examplephase separation method, gravimetric
method, pressure decay metha@te employedor solubility meaurementsMany articles are
available that provide detaill description of the experimental principland apparatus used
for these method®,58-60]. Among the various methods available for solubility measurement,
the gravimetric method (usesMagnetic Suspension Balan@@SB) apparatus) is one of the
most popular as it has some advantages the other methods avdila. High sensitivity and

short measurement time are two such advantages repottezliterature[9,58].
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When using an experimental method for solubility measuresniérghould be kept in
mind that gas dissolution in polymer melt causesling which must be taken into accodot
accurate measurement of solubilitfthus theoetical models are often paired with
experimental measurement to correct the solubility resitained ando includethe volume

swelling of polymer meltf51].

The solubility of different grades of polypropylene (PP) and polyethylene (PE) has
beenwidely investigated and published in literatute.et al. measured the solubility of carbon
dioxide in solid statesotactic polypropylene bypressuredecay methodor a temperature
range from373.15 to 423.1K and pressureip to 15 MPa[59]. Sato et al.measured the
solubility and diffusivity of CQ in melts of polymers such aspolypropylene (PP), high
density polyethylene (HDPEBtc, at temperatureg€l33.2, 453.2, and 473.2 K and pressures up
to 17 MPa usingoressuredecay method combined with Sanchiexombe equation of state
(SL-EOS). The EOS was used to estimate the swollen volume due to dissolvBotpabese

studies indtated a decrease @O, solubility with increase in temperatufé2,63]

Areerat et al.also analyzd the solubility of supercritical CGOin low-density
polyethylene (LDPE), higldensity polyethylene (HDPE), polypropylene (PP), and polystyrene
(PS)for a temperature range 423.15Kto 473.15 Kand pressures up to 12 MBsing MSB.
They analyzed the effect of pressure and temperature abilggl and concluded that GO
solubility increases with increase in pressaneldecreases with increase in temperatoreall
polymer/CQ systems. The absolute value of solubility varies from polymer to polymer. The
magnitude of the solubility in diffent polymer types is PP, HDPE, LDPE, EEA and PS in

descending ordeas shown irFFigure2.8 [64].
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Figure 2.8: Solubility of CO; in Different Polymer Melts at 473.15 KUnder Different
Saturation Pressure(The symbols represent experimental esults whereas the straight
line is the estimationfrom SL-EOS) [64]

Li et al.[65] carefully studied the solubility of C@in polypropylene at temperatures
from 313.2 to 483.7 K and pressure wop25 MPa by using M& methodand SI-EOS for
swelling correction.lt was found that at a given t@@rature, when pressure increagbg
solubility increases almost linearly at low pressure, but increases to large valuesneith
linear trend at high pressu(Eigure 2.9) Comparison of the COsolubility with and without
swelling degree correction was also performed. It was fousidstiiubilityvaluesthat included
the swelling degree correctiavashigher than those that did not include the correction, and the
differences between the values became higher at high prg$sguee 2.9). The solubility
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values that included the soluibjl correction were close to the ones availabl¢hiliterature,

which implied that the contributiorf @welling cannot be ignored
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Figure 2.9: Solubility of CO, in PP Polymer Melts at Different Temperatures with and
without Swelling Degree Mrrection [65].

The difference in C@ solubility in linear and branched polypropylefEP) was

investigated by Li et al[52,61,65,66]using a magnetic suspension balance for temperature

range of 453 to 493 K and at pressure of up to 31MPa. It was noted that linear polypropylene

absorbs more gas than branchetypmpylenedue to the entanglement effedttbe branched

polypropylene.Carbon dioxidesolubility in PP melt was compared with semiempirical data

(calculated by empirically measuring gas uptake and EOS corrected swelling effect) and

theoretical values calculated withe SancheAd.acombe equation of stat&I(-EOS andthe

SimhaSomcynsky equ#n of state $SEOS. The authors concluded th8SEOS predicted

the swelling effect more accuratelyompared toSL- EOS for both semiempirical and

theoretical cases
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2.6.2 Viscosity

Viscosity is a fluid property whiclescribes its resistance deformation under shear
or tensile stressShear viscosity is a key factor in the breakup of molpatymers in
micronization The higher the viscosity the more difficult it is to break up the polymer melt.
Hence, it is crucial to understand the effecpofymer and polymegas solutiornviscosityin

order to design auccessfuimicronization process.

The viscosity of a polymer is a strofignction of molecular weighéind itincreases
with increasing molecular weightligh molecular weight (i.e. highviscosity) polymer
processing is associated with various challenggsossible solution to thidilemmais the use
of organic solvents However, waste stream generation and VOC emission are concerns
associated Wi organic solvent usage. An alternatsaution is tocontrol procesgemperature
to adjust solution viscosity. i§cosity is a strong function of temperatwged an increase in
temperature decreases viscosityis temperatureviscosity corelation was first proposed by

Tamman and Hessee in 192&he form ofan Arrhenius equation:
t ="Ho [ ] 4 2.2
I q

where 0 and 6 are constants;is the viscosity, T is the temperature and, Tepresentshe
thermodynamic secornorder transition temperatufé7]. Equation2.2 shows thatwiscosity is
inversely proportional to temperaturdowever, at elevated temperature the risk of polymer

degradation is aoncern.

A proposed alternative for polymer viscosity reduction is the use of supercritigal CO

After years of researdio understand the effect of dissolved Q@ molten polymes, it is now
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well established that supercritical ¢@as a significant &ct on polymer viscosity.The
dissolution of CQin a polymermatrix causes plasticization, which is eviddmy a decreased
glass transition or melting point temperature of the polyj8€y6871]. This in turn increases
the chain mobility69,71-73] and reduces polymer vissity [73]. Thus, the use of C{allows

processing of polymers at low temperatures and polymer degradation is avoided.

Another approach to understanding tleove mentionedviscosity reduction
phenomenon is by the free volume theory. Ipolymergassystem, the dissolved gas under
high pressure causes the polymer to swell and increase the specific volume, which enhances
the overall activity of the polymer/gas system, and thus creates more free volume for,the CO
molecule to penetrate intorhis increae in specific volumedecreases polymer viscosity
[33,52,7477]. The relationship between the viscosity and free volume wasgdroposed by

Doolittle [78],
on g A
+ 'A"Ho 1l "H 2.3

where0 and6 are constantsand fis the free volume fraction of the polymer. The free volume
fraction isdefined aghe ratio of volume accessible for chain motions to the specific volume of
the melt. The accessible volume is the difference between the specific volume of thadnelt a

the occupied volume. Formlymergasmixture, the occupied volume is defined as
FE
o Ok on||' 24

O T}

Where,0 is the occupiedolume,U is the molecular volume of the polymer ald is the

weight fraction of CQdissolved in the polymdB].
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Viscosity is not only a function of temperature, lal$o a function of pressure. The
pressure dependence of polymer viscosity beenstudied by many researcheBsivdeani et
al.[79] measured the pressure effect on viscdsityow density polyethylene using a capillary

rheometer and proposed the following relation
1 HO TASE 25

where s is the viscosityat atmospheric pressure, P gessure,and " a&s a pressure
coefficient which is a function of temperature. The pressure coefficient was calculated to be
around 3*10 psi’ for the polyethylengas mixture. Howeverit should be noted that the
pressure gefficient isa function of shaarate and temperatuendit increasesvith increasing

shear rate and temperature

Numerous viscosity measurements have been performed by individual research groups
to understand the effects of process variableviscosity and to develop viscosity models
incorporating the effects of tke variables. Experimentyyl, viscosity measuremergan be
performedusing extrusion rheometers such as a slif8d, capillary die[81,82], andwedge
die [77]. Various theoretical model s based on Doo
proposed for predicting viscosity with respect to desin pressure, temperature, tntent

etc[77,80] Some of the related publications are summarized in the following paragraphs.

Lee et al.[83] proposed arte volume model using the generalized Ci©aseau
equation and Doolittlebds free vol umeCOt heory
theoretically. I n this work, the fractional f
as a power law seisein order to include the effects of temperature, pressure and CO

concentration.
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Royer et al.[80] developed a free volume method usithg Williams-LandelFerry
equati on, a modi fi ed v eto detewmine thé glaBso toahsitianl e 6 s
temperature and melting point depression due to dissolvedT®®@ results indicate @; is an
effective plasticizer for polystyrene, lowering the viscosityhaf polymer melt by as much as
80%. Experimental measurementf viscosity as a function of shear rate, pressure,
temperatureand CQ concentrationwere also conducted to analyze thefeft of process

variables on viscosity

Royer et al[84] also designed anagnetically leviated sphere rheometer (MLSR) to
measure viscosity of fluids expostm high-pressure carbon dioxid®iscosity measurements
of poly(dimethylsiloxane)melt pgasticized by higkpressure C@were performed to illustrate
the utility of the new rheometer undeigh-pressure conditiondt was found that the MLSR
can be used for measuringpeological properties, specifically zero shear viscosities, of

transparent higipressure materiat® a precision of about 5%

Areerat et al[81] studiedthe melt viscosities of lowdensity polyethylene (LDPE)/
supercritical CQ solutionsusing acapillary rheometenttached to a foaming extrudérhe
viscosity measurements were performed by varyingQ@e content in the range of 0 &0
wt% and temperature in the range of 150°C to 175°C. The experimental results thilieate
the viscosity of LDPE/C® solution was reduced to 30% ttiat of the neat polymer by
dissolving CQ, up to 5.0 wt% at temperatureof 150°C.D o o | i fteé \olendesconcept
combined with theCrossCarreau modelvere employed to develop mathematical moddbr
predicting the viscosity reduction tiie polymer/gas solutionn this model the fre@olume
fraction of LDPE/CQ solution was calculated usirthpe Sanched.acombeequation of state

and the solubility databtained during experimental measurements.
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An important consideratiorio solution viscosity is the effect of shear. At high
pressuresthe effect of shear was reported for LDRED, solution by Nobken et al.[82]. In
this study, a capillary tube die attached to a twin screw extruder was used to siREVGIae
solutionviscosity dependencen shear rate, temperature, pressure, angld@@centration. A
theoretical model based on a power law was proposed to describe the pseudoplastic behavior of
PE/CQ solutions with different shear rates. Correction factors were included to take into

account the effects of temperature, pressure, andcGi@entration

Viscosity has been measured as a function of shear rate for a number of p&@her
systemsfor examplePDMS-CO, [85], PSCO, [34] etc These measurements shtvat the
shape of theviscosity curves (sheatiscosity vs. shear rate) for polym8CF solutios appear
identical in shape to the viscosity curve for the pure polymer melt. This observation led to the
successful application ofassical viscoelastic scaling theory to reduce the viscosity data for
polymerSCF systems to a master curve of scaled viscosity vs. scaled shear rate. The master
curve allows the rescalingshifting) of viscosity data from a reference situation to different

processing conditiond.0].

2.7 EFFECT OF PROCESS VARIABLES ON MICRONIZATION

In a polymer particle production proceg®lymer m@rticle sizeparticlesizedistribution
and morphologyof particles area function of processariables such as molecular weight,
temperature, pressure, nozzle diameter Effects of some of these variables aliscussed

below.
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2.7.1 Effect of Pressureand Temperature

The effect ofpressure and temperature in controlling particle size and morph@ogy
tremendousHowever, ontradictory results have been reported by different authors about the
influence of these parameters on particle size during batch and continuous operations. For
example, for a increasein pressure some authors found a particle Bizecase[86], some
found the process insensitive to thrariable [11,87] and othes observed a particle size
decreas€]11,88,89] Same problem occurred famcreasingtemperature, where particle size
increasedfor some author$11,87], some observed no effe[0], while others reported a

decrease in particle sif86,88] Some of these findings are dissed below.

Costa et al.[88] investigatedthe effect of temperaturand pressureon poly(3
hydroxybutyrateco-3-hydroxyvalerate (PHBV) particle size and particle size distributmn
particles produed using supercritical antisolventechnique The resultandicate adecrease in
the mean particle size from 7.0 to 5.9 fion an isobaric increse in temperature from 35 to
40xC. In addition, gpressure increase from 80 to 90 bar caused a significant decrease in the
particle size However, a further increase in pressutiel not significantly influencethe
diameter of the particledhe authors referred tthe findings of Reverchonet al. [91] and
concludedthat for pressures larger than the asymptotic volume expangiere is no
significant effect ofpressure in the particle size and partisiee distribution of the particte

precipitated.

In the gas antisolvent precipitation study, Chen ef{&] noted thatfor a pressure
increase from ©18 MPa the crystal size decreases ahdrter and thinner particles were

formed. It was suggested that the decreaspairticle size was favoured by the increase in
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nucleation at higher pressurédnder isobaric conditio®) experiments were carriedut at 3
different temperatursettingg(T=298, 308 and 318 K) to investigdtes effect on particle size.

They repoted an ncrease in particle sizgith increase in temperature.

Nalawade et al[11] performed an experimental study to understand the effects of
process variables on particle size, size distribution and sbiparticles producedising
supercritical CQ in a batch processA wet laser diffraction (WLD) apparatus, Malvern
Mastersizer ®, was used to measure the particle size and particle size distribution, whereas a
scanning electron microscope (SEM) was usedlserve the morphology and shape of the
particles.It was reported thathe particle size increasedth increasing tengrature above its
melting pointfor polyethylene glycol PEG under isobaric conditiong hey argued thathe
increase in particle siawasdue to the decrease in g8olubility with increasing temperature
They alsoreported an absence of pressure effemts PEG particle size, particle size

distribution and shape

2.7.2 Effect of Molecular Weight

As mentioned earlier, shear viscosity opaymer plays an important role in polymer
micronization. The higher the viscosity of a polymer, the harder it is to break it up to produce
particles. The viscosity of polymer is directly proportional to its molecular weight, i.e. the

viscosity increasewith increasing molecular weight.

Nalawade et al. investigated the effect of molecular weight on micronization of several
different polymers, such a®lyethylene glycolPEG), propoxylated polyester resin (P RBg
They found that long fibre shape particlesere produced for a PEG sample with higher

molecular weightinstead of round particld$1]. They argued that folhigh molecular weight
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polymer, highshear and extensidnaiscosity inhibit the brealap of the polymer melt. As a
result excess of C@is necessary in order to break up the polymer nhelthe presence of
excess CQ i.e. & a high gas to polymer mass ratibe polymer melt is subjected tatense
instabilities at thesurface of the melt present in the form of a thin film and hence, the breakup

of the melt s enhanced10].

2.7.3 Effect of Spraying Nozzle Diameter

Investigation ofthe effect of nozzle diameter dPEG particles sizevas performed by
Nalawade et a[11,9]. It was found that the average particlardeter decreases with decrease
in nozzle diameter. They explained this behaviasing the pressure drop teeffect in a
nozzle suggestedby Park et alln amicrocellular foaming studyRark etal. [92] examined the
effect of pressure drop on particles and foulhat the pressure doorate across the nozzle
determinesthe solubility drop rate, which in turn determines the nucleation rate of CO
bubbles.By analyzingthe pressure drop rate across tdifferent nozzlesNalawadeet al.
[11,9] found that tle pressure drop rate is very high in the smaller diameter. An order of
maghnitude of pressure drop rate for the smaller nozzle diameter is around 25 times higher than
for the bigger nozzle diamete®n the other hand, the pressure drop rate avdyg 3 times

higherin case of different pressures for the same nozzle

In another studyNalawade et al. observed that nozzle diameter also has a significant
effect on product qualitylt was found thafor a high molecular weight polyester resin, as the
nozzle diameter increagethe product changed from agglomeratedebto irregular shaped
particles[15]. They arguedthat this observation was a result the viscoelastic nature of

polymers. Before the breakwy a viscoelastic material, long threads are always formed along
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with droplets that inhibit the breakup. Polymer molecules with loragnshintermingle into

each other. As a resulivhen the melt enters the nozzle from large cross section to small cross
section it is subjected to elongation. The smaller the diameter of the nozzle, the higher is the
extensional effect experienced by the polymer molecules. In addition, high she&aemogebr

by thelarger molecules in thenozzle also keeps them alignekhis elongation prevents the
breakup of the polymer molecules into particles even at elevated predserze,
agglomerated fites are formedor high molecular weight polymers when pessed through

smaller nozzI¢93].

The nozzle geometry is key factorin micro-particle production processes The
geometry of anozzle allowsworking at higler Reynolds (good mixing) an@lVeber (small
dropletsize) numbers by increasing the velocity of the fl{86]. This leads to an improved
mass transfer and nucleaticate resulting inthe production of particles with small size and
little agglomeratiorf94]. Therefore, special attention should be given to nozzle geometry when

designing a particle production process

2.7.4 Effect of CO, Content

In ther publication for PEG particle production, Nalawade ef{@] investigatedhe
effect of increasing gas to polymer mass ratio (GTP) on the flow behaVibay observed
that when GTP ratio increasadransition from one flow regime to anothakes placeThis
increase in GTP forces the foaming polymer strandsréak up and produce particl&hey
argued thatt higher ratios, the expansion of excess,@auses intense instabilities at the
surface of the polymer meltvhich enhanceshe breakupHowever, it sbuld be noted that

foam is produced even at higher ratios if the temperature and pressure.are low
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Nalawade et al.[9,95] also investigatel the dependency of particle size, size
distribution, and morphology o&TP. The results indicate that particle size decreased with
increasing GTP. At high ratios, the influence of pressure on particle size is less pronounced,
than at low GTP. Photographs and diagsgmesented irthis work indicate thatven the

particles that havamilar sizes, differ in morphology for varying GTP

2.7.5 Effect of Solidification Time

The time available for particles to solidify defines the shape of papotelucedBoth
pressureand temperature plag vital role in determining solidification tim&rom thePEG
micronizationstudy by Nalawade et aJ11], it was observed thamnore spherically shaped
particles are formed at higher temperatunea PGSS processThis is because sathe
temperatureof the polymermelt increasesmore heat needs to be dissipated for particles to
solidify for whichthe solidification process gets delay@this delayed solidification facilitates
retraction of molten polymer into a spherical shape by both sgkastic relaxation and surface
tension Moreover,the amount of dissolved GQa function of temperature and pressure, also
contributes to solidification in the form of heat of evaporatiofit higher temperatureand
lower pressurethe amount of dissolved G@s reducel. As a result, less energy utilized for
evaporation of CgQ which increases the solidification tim@n the other handfor lower
temperaturga large amount of CQOwas found to beetained insidé’EG particles due to rapid

cooling, for which porous particlegereformed.

35



CHAPTER 3: EXPERIMENTAL

3.1 INTRODUCTION

Polymer micronization in the presence of supercriticah G8ng an extrudeis a new
processwhich has notyet been fully understood and testedl.steady micronization process
requires special techniques for flow control of Gd dissolution of the injected GAt also
requires special equipmefdr CO, injection, spraying and collectioof particles As a result,
variousmethodsweretested andised to achieve a steady particle production prodassrew
configuration change and process pressure control. Several extnngtthrodologiesand
devices were specially designéml fit a typical twin screw extrusion process perform the
experiments. Experiments performectre usedo analyze the effects of supercritical £0
pressure, temperature and RPM on theramization process. Analysis @harticle size and
morphology was performei understand the effesbf theseprocess variableg\ description
of the equipment and techniques used for the expergnpamnformedandfor theanalysisof the

particles collecteds described in this chapter.

3.2 MATERIAL S
3.2.1 PolyethyleneWax

Polyettylene wax known as Licowax® PE 520was used formicronization using
supercritical CQin theextrusion process. It is a medium molecular weight-oxidizednon
polar PE wax produced by Clariant USA. It was reported by the manufacturer thas¢bsity
of this polymer isapproximately650 mPa.s,dersity is in the range of 0.92.94 g/cni (at

23xC) and the drop point is 11723xC (ASTM D3959. The crystallization temperature and
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melting point (T,) were measurd using Differential Scanningalorimety (DSC) and were
found to be 58.128C and 106.84C respectivelyThe effect of shear on polymer viscosity was

also measurkusing a capillary rheometer the lab (data presented in appendix,@nd the

resuls obtainedareillustrated inFigure3.1
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Figure 3.1: Shear Jscosity of Polyethylene Wax at Various Temperatures

3.2.2 Supercritical Carbon Dioxide

The @arbon dioxideused a the supercritical fluid in this experimewas supplied by
Praxair CanadaThe cylinder was supplied with a higinessure helium headspade, help
maintain the high pressure requiréol maintain supercritical conditiorfer the experiments.
The product was supplied 89.997% product purityith an initial cylinder pressure oabout

1900 psi.
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3.3 EQUIPMENT

3.3.1 Leistritz LSM 30.34 Twin-Screw Extruder

The extrusion system used in these experimemisa twin-screw extrudewith fully
intermeshing and cootating screws of 34 mm diametand 30 L/D ratio. The extruder
comprised ofLO barrelsegmerd, where each segment came with its own temperature control
At barrel segment number 1, ground polymer powder or pelleppidner wasfed into the
extruderusing a Brabenderflex-wall feederregulated bya KDU controller. Barrel segnent
number 7was equipped with a SCF injection port for the delivery ob.Ckhe extruder was
alsoequipped witha convergingdie and ahigh resistancspraying nozzleThe tempeature of
the die and spraying nozzle were controlleg band heaters and PID controlleiBhe
schematis of thetwin-screwextrusion system arghown inFigure3.2,

An ISCO positive displacement pump was connected to the injection needle to meter
the CQ into the extruder and anROI (22 data acquisition system was used to control the
extruderscrewspeed and monitor the pressure and temperature exthelerbarrel. A special
screw configuratiorwas usedto ensure dissolution o€O, into the polymer matrix, stable
injection of CQ, pressure generation and constant spray of micronized polymer particles.

Details of the screw design concepts are discusssection 3.5
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3.3.21SCO Positive Displacement Pump

SCF was injected usingn ISCO positive displacement pump.or injection purposs,
anISCOD series syringe pummodel 260D was use®&ome of the specificatiors the pump

areprovided inTable3.1.

Table 3.1: Positive Displacement Pump Secifications

ISCO-260D
Cylinder Capacity (rh) 266.05
Pressure Range (psi) 10-7500
Pressure Accuracy (%) +2.0
Flow Rate Range (mif) 0.01 p+ 107 ml
Flow Rate Accuracy (%) +0.5

The ISCO positive displacemenpump is capable of delivering SCF in constant
pressure mode or constant flow mode. During the experiment, constant flow mode was used to
meter a known volumetriftow rate of CQ into the polymer meltlf required, tle volumetric
flow rate may be converted into mass flow rate using the LCd&nsity obtained fromthe
literature During the experimenthe ISCO pump cylinders werdrst filled up with CQ, from
CO; cylindersdelivered by Praxair Canadeath initial pressure o900 PSI Carbon dioxide
was then delivered fronthe pump to the extruder through the injection device usinf 1/8
tubing of 0.02 wall thicknessThepump and the Praxair GQylinderwerealsoconnectedia

a1/8" tubing of 0.02 wall thicknessand several Swagdta@onnectors
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3.3.3 SCF Injection Device

An injection device was designed to supply L6to the twinscrew extruderThe
liquid/gasinjection stem used for this purpose sasupplied by Leisttz which hada hollow
0.4 mm (1/64") spaceand twopinholes at the stem tip. The gasofwedthrough the holla
space and wainjectedn-betweerthe meshing of the twscrews as suggestedhiigure3.4. A
series of Swagelok compression fittthgnd 1/8" metal tubingwere used to connect the
injection stem to the COsupply pumpThe injection stem wainserted into the barrel through

the locking bolt and isatin a narrow ovakhaped aperture.

During the experimest the extruder barrelas fully filled under the injecbn device
with polymer melt to generate high pressure emé&nsure thathe injected C@was directly
swept by the polymer melandwasdissolvel quickly. However, due to high pressure builg
in the extruderpolymer sometimes filled ughe hollow space in th€0, injection stem, and
congant injection of gas could nobe achieved. Thereforea sart-up procedure was
implementedto minimize clogging.The design of theCO, injection devicedesignedfor a
twin-screw extruder is shown Figure3.3. Thelocation of thenjection needle stem &de he

extruder barreis shown inFigure3.4.
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Figure 3.3: The CO; Injection Device for Twin-Screw Extruder
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3.3.4 Spraying Nozzle

An ar atomizing sprayingnozzle from Spraying Systems Co. wasstomizedor the
production of polymeparticles The rzzle comprised of twnlet caps, a fluid cap and an air
capthat was capable of delivering the fluitholten polymergas mixture) andig respectively
Due to the incorporated air caghis nozzle candu®d for airasssted particle production or
air assisted cooling of micronized particl@$e spraying nozzle used has a fluid cgpillary
diameter of 0.4 mmand length of 1.66 mm with a nozzle orificeL/D ratio of 4.15 The
temperature of theprayingnozzle wasmaintainedby a 400 W band heaterontrolled viaa
Zesta temperatureontroller. A schematic diagram of the spraying nozzlshewnin Figure

3.5.

e
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Figure 3.5: Schematic ofSpraying NozzleUsed
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3.3.50PT0O22 DataAcquisition System

The temperature readings from temperature probes, pressure readingsdtiom
pressure transducers and positive disghaent pump, andhe extrusionscrew speed were
convertedo digital signals using an OPPQ Controller OPT(22 Data Acquisition System is
primarily comprised of a mother board, an input amdbutput module The type of module
used depended on the type of signal sent and received and the voltageousbd. gfessure
transducers OPT@D9T was used, which ewerted ouput signals between 0 and 50 mV. For
temperature probesnd for thepositive displacement punmgn OPTOAD7 andOPTOAD12
were usedrespectively The converted digital signals were sent to the-tiagging computer
via an RS232C cable. LabVIEWgraphics program (Version 4.0) was dge write theuser
interfaceanddisplayfor the data acquisition system. The digital signals were recaday 6

seconds and displayed on the screen

3.3.6 Polymer Collection Chamber Design

A 7 2260 **360 polymer collection chamber was designed for the collection of
paticles. Half inch thick cleaLexan sheets were usddr making this chamber. The chamber
was mounted on a metal frame siggion four wheels for easier mobility. The chamber was
divided into two sections as shown Figure 3.6. The particlesblown out of the spraying
nozzleenteredhe chambethroughan 8inch opening and settled the bigger chamber from
where theywerecollectedfor sample analysisThe smaller chamber was designealtow the

suction of excess air througim airfilter.
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3.3.7 Design of Twin-screw Configuration

The screwconfigurationis an important feature for establishingtablemicronization
process in an extruddrere, the srew configuratioris not onlyusedto ensure dissolution of
CO; into the polymer matrix, but also fopressure generatipistableinjection of CQ and
constant spray of micronized polymer particlesthis section, the desigiterion of the twin

screw configuration idiscussed.

The extruder consists of 10 barrel segmentsrethe polymer feed was introduced in
the T barrel segment an80, was injected into th8" barrel segmenfThe screwelements
inside the first six barrel segments were usedpliymer melting, polymeconveyingand
pressure generation inside the extruder barrEle screw designfor these segmentaas
similar to any conventional screw configuratiaiith a series of conveyingcrew elements
starting with screw elements with higher pitch value and then introgueiements with
smaller pitch values as the polymer entered the extruder and mdeedard towardsbarrel
segment 8In these barrel segmentbe decrease in pitch was from 45 mm to 20 mdashort
section ofkneading blocksvas introducedn barrel segment T order tohelp in polymer

melting

Carbon dioxidewas injected at barrel segmentk&fore which a set of reverse screw
elemens wasintroduced to prevent Cackflow ando generate a melt seal. After the reverse
elements sts of kneading blocks including neutral and forwardtaggered oneswere
introducedto assist in vigorous mixing and complete dissolutiorswgbercriticalCO, in the
polymer melt under limited residence time. The kneading blat&sassuredhigh pressure
geneation. As CO, solubility is a function of pressure,igh pressure is essential for the

preparation ofthe polymer/CQ solution. Additionally, maintaining the pressure above the

47



solubility pressure prevents GQrecipitation. Nevertheless, kneading blocks exhibit more
pressure fluctuation than conveying elements. Consequently, conveying elements were used to
stabilize the pressar before the polymer melt enterdde die and spraying nozzle. The

complete screw adiguration is illustrated ifrigure3.7.
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3.4 EXTRUDER OPERATION AND SAMPLE COLLECTION
PROCEDURE

The extruder barredectionswere preheated to 20/20/20/70/90/90/90/90/90XC0@ith
the die temperaturset at 14xC. The extruder temperatweand melt temperature were
monitored via thermocouples, whereas dieetemperature was monitored and controlled using
a ceramic band heateFhe pressusein barrel segmest8, 9 and 10 and the die pressure were
monitored using foupressure transducerBrior to their use, these pressure transducers were
calibrated using a Dynisco Portable Pressure Source PPSA408CO injection pump and
injection needle setup was used to supply supercritical B0 the extruder. The screw

configuration usedor the micronization procesgasshown inFigure3.7.

A startup procedure was introduced to avoid polymer clogging of the injection needle.
After the barrel temperature reached the set temperature, the extruder screws were initiated
followed by injection of CQ When CQ started to escape through the nozzle and the feeder
opening, the polymer feed was commenced. This startup procedure allow@0-tipeessure
in the injection needle to resist clogging when the barrel filling up with polymer and pressure

increased inside the extruder barrel.

The polymer feed rate calibration was performed before the start of the experiment.
After the starup, theextruder was allowed to be completely filled with polymer and the
extruder pressure was allowed to stabilize. The &®d rate was gradually increased to the
desired pressure setting to stabilize the micronization process. This was also done to minimize

the initial CQ waste during stastip. Once a stable process was established, the polymer melt
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temperature and pressure readings were recorded via the Opto22 data acquisition system. The

CO, pump pressure was recorded directly from the pump display.

For each process variabbhange, such as polymer feed rate, screw speegfee@rate
etc., particles samples were collected to analyze the effect of the process parameter on particle
size, size distribution and morphology. After the initial change, the system was first allowed to
stabilize for 15 minutes. The stabilization wasdicated by the pressure readings obtained via
the Opto22 da acquisition system. Once alste process had been established, the particles
were collected from the particle collection chamber at two different locations, front of the
chamber (6 inches awdgom the spraying nozzle) and the back of the collection chamber (33
inches away from the front of the spraying nozzle) . Particles were allowed to accumulate on a
foil paper for 10 minutes before collection. The collected samples were then examined using

SEM and optical microscopy.

3.5 CHARACTERIZATION

3.5.1 Capillary Rheometer

The shear viscosity ahe virgin polyethylene waxand the micronizegbolyethylene
wax was measured using Kayness Galaxy V apillary rheometer. Readings were taken at
three different temperatures using two different capillary dies. The capillary diameters were
0.05 and 0.02nch with an L/D ratio of 2.5 and 0,4espectively The capillary with thebigger
L/D ratio was used to measure the viscosity at lower temperg@®«S and 108C), whereas
the capillary with thesmaller L/Dratio was used to measure the viscosity atXClOrhis is

because at higher temperature, the polymer viscosity is too small to be maasoged die
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with a largeL/D ratio. Bagley Correction was not used to calculate the viscasiige the /D

valueswere high Figure3.1).

3.5.2DSC

Differential scanningcalorimetryis athermal analysis technique used fmilecting
data that quantitatively describes the heat flow and tempesafgsociated with thermal
transitiors of a specific material in a controlled atmosphere. For determining the glass
transition temperature, melting point Tt and heat Hg fof bate Virgin and (
micronized polyethylene wax, DSC measurements were performed on a TA ® Instrument DSC
Q2000 V24.4 equipped with a Mass Flow Control and Refrigerated Cooling System (RCS).
The measurements were performed at steady heating rak€/mifib for a temperature range
of OxC to 15&C. The analysis was performedn each sample tostudy the effect of
micronization andto understand the influence @rocess variables othermal transition

properties (melting point temperature, glass transitomperatureetc.) ofthe polymer

3.5.3 Microscopy

Optical microscopicanalysis wasarried out tcestimatethe particle sizeand generate
particle sizedistributiors for both virgin and micronizegolymer. The microscope used was
manufactured by Southetnstrument Co. and was equippediwa DCM300 digital camera
and Sopemoto imaging software. The particle size measurements were done at three different
magnificatiors, 2X, 5X and 10Xfor all samplesThree slides were prepared and analyzed for
each samp@, from which the average particle SZarithmetic mean diameter, sauter mean

diameter and volume mean diameter) wealkeulated.
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3.5.4SEM

Particle morphology and particle size walso analyzed usinga Zeiss LEO 1530
Gemini Sannng Hectron Microscope (SEM)For SEM imaging,the specimeno be studied
must beelectrically conductiveat least at the surface. As polymers are-cmmductive in
nature, PE wax samples were first coated with an it layer of gold, an electrically
conducting material. For coating thin layers of polymer powdes were dispersedn adhesive
tapes previously stuck oaluminum stub. The aluminum stubwerethen placed insida low
vacuumsputter coater, whera thin layer of gold (thickness 250 A) was deposited othéo
polymersamplain 12 minutes Gold coated samples wettgen analyzedinderthe microscope
at 5k and at three different magnifications 100X, 500X and 2000X Three samples were
examined for each experimental run and each sample was measured at 3 different locations

under the microscope to verify the powder uniformity.
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3.6 PRELIMINARY EXPERIMENTS

In order to detenine the optimal opetimg conditions for the mronization process,
the effect of process variables suchraxzle diameterscrew speed, polymer feed rate, £O
feed rate etc. were investigated. The extruder barrel temperature was set to
20/20/20/70/90/90/9080/90/106C with the die temperaturat 140xC, which was heated with
a 400Wceramicband heater controlled via a Zesta temperature contrdlhebarrelsegmerd
8, 9 and 10, and thedie pressurevere monitored using Dynisco pressure transducéise
extruder pressurand the pressure generatidritlee|SCO pumpweremonitored to understand
the effects of the above mentexhprocess variablesn pressureandto establish a steady

particle spray/micronizatioprocess

3.6.1 Effect of Polymer Feed Rate

The effect of polymer feed rate was investigaaed CO, feed rate of 8 ml/min and
screw speed of0 rpm. Polymer feed rate was varied from 10 g/min to 25 g/kaaping all
other variableconstant.lt was observed that the barrel pressure, die pressure and the pump
pressure increases with increasing padyrfeed rate. This increase in pressure is expected as
high polymer feed rate increases the degree ofMidlintaining high pressurépressure above
the CQ solubility pressurginside the extruder is essential for complete dissolution ofi€O
the polymer matrixandto prevent CQ precipitation[11]. Thus it is recommended to use a

high polymer feed ratior maintining a high pressure during micronization process.
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3.6.2 Effect of Screw Speed

The effect of screvepeedon pressuravas investigated at @onstanipolymer feed rate
of 25 g/min andCO, feed rate 625 ml/min. The screw speed was varietthin the range of
30 to B0 rpm. It was observed that the increase in screw speed decreased the barrel, die and
pump pressurelhis is becaustéhe degree of fill within the barrel decreases at a higher screw
speed due to increase in conveying capacity. As a result, it is reconuhtbate lower screw
speed is used for polymer micronization in order to maintain a high pressaveever,
decrease in screw spe@geans decrease mixing. Hence,a decision was made to use a

minimum screwspeed of 50 rprfor conducting further experimes

3.6.3 Effect of CO, Feed Rate

The effect of CQ feed rate andCO, pumppressure oithe extrusionprocesswas also
studied.The screwspeed and polymer feed rate west at 50 rpm and 25 g/mirespectively.
Carbon dioxiddeed ratefrom 5 ml/min to 70 ml/min was testeld was observed that steady
micronization process cannot be establishebw a CQ feed rate of 25nl/min for the given
polymer feed rateln addition, anincrease in C@feed rateabove 25ml/min increases the
extruder barrel pressure and die presddemce, aetter polymer spray rate laigher CQ feed
rate is observedThis behaviour &n be explainedusing thesolubility limit of CO,. As the
solubility limit of CO, in a given polymer is reached, the additioaaiount ofCO, will not
dissolve. A a result, awo-phase miture would be generated and the excess of @D
pressurize the mixture selting in an increase in systgmressure. The excess g@lsocredes
a lubricating effect in the barrel’his phenomenon in turn assists in polymer spraying and

particle generation in the extrusion procgys
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3.6.4 Effect of Nozzle Diameter

An investigation orthe effect of nozzle draeter onthe micronizationprocesswas
performed at polymer feed raté 15 g/min CO, feed rate25 ml/min, andscrew speed of 50
rpm. Two differentnozzle fluid caps, SUandSU4,with diameters 0.508 mm and 1.524 mm
respectively were chosen for thipurposelt was found that the bigger nozzle was unable to
produced PE particles at the given conditiamd only foamed PE strands were being
produced. To overcoenthis issue, polymer feed rate and@®, feed rate was increased
gradually to generate high pressure. However, stablemicronization process could not be
establishedThis phenomenon could be explained using the effect of pressure dropsidéee in
the nozzle The pressure drop rate across a nozzlerdenesthe solubility drop rate, which in
turn determines the nucleation rate of @bbleq11]. A higher pressure drop rate is required
for nucleation and particlgenerationwhich could not be achieved in theggernozzle (SU4).

In contrast, the smaller nozzle (SUl) was able to generate particles at the given process
conditions For this reason, onlthe SU1 fluid cap wasised for themicronization of PE in

later experiments.
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CHAPTER 4: MICRONIZATION OF
POLY ETHYLENE WAX

4.1 INTRODUCTION

The formation of smallpolymeric particles with a narrow size distribution is an
important procesdor paint, paper, polish andarious other polymer industries [21-23].
Supercritical fluids provide a number of ways of achieving this by rapidly exceeding the
saturation poinbf a solute by dilution, depressurization or a combination of thesan
extrusion procesghe polymergas solution is expandehrough a nozzle from a high tow
pressure which causes a suddeduction of solubility of the gas dissolved in the polymer
[9,10]. This results in nucleation of bubbles and a vigorougaegion of these bubbles
generatesnicron size particledn this work, feasibility of particlesrpduction in an extrusion

process using supercritical GBas been studied.

One of the advantages of using extrusion for particle mtomlu is that theparticle
morphology size, and size distribution can be controlled aoatrol of processing variables
nozzle type andsize. Use of extrusion for particle production can help eliminate issues
associated with conventional powder production methods, suclbr@esd particle size
distribution in milling process and heat generation during grinding protressldition, he
plasticizing effect of dissolved Gpermitsoperation at lower temperatuvehich will allow
micronizationof thermolabile compounda anextruder[8,9,51] As many polymer gradesre
produced in industry via an extrusion procesgyrusionmicronizaion will allow elimination
of secondary particle generaticteps with only some setup and equipment changes to the

traditional extrusion process
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For particle production in an extrudeamong various supercritical fluids available,
supercritical CQ has been usenh this studyfor its inexpensive, nottoxic, and chemically
inert nature. Dissolved supercritical COs known to alter physical properties of polymer,
causing adecreasen viscosity, decreasm density, andan increase irswollen volume thus
allowing easierpolymer processing14]. In addition, residual C©&removal is easily achieved

by simple depressurizatipas CQ exists in a gaseous stateambient condition83,34]

In this study, micron size particles a@w molecular weight polyethylene, known as
polyethylene wax, wer@roduced using supercritical GOMicronized polyethylenewax is
commonly usedn paint, tonerand personal care productsjch as stitn wax for inks and
coatings, and suspending and texturing agents in personal care prodsctise melting point
(Tm) of polyethylene wax isow (around95xC), milling and grinding is not an easy task. As a
result, industries are always looking for methods and technologies for producing particles
without using organic solveatUse of supercriticaCO, in the micronization of polyethylene

wax can eliminate the need of organic solventisently used for paxte production
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4.2 EXPERIMENTAL DESIGN

4.2.1 Design of Experimens

The experimerd study wadivided into two partsln the first parta factorial design
was used to analyze the effect of polymer feed rate and nozzlerzome on particle size,
shapeand particle size distribution. In the second part, a completely randomized design was
used to analyze the effect of gféed rate and pump pressure on polymer particles and particle

size distribution.

Part 1: Factorial design

Based on observationsade dung preliminary experimentst was found thafor a
polymer feed rate ofl0 g/min (or higher) anda screw speed of 50 rpma minimum of
25ml/min of CO, feed ratas required to establish a steady ammhtinuousparticle production
process As aresult, a constant flow of 25 ml/min GQvas used to analyze the effects of
nozzle temperature and polymer feed rate on particle produdti@nthis purpose, three
different polymer feed ratgd 3, 25 and 52/min) and four different nozzleemperatureslo,

160, 180 and 208C) were chosen.

Part 2: Completely Randomized Design

For the polymer feed rate of 52 g/miiGO, feed rate of 25 ml/min was not sufficient to
establish a steadyressure and hence a stegudyticle generation procgesTo overcora this
issue, CQfeed rate wasaried (15 to 55 ml/minand the effect of increasy CO, feed rate on
particle® size, morphologyand size distribution wastudied During these experiments, the

nozzle temperature was kept constant axC4&ndthe polymer feed rate was set% g/min.
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4.3 RESULTSAD DISCUSSION

Particle analysis usin@EM andoptical mcroscoyy (images provided in appendix E
and F)indicate a sucessful production ofnicron sizeparticlesusing CQ in an extrusion
processAll the powder samples of polyethylengax collectedwere examinedandthe results
arepresented in terms of theqresig variablesused,such asnozzle temperature, polymer

feed rateandCO, feed rate

SEM images indicatéhat hhe most spherically shapeguhrticles were produceat CO,
feed rateof 25 ml/min, screw speedf 50 rpm,and nozzle temperaturef 200xC for both
polymer feed rateof 13 g/min and 26 g/mirrespectively asillustrated inFigure 4.1 This
phenomenon indicatdbat an optimabperating condition existwhich can ensurgeneration
of more spherically shapgmblymer particlesvith reduced agglomeration, atehstamount of
fibres In addition a narrow particle size distribution calso be obtained via control of

processsariables detailsof which arediscussed in sectioh3.2
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Figure 4.1: SEM Images of Particles Poduced at CO, Feed Rate of 25 ml/min, Screw
Speedof 50 rpm, and Nozzle Temperature at 200xC:
(a) Polymer feed rate =13 g/min, and (b)Polymer feed rate=26 g/min
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4.3.1 Particle Size

Particle size measurements were performed using an opticedscope equipped with
a DCM300 digital camera and scope photo imagsaftware (measured particle sizes
presented in appendix BT he results obtainechdicatethat thepolyethylene wax particles
produced had sizam the range of 0.01 to D9um Contrary to theoptical microscopyresults
obtained, the SEM images indicate that particle deegerthan 190um were alsgresent for
several samples analyzefdr( example seeigure4.1). This error in analysis coutdther be
the result ofpowder sampling or due to tHenitations associated wittoptical microscojz
measurementdt is indicated inthe literaturethat an optical microscopic method should be
used tomeasire particles from about 08m to 150um in size[96]. Above tle 150 pmlimit,
sieve and microscope analysis should be mer@ee of the majolimitations of an optical
microscope is its small depth of focdsr a wide range of particle sizes only a limited number
of particles are in focus in any field of view. Further, duges of particles atdurred due to
diffraction effect§96]. Additionally, during measuremenitswas sometimebserved that the
measurementsvere not always inclusive of misshapen particle®r particles hat were
agglomerated(refer to Figures presented in appendix.Eyonsequently the results and
discussionon particle size in this sectiors drawn from both SEM and microscopic image

analysis

The particle size measurements performed via an opticatoscopeindicate the
arithmeticmeanparticle sizeof polyethylene wayroduced wa# therange of 5.5 to 9.7@m.
The Sautermean and volumenomentmean diameter was in the rangel®97 to 26.56 pm

and 13.21 to 35 unrespectively(formulas used for mean particle size calculagoashown
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in appendix A) Thesemeanparticle size werefound to be a function girocess variableshe

effects of whicharediscussedn the following sections

4.3.1.1 Effect of Nozzle Temperature

Polymer viscosity is a function of temperatuned anincrease in temperature reduces
the shear and extensional viscosity of polysn&hus, it is easier to break up the polymer melt
into particles at higheprocessingtemperature As a result,variation in temperature is
supposed to have a significant effect on micornization proddss.effect of temperaturen
particle size has beestudiedand reported by many authors. Howevéng reported results
indicate a contradictoryinfluence of temperature on gticle size For an increase in
temperature some authors found a particle size incféas®7] some observed no effd@0]

while others reported a decrease in particle [§&e38]

In this report, he effect of increasgnozzle temperature on particle siwasexamined.
At a constant screw speed of 50 rpm and @&@d rate of 25 ml/min, the mean particle siae
different temperatuseandpolymerfeed rate are displayed imable4.1. Notethat the data for
the particles produced at polymer feed rate of 52 g/min are not pegsantheTable This is
due to thefact thatat 52 g/min polymer feed rat¢éhe production process was naalde In
addition,the small amount of particles produced wasnd to be agglomerated atite particle

size estimatiomsing optical microscope was not reliable.

The particlesize analysis indicates eonsiderable effect of nozzle temperatune
particle sizeof polyethylene waxThe experimental resultdemonstrate that an increase in
nozzle temperature from 140 to 240 cause an increase in mean particle diamet€his

phenanenon can be explaindy the effect of temperature &0, solubility in the polymer
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From the solubility studies ofreerat et alit was found thatCO, solubility increases with
increase in pressui@nd decreases with increase in temperaftioreall polymer/CQ systems
[64]. This decrease in solubility decreases the rate of nucleation at higher temperature and
increases patrticle size during expansiénsimilar trend was observed fom&er Mean and

Volume Mean Dameter, with the exceptioof particles produced a4 0xC nozzle temperature

Table 4.1: Mean Particle Diameter at Different Polymer Feed Rates and Nozzle
Temperatures (CO, feed rate=25 ml/min, screw speed= 50 rpm)

Polymer Nozzle Mean Sauter Volume
Feed Rate Temperature  Diameter Mean Mean
(g/min) (xC) (um) Diameter Diameter

(Lm) (Lm)

13 140 54 175 29.0
160 5.9 11.0 13.7

180 6.3 11.6 13.2

200 6.7 266 35.5

26 140 55 189 262
160 56 12.3 16.6

180 9.6 16.7 191

200 9.7 19.3 245

At 140xC nozzle temperature, the Sauter Mean and Volume NDéametes seento

be high in the case of both polymer feed rates (Table 4.1). However, it should be noted that the

particle size obtained for 140 is unreliableFrom careful analysis of the microscopic images
it was found that particles wesggnificantly agglomerated at 14C. As discussed above, due

to the limitations associated with optical microscopic analysis, the particle size calculeded for
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140xC nozzle temperature setting is associated with error and shoule nsed to draw any

conclusiors.

From the data presented in Table 4.1, it is observeditiiikkie Mean Diametetthere is
a significantincrease in Sauter Mean and Volume Mé&iameterfor a nozzle temperature
increase fronll80 to 20@C, in the case of both polymer feed ratds is to be noted that in
electron microscopic measurement, the diameter of particles are measured with a graticule,
then summed and divided by the number ofiples measured to obtain the Mean Particle
Diameter. When this diameter is converted to the Sauter Mean Diameter or Volume Mean
Diameter, theerror associated with the measuremegess amplified due to the nature of
conversion (see formulas in appendix )A As a result,the effect of increasinghozzle
temperaturgfrom 180 to 20€C) on particle sizeseemamore prominentfor SauterMeanand
Volume Mean Diametethan Mean Diameter. In addition, the National Bureau of Standards
(NBS) recommends that a minimursh 10,000 images must be examined for statistical validity
[98]. Yet, due tomanuallaborious technique used for optical microscopic measurement, it is
difficult to examine large number of images, which poses a real danger of unrepresentative
sampling. As a result, the data obtained and used in this thesis for particle size analygis shou

not be used beyond the level of simple judgement.
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4.3.1.2 Effect of Polymer Feed Rate

The influence ofpolymer feed ratewas the second variabtudied.From the results
obtained (Rble 4.1), it can be conclude that thera ssgnificanteffect of polymer feed rate on
particle size Similar conclusions can be drawn from examining the SEM imagesar@4g2)
of particles produced at different polymer feed raldss observation can bereditedto the
effect of pressurand GTPon particlesize.As polymer feed rate increases, the barrel and die
pressure increases and the GTP decreases. The decrease in GTP causes an increase in particle
size. This particle size dependenon GTP was suggesteldy Nalawade et al. [93,95] in
several of his pubtations. In additionit was foundthat atlower GTP ratigthe influence of
nozzle temperature on particle size is more pronounced that at higher Tabre @.1).
Polymer feed ratealso has a significant effect on particle size distributiand particle

morphology which is discussed in sections 4.3.2 and 4.@&8pectively
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Figure 4.2: SEM Images of Rarticles Produced atDifferent Polymer Feed Rate
(CO; feed rate= 25 ml/min, screw speed 50 rpm, nozzle temperature= 160xC):
(@) 13 g/minand (b) 26 g/min
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4.3.1.3 Effect of CQ Feed Rate

Theincrease InCO, feed rateepresats anincreasen GTP ratio.The increase in GTP
ratio causes a transition from one flow regime to anotfteen the polymer melt is allowed to
pass through themall diameter nozzleAt lower GTP ratio, polymer foaming is observed
while particles are produced as the ratio increaseis iBhbecause at high GTP ratio, the
expansion of excess G@auses an intense instability at the surface of the polymer melt which

enhances breakup of polymer melt and parfpecteluction[10].

Experiments with differenCO, feedrates were performed to investigate the effect of
CO, on particle sizeFor similar operating conditionst was found thathe mean particle size
increasesvith an increase in C{feed ratgTable4.2), with theexception of CQfeed rate of
55 ml/min SEM images indicate that pettes were agglomeratedt CO, feed rate of 55
ml/min, andas such the particle sizalculatedfor this point is uneliable (due to limitations

associated witloptical microscope).

Table 4.2: Mean Particle Diameter at Different CO, Feed Rates for a Constant Rlymer
Feed Rate of 52 g/min (Screw $eed= 55 rpm and Nozzle emperature = 140xC).

CO, Feed Mean Sauter Mean Volume Mean
Rate Diameter Diameter diameter

(ml/min) (um) (W) (um)

15 8.1 17.9 21.0

25 85 195 34.8

35 10.3 31.8 45.1

45 205 775 977

55 97 202 249

Note: particle spray was not constant at CQfeed rate of 15 ml/min.
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4.3.1.4 Statistical Analysis of Particle Size

In order toanalyzethe effect of each procesariableon mean particle sizesstimated
(Table 4.1) from the optical microscopic measurementbe size datavas modeled using
factorial design. Factors studied for this analysis were polymer feed rate and nozzle
temperatureln orderto reduce the number of experiments, it was decided to omit the effect of
CO, (feed rate =25 ml/mindn particle sizérom thispart of thestudy.Frominspection of the
resultspresented iTable4.1, it can be concludethatthe mean particle sizef themicronized
polyethylenewax increase with increagmg polymer feedrate and nozzle temperaturef-or

statistical analysisanAnalysis of Variance (ANOVA) of thelatawasconductedTable4.3).

Table 4.3: ANOVA Table

Source SS df MS Fobserved
Polymer Feed Rate 4.59 1 4.59 2.48
Nozzle Temperature 12.46 3 4.15 2.24

Error 5.55 3 1.85

Total 22.61 7

Note: SS=sum of squars, df= degrees of freedom, MS= mearsquared value

From thedata presented inthe ANOVA Tablg it can be concluded thdhere is a
significanteffect of nozzle temperature on particle siea75% confidence leve(F-value =
2.02) However,thereis nosignificant effect ofnozzle temperature for a confidence level of
90% or higher (Fvalue = 5.54). Simildy, no significant effect of polymer feed rate was
observedat 90% confidence level. However, there is a notable effepblyimer feed rate at

75% confidence level
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4.3.2 Particle Size Distribution

Based on the particle siztataobtained by means d@he optical microscog, particle
size distributios wereplottedfor particles produced at different processing conditi@zta
used for this purpose @esentedn appendix C) Approximatdy 150 particledividedin 26
size classesrearly spaced édween0.05 to 25um were used to produce theparticle size
distributions To generate the plgtshe particle sizes were plotted against ffecentage
frequency of occurrence of particles in a given size clEssse distribution plots are provided
in Figures 4.3 to 4.6. As seen in thelgures, most particles were found to be sized in the
ranged of 0.1 to 25 um. Howeveargcasionally particles in the size range26fto 150 um were
observed particleswhich wee not included in these ploasthey did not contribute to and lay

far from the distribution curve.

By visual inspection of the plots, ¢éan be concludethat processag variableshave a
considerable effect on particle size distributidmsorder tostudy the effect of these varialsle
andcompare the different distribains, the frequency distribution curveere normalizedso
that the area under the curve is 10084s to be noted that only about 1particles were used
to generate the particlgize distribution plots.For more accurate and reliabfgrticle size
distributionplots a larger sampleof particles (1000 particles) should be considerssi SEM
results indicatethe presence of larggparticles than the ones measuredsing the optical
microscopic,seve measuremesishould becombined with microscopidatato obtain a better
estimationof particle size, and hence size distributibm addition, examining samples from
different locations in the sample bag (particles from tohefidag vs. particles at the bottom of

the bag) would also redu@ay errors associated with PSO=or the purposes of this thesis, it
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was not possible to perform other measurements due to the laskitable measurement

techniques and equipmeantailable in the facility.

(@)

Relative Frequency(%)

(b)

Relative Frequency (%)

Particle Size (um)

Figure 4.3: Normalized Particle Size Distributions at Offerent Polymer Feed Rates
(CO, Feed Rate = 25 ml/min,Screw $eed = 50 rpm)
(@) 13g/min and (b) 26 g/min
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4.3.2.1 Effect of Nozzle Temperature

A considerable effect of nozzle temperature on particle digteibution was observed
for polyethylenewax. It was found that particle size distribution broadens as the nozzle
temperature increases. Howevthis phenomenon was ontpbsered at higher polymer feed
rate (26g/min) In other words, no significant effect of nozzle temperature on particle size
distribution wasobserved for a polymer feed rate of 13 g/ntigUre4.3 (a)) This behaviou
could be attributed to the fact that lower poymer feed rate (high GTP ratithe residence
time of polymer melt in the nozzle islatively shorto causeany significant effect on particle
size. An illustration of the effect of nozzle temperature @rtigle size is provided ifrigure
4.3 (b). In additiorto the shape of PSD#)e positionand the number of modal peaks the
particle size distributions wer@soaffected by the nozzle temperatwiehigher polymer feed

rate For examplethe distribution curve at 140xC was uninodal, at160xC was bi-modal, at

180xC wastri-modaland aR0xC wasquadmodal

4.3.2.2 Effect of Polymer Feed Rate

The effect of polymer feed rate on particle size distribution is showigures 4.4 and
4.5. From the PSDurvesin Figure4.4, it can be seen that the effect of polymer feed rate at
lower temperature (140 and 161) is insignificant. In other words, at lower temperaguire
distributions for bothhigh and lowpolymer feed rate look identical. However, lgher
temperature (180 and 20C), the distributionsdiffer in both breadthand shapenodality

(Figure4.5). A broader distribution was observed for a higher polymer feed rate.
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Figure 4.4: Normalized Patrticle Size Dstribution at Lower Nozzle Temperatures
(CO2 Feed Rate = 25 ml/min, Screwfged = 50 rpm)
(a) 140xC and (b) 160xC
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Figure 4.5: Normalized Particle Size Distribution at Higher Nozzle Temperatures
(CO2 Feed Rate = 25 ml/min, &ew Speed = 50 rpm)
(a) 180«C and (b) 20xC
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4.3.2.3 Effect of CQ Feed Rate

For a pdymer feed rate of 52 g/mimn initial CO, feed rate ofLl5 and25 ml/min was
not sufficientfor establising a steady spray of particles. To overcome this issue, thef€e0
rate was increasethd the effect oincrease iNCO, feed rate orparticlesize distribution was
studied The particle size distribution plotgresented irFigure 4.6 demonstratehiat an increase
in CO, feed rate produces mawer particle size distributios) the mostarrow distribution was
obtained for the C@feed rate of 55 ml/minThis phenomenon furthgoroves that processing
variables such as C@feed ratehave a significant effect on partielsize and size distributipn
which can be manipulatetb obtain particles withtailored size andsize distributionin

extrusion micronizatiowsing supercriticaCOs.

30
...... CO2 =35 ml/min
o =—=C02 =45 ml/min
= C02 =55 ml/min
<
S 20
>
O
c
g
o 15 1
o | 14 ¥\ A
LL
<L 10 -
©
iz
5 ]
0 . ' ' '
0 5 10 15 20 25

Particle Size (um)

Figure 4.6: Normalized Particle Size Dstribution at Different CO, Feed Rate
(Polymer Feed Rate = 52 gmin, Screw $eed = 50 rpm Nozzle Temperature = 14XC)
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4.3.3 Morphology

In addition to particle sizand particle size distribution, particle morphology was also
found to be a function giolymer feed rate, nozzle temperature ang €&@d rate Theeffects

of these variables adiscussed in detail below.

4.3.3.1 Effect of Nozzle Temperature

In an extrusion micronization procedsettime available for particles to solidify defines
the shape of partickproducedBoth pressure and temperature play a vital role in determining
this solidification time.As the nozzle temperature increases, the temperature of the polymer
melt increases, which in turn causes a delay in solidification as more heat needs to be
dissipated for particles to solidify-his delayed solidification facilitateretraction of molten
polymer into a spherical shape by both visgdastic relaxation and surface tensibtoreover,
the amount of dissolved GQa function of temperature and pressure, also contributes to
solidification in the form of heat of evaporationt Wigher temperatur@and lower pressuréhe
amount of dissolved CQOs reducel. Consequentlyless energys utilized for evaporation of
CO,, which increases the solidification tirfiel]. Asa result, morephericallyshaped particles
of polymers werg@roduced at higherozzletemperatre, an illustration of which is provided in
Figure 4.7 and 4.8 Furthermoreat higher flow ratescareful analysis of the SEM images
indicates a decrease in the amount of fibres prodatedhigher temperatur@dgglomeration
also tends talecrease wittan increase in nozzle temperatufiéis could be attributed to the
fact that athighertemperatureshear and external viscosiof polymer melt decreases. As a

result, it is easier to break polymer melt into particles at higheozzle temperature
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Figure 4.7: SEM Images of Particles Produced atDifferent Nozzle Temperaturesat a
Polymer Feed Rate ofl3 g/min(CO; Feed Rate =25 ml/min, Screw $eed =50 rpm):
(a) 160xC and (b) 200xC
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Figure 4.8: SEM Images ofParticles Produced at Different Nozzle emperaturesat a
Polymer Feed Rate o226 g/min (CO; Feed Rate = 25 ml/min, Screw @&ed = 50 rpm):
(a) 160xC and (b) 20xC
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4.3.3.2 Effect of Polymer Feed Rate

From inspection of SEM images of particles produced at siroparatingconditions
and differentpolymer feed ratg it can be concludkthat particle agglomeration increased with
increase in polymer feed rate, ilastrated n Figures 4.9 and 4.0. In addition, nore fibrous
product wadormed at higher feed rat&his behaviouiis probably due to reduced nucleation
because of the reduction in GTP rattochange in particle shapéth the increase in polymer
feed ratewas also observed itn¢ SEM imaged-or an increase ipolymerfeedratefrom 13
to 26 g/min, particles wee found to contain holes and wemeore deformedKigure4.9). This
observation can be attributed to the fact that an increase in polymer feed rate causes an increase
in pressure. Thigncrease in overall pressure cauadarger thermodynamic instabiligue to
the rapid dpressurization of the polymer mettndthe quick escape of the C{gas results in
the formation of particles with holeShe holes in the particles further assrsthe breakup of

thewax polymer particles producinigregular shape particles.
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Figure 4.9: SEM Images of Particles Produced at Dfferent Polymer Feed Rates at Nozzle
Temperatures160xC (CO, Feed Rate = 25 ml/min, Screw geed = 50 rpm):
(@) 13 g/minand (b) 26 g/min
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Figure 4.10: SEM Images of Rarticles Producedat Different Polymer Feed Rates at
NozzleTemperatures18xC (CO; Feed Rate = 25 ml/min,Screw $eed = 50 rpm):
(@) 13 g/minand (b) 26 g/min
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4.3.3.3. Effect of CQ Feed Rate

Experiments at different COeed rats were perforred to investigate the effect of GO
on particle morphology. From the SEM images obtained it can be concluded that particle
agglomeration increased with increase in,@€ed rate Figure4.12).In addition, more fibres
are produced at higher G@eed rate, an illustration of which is provaén Figures 4.11 and
4.12 At high CQ feed rate, the GTP ratio increases causing rapid depressurizatiba of
polymer melt through the nozzle. The high pressure release of the polymer melt causes the hot
particles to collide and form clusters resultingan increase in agglomeration.

As shown inFigures 4.11 and 4.12particles produced with higher G@eedrate were
alsofound to bemoredeformed compared to the particles produced with lower €€ rate.
Additionally, increase in C®feed rateresults inan increase in holes in thgarticles. This
phenomenon could be the result of an increager@ssureat high CO, feed rate. When the
polymerCO; solution is allowed tpassthrough a narrow die space and out through a micron
size nozzle holehe high pressure difference between the upstream and the downstream of the
spraying nozzle causes thermodynamic instability due to reduction of gas solubility in the
solution resulting in supersaturation. This supersaturation causes nucleation of bAbbles.
higher CQ feed rate, th nucleation of bubblesincreases(since thepressure increases
resulting in theproduction of particles with holes once the gas escapes fropotimmer melt.

These holesurther assist in breaking of the easily breakable waolymer particles resulting

in the formation of deformed particlemsshown inFigures4.11 (b) and 4.12 (b).
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Figure 4.11: SEM Images of Rarticles Produced atDifferent CO, FeedRate at 500X
Magnification (Polymer Feed Rate= 55 g/min,Screw Speed = 50 rpm,Nozzle
Temperature = 14&C): (a) 45 ml/min and (b) 55 ml/min
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Figure 4.12: SEM Images of Rarticles Produced atDifferent CO, Feed Rate at 100X
M agnification (Polymer Feed Rate= 55 g/min,Screw Speed = 50 rpm,Nozzle
Temperature = 14%C): (a) 35 ml/min and (b) 55 ml/min
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4.3.4 Melting Point and Glass Transition Temperature

In a micronization procespolymer particles are produced by stretching and breaking
long chain polymer molecule&s the polymer molecules are elongated and broken during
micronization, this procedure is expected to reduce the molecular weight andtyis¢ake
polymer. Due to the decrease in molecweight, physieochemical strength of the polymer is

alsoaffected by themicronizationprocess

Differential Scanning @lorimetric measurementen both unprocessed and processed
(micronized) polyethylenewax, were performedto examinethe effect of micronization on
thermal transition temperatures, such as melting point temperdtuoen the graphical
representation of thermal transition dgt@sented irFigure 4.13 and 4.14 the melting point
temperatures of micronized polymers at various processinditeans were found (listed in
Table 4.4). The data obtained indicate significant evidence of decrease in melting point
temperaturedue to micronization. Méhg point temperatures of both pressed and
unprocessed polyethylene wax are found to be approximately sirli@w e v e r oH (cha
enthalpy) was affected by the mooization process (Figure 4.13 and 4.1t addition,
particles produced at different conditiodsplay differences impH v al ues ( Tabl e ¢/

phenomenon indicates a change of crystallinity of the polymeric material due to micronization.
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Table 4.4. Effect of Micronization on Melting Point Temperature of PolyethyleneWax
(Screw Speed= 50 rpm)

Polymer Nozzle CO; Melting pH
Feed Temperature Feed  Point  (J/9)

Rate (xC) Rate (xC)

(g/min) (ml/min)
Unprocessec - - - 106.8 123.8

Processed 13 140 25 106.0 89.0
160 25 105.3 85.8
180 25 105.7 81.7
200 25 105.6 82.3
26 140 25 105.6 4.7
160 25 107.3 75.3
180 25 106.6 83.2
200 25 106.2 852
52 140 35 106.0 82.0
140 45 106.5 95.9
140 55 1067 90.7
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CHAPTER 5: CONCLUSIONS AND
RECOMMENDATIO NS

5.1 CONCLUSION

In this thesis, a continuous process of polymer micronization by rapid depressurization
of a polymer/gas solution in an extrusion process is presehbedextrusion process used in
this research work was designed to produce particles with minimal chandesign of a
typical extrusion process amdthout substantially decreasing the processing rates from normal
industrial ratesThe sources usdd develop this processe the scientifistudiespublished on
similar micronizaiton processes and our direct experience of the extrusion foaming process
using a twin-screw extruder Low molecular weight polyethylene (polyelepe wax) and
carbon dioxide werehosen for this purpos&eneration opolyethylenewax particlesfrom
this exrusion processlemonstrated thaéxtrusion micronization technique can be a valid

alternative to conventional processes for polymers micro particle production.

The particlescollectedduring experimentationvere analysed using various analytical
techniqies andan investigation on the effect of processing parameterngadicle properties
and characteristics wgserformed.The results obtaineffom Scanning ElectromMicroscopy
and OpticalMicroscopy measurements indicate thatlyethylene waxparticlessized in the
range of 0.01 to 190 pnwere produced. lthermore, the particlsize was found to be a
function of nozzle temperature and £€@ed rate; thanean particle size increases with an
increase irboth nozzle temperature a@D, feed rate. On the contrarglespite the increase in
processing pressulgvith increase impolymer feed rate), no significamfluence of polymer

feed rate on mean particle diameteas observedMorphology of particles was also found to
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be a function ofprocessing parameters. For example, more s@igr shaped particles of
polyethylene waxwere produed at higher nozzle temperatufe.decrease in gglomeration
with increase in nozzle temperatunas also observedn the contrary, an increase in fibre
production anguarticle agglomeratiowas observewhen the polymer feed rate was increased

Particle deformation also seemed to increase at hjglgmer feed ratand CQ feed rate

Based on theize dataparticle size distributions were plotted forfpaes produced at
different processing conditions. The distribution plots indicate a considerable effeatzbé
temperatureon particle size distributiongarticle size distributiors broadenas the nozzle
temperaturancreases. However, this phenomenon was only noticed faynsiderably high
polymer feed rateAt lower feed rate the effect of nozzle temperature was insignifitant.
addition, a increase in C®feed ratewas found to produce comparatively narroatticle

size distribution

The particles generated during teeperimentdndicate that particle generation im a
extrusion process using supercritical carbon dioxide is achievaderal advantage®f the
extrusion micronization processan be noted oveconventional methodswvhich will help

promote the applicability of this micronization procesthiafuture[2,6,26,35]

1 High purity of products: producesolventfree powder without contamination or
degradation of the product

1 Control over particlegproduced particle size, size distribution and morphology of
particles can be controlled via the control of processuagiable and process

equipment
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9 Versatile pocess: It has the potential for processing highly viscous, waxy, sticky and
thermolabile compounds

1 Environmentally acceptable technology: The overall process creates and employs
solvents and process aids that, if emitted to the environment, exhibit a ilopact
than currently used materials

1 Singlestep process: allows easier understanding, control andigeaithe process.

5.2 RECOMMENDATIOINS

The application of supercritical fluids, especially supercritical carbon dioxide, for the
precipitation ofsubstances has been of great interest to researchers for many years due to the
versatile properties of this fluid at supercritical condition. In this work, the production of
micronized polymer particles is studied. The experiments completed can formsikefdra
further work on process understanding and improvement. More specifically, future work
should give careful consideration to the role of polymer molecular weight as well as
polymer/CQ viscosity on particle size and morphology. For that purpose several polymers
should be carefully selected with varying molecular weight and polydispersity. The viscosity of
the polymer/CQ solution can be measured-bne through pressure drop measurersarning
a converging die, as previously done [76,77]. This additional work can be accomplished

through more systematic statistical experimental designs.

The commercialization of a supercritical fluid micronization technology requires
predictability and onsistency of the characteristics of the product, for which a detailed

understanding of the influence of all relevant proocessablesis necessary. Like any other
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supercritical fluid precipitation technology, a common feature of the extrusion micronizati
processs that it has a large number of process param#tatscanaffect the performance of

the process and characteristic properties of the product. As a tksuwdffect of other process
variables (screw configuration, barrel temperatures) shbelstudiedln addition, it has been
mentionedin many publication that the effect of nozzle size and geometry halarge
influence on particle size and morphologience,detaied analysis on the effect of the nozzle
geometry and size should be conducted to explore the possibility of producing particles of
different sizes and shapebinally, particle cooling and collection should be examined

carefullyin order to minimizeparticleagglomeratiorand reduce the production of fibre
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Appendix A: Formulas for Mean Particle Size Calculation

Table 0.1: Definition of M eanParticle Diameters

Name Symbol Formula
Number, Length
BmQO

or XNL BO U
Mean Diameter
Number, Volume 7

of Xnv BoQo

Volume Mean Diameter BQoO
Surface, Volume
BwQU
o Xsv ® B was

Sauter Mean Diameter
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Appendix B: Data for Particle Size Calculation

(Optical Microscope Results)

Table 0.2: Diameters ofPolyethylene WaxParticles Producedat a ConstantPolymer
Feed Rate of 13 g/mirand Different Nozzle Temperatures Measuredvia an Optical
Microscope (Screw Speed=50 rpm, CQFeed Rate =25 ml/min)

140xC 160xC 180xC 200xC

1.3 31 47 92| 09 3.7 55 129| 1 54 | 07 27 47 85
1.4 31 47 92| 09 37 55 13 |15 56 | 08 27 48 8.6
1.4 3.1 48 96 1 37 55 135|17 58| 08 27 48 8.6
15 32 49 97 1 38 55 136| 2 6.1 09 27 48 8.8
16 33 5 104/ 11 38 55 139|122 64 | 09 28 5 9
1.7 33 52 106/ 1.2 38 56 14124 68| 09 29 51 9
17 34 52 107/ 1.3 39 56 14227 6.8 1 3 52 9.2
18 35 52 113/ 1.3 41 57 144,28 7.1 1 31 54 93
18 36 53 114| 15 41 57 169,29 7.3 1 31 54 94
19 36 54 12| 15 41 57 17532 82| 12 32 55 101
2 36 56 126| 16 42 59 19132 86 | 15 33 55 10.2
2 36 59 129/ 1.7 42 6.1 19333 86 | 1.7 33 57 10.8
2 36 6.3 135 1.7 43 64 33 87| 17 34 58 109
21 37 64 17.1 1.7 43 6.5 34 88| 18 34 59 118
22 37 66 396/ 1.7 44 6.8 36 89| 19 35 6 11.9
22 37 6.7 21 44 6.9 36 96| 19 35 6.1 134
23 37 6.9 22 45 7.3 36 97 2 36 6.1 159
23 38 7 22 46 75 36 10.2| 2 37 6.2 1738
24 39 7 24 47 7.6 3.6 105| 2 38 6.3 178
24 39 7.2 24 47 7.8 3.7 11 21 39 6.3 183
24 39 7.2 24 47 7.8 3.8 11.3| 2.1 4 6.3 19.2
25 4 7.2 29 48 8.2 42 114\ 2.2 4 6.4 195
25 41 7.3 29 49 8.6 43 11.7| 2.2 4 6.6 205
25 42 73 29 5 88 44 121\ 2.2 4 6.8 25.9
25 43 73 3 5 91 45 131 22 41 6.9 296
27 43 75 31 51 9.2 45 133| 2.2 42 6.9 353
27 44 7.6 31 51 93 47 139| 23 4.3 7 36.8
28 45 7.6 3.2 52 97 48 211 23 43 7.1 496
28 45 7.7 32 52 10.1 4.8 24 45 7.1

28 45 8.2 32 53 115 5 25 45 7.2

29 46 8.7 33 53 115 51 25 45 7.3

3 46 87 35 53 118 5.2 25 45 8

31 46 8.8 36 54 12.2 53 26 46 8.1
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Table 0.3: Diameters of Polyethylene Wax Particle Produced at a ConstantPolymer
Feed Rate of 26/min and Different Nozzle Temperatures Measured via an Optical
Microscope (Screw Speed=50pm, CO, Feed Rate =25 ml/min)

140«C 160xC 18xC 200xC
0.8 29 47 11.7| 03 3 49 7.8 1.8 7.8 1.8
0.8 29 49 124) 11 3 49 79 2.9 7.9 2
0.9 3 49 129| 1.2 31 49 79 3.2 7.9 2.3
1 3.1 5 14 1.3 3.3 5 7.9 3.3 8.2 2.6
11 31 53 14 1.4 3.4 5 8 3.6 8.2 3.2
11 31 55 179| 15 34 51 83 3.8 8.6 3.8
1.2 31 56 191 16 35 52 85 3.8 8.7 4
1.3 3.2 57 276| 1.7 35 52 87 4.2 8.8 4.4
15 3.2 58 283| 1.7 36 52 89 4.3 9 7
1.6 32 59 365| 1.7 36 52 94 4.4 9.1 7.4
1.6 3.2 6 1.7 3.7 52 96 4.4 9.1 7.5
1.6 3.2 6.1 1.7 38 53 99 4.5 9.4 8.2
1.7 33 6.1 1.8 39 53 10 4.5 10.3 8.4
1.7 34 6.1 1.9 41 54 106, 4.5 10.6 8.6
1.7 34 6.3 1.9 41 54 108 | 4.6 10.6 9
1.8 34 6.3 1.9 41 55 11 5.1 10.9 9.2
1.9 35 64 2 42 55 11 5.4 11 10.4
2 36 65 2.2 42 55 114| 55 111 12
2 3.6 7 2.3 42 55 116| 55 121 | 13.2
2 36 71 2.4 43 56 122| 55 122 | 134
2 36 7.3 2.4 43 56 123 | 55 12.3 14
2.1 36 74 2.4 43 58 123 | 55 126 | 146
2.2 3.7 1.7 2.5 43 59 125| 6.1 13 15.9
2.3 3.7 1.7 2.5 4.3 6 127 | 6.1 13.2 | 18.3
2.3 3.7 7.8 2.5 4.4 6 144 | 6.1 13.8 23
2.4 38 7.8 2.6 44 6.2 15.7| 6.2 144 | 25.3
2.4 38 82 2.6 44 63 176| 6.2 14.9
2.5 3.8 8.2 2.6 44 63 234| 6.3 15.2
2.5 39 8.2 2.6 45 64 268]| 6.5 15.4
2.5 39 82 2.6 45 64 7 15.5
2.6 41 84 2.7 46 6.6 7.2 20.7
2.7 42 85 2.7 46 6.7 7.2 21.2
2.7 43 8.6 2.8 46 6.7 7.3 21.8
2.7 43 8.8 2.9 47 6.8 7.7 21.9
2.7 43 9.6 2.9 48 69 7.8 24.1
2.7 44 9.7 2.9 48 7.2 7.8 25
2.7 46 10.8 2.9 48 7.6 7.8 27.8
2.8 4.7 113 3 49 7.8 78 37.9
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Table 0.4. Diameters of Polyethylene Wax Particle Producedat Different CO, Feed Rate
Obtained via Optical Microscopic MeasurementgScrew Speed=50 rpm, Polymer Feed
Rate =52 g/min, Nozzle Temperature= 14)

15 ml/min 35ml/min 45 ml/min 55 ml/min
1.1 4.5 1.6 2.3 16.2 0.3 13.2
1.5 4.6 2 2.7 18.6 15 13.4
1.5 5.9 2.5 3.1 18.9 2.1 14
1.7 6.1 3.8 3.6 18.9 2.3 14
1.8 6.1 4.7 3.7 19 2.6 14.3
2.5 6.7 5 4.4 22.8 2.7 16.1
2.9 7.3 5.8 4.4 23.1 2.8 17.2
3.3 8.8 5.9 4.6 26 2.8 17.3
3.9 8.9 6.2 5.7 27.3 2.9 17.5
4 9 6.7 57 28.3 3 18
4.4 9.1 7 5.8 30.2 3.2 18.3
4.7 9.1 7.8 6 33.6 3.4 23.4
55 9.6 7.9 6 36 3.4 29.6
5.8 11.5 8 6.1 36.7 3.7 58
6 15.1 8.4 6.2 38 3.8

6.2 25.6 8.8 6.3 47.3 3.9

7.6 29.9 8.9 6.6 48.4 4.1

8 33.7 10.3 6.6 52.7 4.2

8.5 10.4 7.2 54.9 4.8
10.7 11.1 7.3 59.3 5.1

12 11.2 7.3 59.8 5.2
12.6 12.4 7.5 116.5 5.3
13.3 12.9 8.1 118.8 5.5
13.5 14.8 8.9 6
16.3 16.3 9.1 6
18.3 18.2 9.2 6.4

19 18.4 9.4 8.4
20.5 20.5 9.9 8.5

1.5 22.6 10.5 8.8

1.7 29.4 10.5 9.1

1.8 11.1 9.2

2.6 11.6 10.3

3.3 12.4 10.5

3.4 125 10.7

3.9 13.9 10.8

4 14.3 11.5

4 14.4 11.5

4.3 14.9 12.9
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Appendix C: Data for Particle Size Distribution Plots

Table 0.5: Frequency and Normalized Frequency of Particle Diametexof Polyethylene
Wax Particles Produced at 15 g/min PolymeFeedRate (Screw Speed=50 rpm, CQFeed
Rate =25 ml/min)

140xC 160xC 180xC 200xC
Middle Norm

of Norm. . Norm. Norm.

Range | Range | Freq. Freq. | Freq. Freq. | Freq. Freq. | Freq. freq.
0 0 0 0.00 0 0.00 0 0.00 0 0.00
Oto2 1 10 8.77 15 13.51 3 4.92 16 12.60
2t04 3 44  38.60 | 25 2252 | 18 2951| 37 29.13
4106 5 24 2105 37 33.33 | 15 2459, 27 21.26
6108 7 17 1491| 10 9.01 6 9.84 17 13.39
81010 9 8 7.02 7 6.31 8 13.11| 11 8.66
10to 12| 11 5 4.39 4 3.60 6 9.84 6 4.72
12t0 14| 13 4 3.51 6 5.41 4 6.56 1 0.79
14t016| 15 0 0.00 3 2.70 0 0.00 1 0.79
16t0 18| 17 1 0.88 2 1.80 0 0.00 2 1.57
18to 20| 19 0 0.00 2 1.80 0 0.00 3 2.36
20t0 22| 21 0.00 0.00 1 1.64 1 0.79
22t024| 23 0.00 0.00 0.00 0 0.00
24t026| 25 0.00 0.00 0.00 1 0.79
26t0 28| 27 0.00 0.00 0.00 0 0.00
28t030| 29 0.00 0.00 0.00 1 0.79
30to32] 31 0.00 0.00 0.00 0.00
32t0 34| 33 0.00 0.00 0.00 0.00
34t036| 35 0.00 0.00 0.00 2 1.57
36t038| 37 0.00 0.00 0.00 0.00
38t040| 39 1 0.88 0.00 0.00 0.00
40to 42| 41 0.00 0.00 0.00 0.00
42to 44| 43 0.00 0.00 0.00 0.00
44to 46| 45 0.00 0.00 0.00 0.00
46t0 48| 47 0.00 0.00 0.00 0.00
481050 49 0.00 0.00 0.00 1 0.79

Total Number of
Particles 114 111 61 127
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Table 0.6: Frequency and Normalized Frequency of Particle Diametexof Polyethylene
Wax Particles Produced at 26 g/min PolymeFeedRate (Screw Speed=50pm, CO, Feed
Rate =25 ml/min)

140xC 160xC 180xC 200xC
Middle

of Norm. Norm. Norm. Norm.
Range Range | Fred. Freq. | Freq. Freq. | Freq. Freq. | Freq. Freq.
0 0 0 0.00 0 0.00 0 0.00 0 0.00
Oto2 1 17 1371| 16 1119 1 1.32 1 4.17
2to4 3 591  41.13| 35 24.48| 6 7.89 5 20.83
4t06 5 18 1452| 48 3357| 15 19.74 2 8.33
6t08 7 16 1290| 19 13.29| 19 25.00 3 12.50
8t0 10 9 10 8.06 8 5.59 9 11.84 5 20.83
10to 12 11 3 2.42 7 4.90 6 789 | 2 8.33
12 to 14 13 2 1.61 5 3.50 7 921 | 2 8.33
14t0 16 15 2 1.61 2 1.40 5 6.58 3 12.50
16to 18 17 1 0.81 1 0.70 0 0.00 0 0.00
18 to 20 19 1 0.81 0 0.00 0 0.00 1 4.17
20 to 22 21 0 0.00 0 0.00 4 5.26 0 0.00
22 t0 24 23 0.00 1 0.70 0 0.00 0.00
24 to 26 25 0.00 0.00 2 2.63 0.00
26 to 28 27 1 0.81 1 0.70 1 1.32 0.00
28t0 30 29 1 0.81 0.00 0.00 0.00
30to0 32 31 0.00 0.00 0.00 0.00
32 to34 33 0.00 0.00 0.00 0.00
34 to 36 35 0.00 0.00 0.00 0.00
36 to 38 37 1 0.81 0.00 1 1.32 0.00
381040 39 0.00 0.00 0.00 0.00
40to0 42 41 0.00 0.00 0.00 0.00
42 t0 44 43 0.00 0.00 0.00 0.00
44 to 46 45 0.00 0.00 0.00 0.00
46 to 48 47 0.00 0.00 0.00 0.00
48 to 50 49 0.00 0.00 0.00 0.00

Total Number of

Particles 124 143 76 24
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Table 0.7: Frequency and Normalized Frequency of Particle Diametexof Polyethylene
Wax Particles Produced atDifferent CO, FeedRate (Screw Speed=50 rpm, Polymer
Feed Rate =52)/min, Nozzle Temperature = 14£C)

15 ml/min 35 ml/min 45 mil/min 55 ml/min
Middle

of Norm. Norm. Norm. Norm.
Range Range | Freq. Freq. | Freq. Freq. | Freq. Freq. | Freq. Freq.
0 0 0 0.00 0 0.00 0 0.00 0 0.00
Oto 2 1 6 10.53 1 3.33 0 0.00 2 3.92
2to4 3 10 17.54 3 10.00 5 9.09 14 27.45
4t06 5 12 21.05 4 13.33 6 10.91 7 13.73
6to8 7 7 12.28 5 16.67 | 11 20.00 3 5.88
81to 10 9 8 14.04 4 13.33 6 10.91 5 9.80
10to 12 11 2 3.51 4 13.33 4 7.27 6 11.76
12to 14 13 4 7.02 2 6.67 3 5.45 3 5.88
14 to 16 15 1 1.75 1 3.33 3 5.45 3 5.88
16 to 18 17 1 1.75 1 3.33 1 1.82 4 7.84
18 to 20 19 2 3.51 2 6.67 4 7.27 2 3.92
20to 22 21 1 1.75 1 3.33 0.00 0.00
22 to 24 23 0.00 1 3.33 2 3.64 1 1.96
24 t0 26 25 1 1.75 0.00 0.00 0.00
26 to 28 27 0.00 0.00 2 3.64 0.00
28 to 30 29 1 1.75 1 3.33 2 3.64 1 1.96
3010 32 31 0.00 0.00 0.00 0.00
321034 33 1 1.75 0.00 1 1.82 0.00
34 to 36 35 0.00 0.00 0.00 0.00
36 to 38 37 0.00 0.00 2 3.64 0.00
381040 39 0.00 0.00 1 1.82 0.00
40to 42 41 0.00 0.00 0.00 0.00
42 to 44 43 0.00 0.00 0.00 0.00
44 to 46 45 0.00 0.00 0.00 0.00
46 to0 48 47 0.00 0.00 2 3.64 0.00
48 to 50 49 0.00 0.00 0.00 0.00

Total Number of

Particles 57 30 55 51
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Appendix D : Viscosity Data for PE Wax and Micronized PE Wax

Table 0.8: Shear Viscosity of Unprocessed Polyethylene Wax Pallets Measured a
Capillary Rheometer using a die with L/D ratio of 50/20at 90xC and 11(C

Shear Viscosity(Pa.s)

Ram Shear
Rate Rate a0xC 100xC

(°/min) | (1/sec)|{ Runl Run2 Run3 Avg. Runl Run2 Run3 Avg.

0.2 30.16 | 2488.6 2720.2 2648.2 2619.0| 838.97 810.66 802.24 817.29
0.4 60.32 | 1557 1648.2 1571.1 1592.1| 518.57 512.13 490.26 506.99
0.6 90.48 | 1108.3 1184.7 1195.8 1162.9| 378.31 371.45 362.01 370.59
0.8 120.64 | 892.37 811.3 967 890.22| 297.89 297.89 280.51 292.10
1.2 180.96 | 651.96 597.49 700.43 649.96| 209.31 204.17 202.02 205.17
2.2 331.76| 384.39 388.6 436.1 403.03| 130.31 125.63 127.51 127.82
3.2 482.56| 300.3 313.01 329.25 314.19| 100.53 95.703 95.703 97.31
6.2 934.97| 181.3 187.78 200.07 189.72 58.942 58.94
9 1357.2| 118.9 140.74 142.74 134.13

Table 0.9: Shear Viscosity of Unprocessed Polyethylene Wax Pallets Measured via a
Capillary Rheometer using a die with L/Dratio of 20/50at 110 C

Shear Viscosity (Pa.s)

Ram Shear 110«C
Rate Rate
(°/min) | (1/sec) | Runl Run2 Run3 Run4 Average
0.01 23.563 | 15812 9.2235 13.176 13.176 12.85
0.02 47.125 | 10.541 8.5647 9.8823 9.2235 9.55
0.04 94.251 | 5.2706 5.9294 6.5882 6.5882 6.09
0.1 235.63 | 3.2612 4.48 448 4.6118 4.21
0.4 94251 | 2.8988 29976 3.1623 3.0306 3.02
0.6 1413.8 | 2.8329 2.7231 2.7012 2.6353 2.72
0.8 1885 2.6847 25529 25035 2.3558 2.52
1 2356.3 | 2.3586 2.3849 2.3059 2.1873 2.31
2 47125 | 19831 2.016 1.9435 1.8974 1.96
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Table 0.10: Shear Viscosity of Polyethylene Wax Particle@Produced at a Polymer Feed
Rate 26 g/min, CQ Feed Rate45 ml/min, Nozzle Temperature 188C and Screw Speed
50 rpm) Measuredvia a Capillary RheometerUsing a Die with L/D Ratio of 50/20at

90xC and 10xC

Shear Viscosity (Pa.s)

Ram | Shear 90xC 100«C
Rate Rate
(°/min)| (1/sec) | Runl Run2 Run3 Avg. | Runl Run2 Run3 Avg.
0.2 30.16 1196.7 1163.2 1178.7 1179.53
0.4 60.32 2725.« 2725.4 633.0¢ 738.6 759.1¢ 710.29

0.6 90.48 | 1890. 1890.7 1929.0 1903.4 472.67 569.61 584.1¢ 542.16
0.8 | 120.64] 1445 1447 1530.t 1474.20 410.4¢ 450.37 449.0¢ 436.64
1.2 | 180.96 1074 1086.9 1117.0 1092.7, 268.0¢ 320.4 306.6¢ 298.39
2.2 | 331.76| 664.2 695.09 670.9¢ 676.8| 203.54 184.1z 194.1¢ 193.95

3.2 | 482.56| 483.5 477.87 487.3t 482.9 144,12 146.5¢ 145.33
6.2 | 934.97 291.00 2855 278.1' 284.9 91.73¢ 91.31¢ 91.53
9 1357.2) 212.4 211.54 211.4¢ 211.8 71.31¢ 71.32

Table 0.11: Shear Viscosity of Polyethylen&Vax Particles (Produced at a Polymer Feed
Rate 26 g/min, CQ Feed Rate 45 ml/min, Nozzle Temperature 180C and Screw Speed
50 rpm) Measured via a Capillary Rheometer Using a Die with L/D Rati@mf 20/50 at

110xC

Shear Viscosity (Pa.s)
Ram Shear 110«C
Rate Rate
(°/min) | (1/sec) | Runl Run2 Run3 Average
0.01 23.563 | 52.706 54.023 54.023 53.58
0.02 47.125 | 31.623 31.623 30.65 31.30
0.04 94.251 | 18.776 19.106 18.447 18.78
01 23563 | 11.464 12.122 11.595 11.73
0.4 94251 | 5.6659 5.7318 5.7647 5.72
0.6 1413.8 | 4.8094 4.3922 4.7655 4.66
0.8 1885 | 3.7388 3.7059 3.7223 3.72
1 2356.3 | 3.1427 3.4522 3.3995 3.33
2 47125 | 2576 2.7341 2.6616 2.66
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Appendix E: Optical Microscope Images

Figure 0.1: Optical Microscope Image ofParticles Produced atPolymer Feed Rate=13
g/min and Nozzle Temperature =140xC
(CO; Feed Rate = 25 ml/min, Screw &ed = 50 rpm)

Figure 0.2: Optical Microscope Image ofParticles Producedat Polymer Feed Rate 23
g/min and Nozzle Temperature =160xC
(CO; Feed Rate = 25 ml/min, Screw [@ed = 50 rpm)
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Figure 0.3: Optical Microscope Imageof Particles Producedat Polymer Feed Rate=13
g/min and Nozzle Temperature =180xC
(CO; Feed Rate = 25 ml/min, Screw @ed = 50 rpm)

Figure 0.4: Optical Microscope Image ofParticles Produced atPolymer Feed Rate=13
g/min and Nozzle Temperature =200xC
(CO; Feed Rate = 25 ml/min, Screw @ ed = 50 rpm)
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Figure 0.5: Optical Microscope Image ofParticles Producedat Polymer Feed Rate=26
g/min and Nozzle Temperature =140xC
(CO; Feed Rate = 25 ml/min, Screw &ed = 50 rpm)

Figure 0.6: Optical Microscope Image ofParticles Produced atPolymer Feed Rate=26
g/min and Nozzle Temperature =160xC
(CO; Feed Rate = 25 ml/min, Screw @ed = 50 rpm)
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Figure 0.7: Optical Microscope Image ofParticles Producedat Polymer Feed Rate=26
g/min and Nozzle Temperature =180xC
(CO; Feed Rate = 25 ml/min, Screw &ed = 50 rpm)

Figure 0.8: Optical Microscope Image ofParticles Producedat Polymer Feed Rate=26
g/min and Nozzle Temperature =200 xC
(CO; Feed Rate = 25 ml/min, Screw &ed = 50 rpm)
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