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Symbols and abbreviations

CRPP Controlled rheology polypropylene

DSC Dynamic scanning calorimetry

DWI DWI at the RWTH Aachen University e.V.

EFS Electric field strength

F (aero) Aerodynamic force

F (elect) Electrical force

F (grav) Force of gravity

F (in) Inertial force

F (rheo) Rheological force

F (surf) surface tension force

H Distance between electrodes

HL 504 FB Polypropylene of molecular weight 181060mol purchased from
Borealis.
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IEM Institut fur elektrische Maschinen (Institute electric machines)
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IR Infrared spectrum
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MCHM 562 P

MCHM 648 P
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PDMS

PP 12000
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TEOS
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Length to diameter ratio of a tube
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Poly dimethylsiloxane
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Polypropylene of molecular weight 3404100l
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Radius of the needle

Short chain polypropylene

Scanning electron microscopy
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Summary

This dissertation is concerned about developingnudlt electrospinning strategies of
thermoplastic polymers. The goal was to generalgppapylene nanofibers from the polymer
melt instead from the polymer solution. Through sthinethod, organic, toxic or
environmentally non-friendly solvents can be avdidéering a clean process for nanofibers
production. Melt electrospinning necessitates tse of polymer melts with lower melt

viscosity since high melt viscosities inhibit tleerhation of ultrafine fibers.

The generation of ultra-fine polypropylene nanafib# utilize these fibers in filter media
was studied. The ultra-fine size fibers below 1 gffer great surface area that assists us to be
used as filter media. At the beginning, a simplédt mlectrospinning device was designed and
the melt viscosity of polypropylene was influencdthe effect of the melt viscosity on the
produced fiber diameter was studied. Furthermone, effects of the ambient and the
processing parameters on the electrospinning psoaed the resulting fiber diameter were
studied.

In the next chapter, the melt viscosity of polyprieme was influenced by blending of
different molecular weights polypropylenes, by aiddi of small molecules (sodium stearate)
and by increasing of the melt temperature. Theiaito recognize the melt viscosity limits

which enable us to obtain ultra-fine polypropylédibers.

In the following chapter, process and ambient patars and their effect on fiber diameter
were studied. These parameters were investigatemtder to optimize the conditions for

generation of small fibers.

Furthermore and after investigation of the effdamnelt viscosity and processing parameters,
the chosen polypropylene mixtures were mixed witicl@ating. Three different types of
nucleating agents were used to enhance the nunieatocess in polypropylene electrospun
fibers. The amounts of nucleating agents wereedtan order to obtain the highest possible
melt enthalpy AH) that indicates the highest degree of crystalbra The effects of
nucleating agents’ type and their amount on theerfidiameters and the degree of

crystallization were studied.
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Zusammenfassung

Diese Dissertation befasst sich mit der Entwicklenger Schmelzelektrospinnenstrategie fur
thermoplastische Polymere. Ziel der Arbeit war, dfasern aus Polypropylen durch
Schmelzelektrospinnen herzustellen, um die Emissiganischer und giftiger Lésungsmittel
zu vermeiden. Auch konnten andere thermoplastifdigmere, wie PP und PET, aus der
Schmelze elektrogesponnen werden. Fiur das Elektromp aus Schmelze sind niedrigere
Schmelzviskositaten erforderlich, da hohe Schmskositaten die Erzeugung feiner Fasern
ihibieren.

In dieser Arbeit wurden die Mdglichkeiten zur Hetktng von Polypropylen-Nanofasern
mittels Schmelzelektrospinnen untersucht. Fasernerubh pm verfligen Uber eine grof3e
Oberflache, die die Filtrationsleistungsfahigkerh@en koénnen. Zu Beginn der Arbeit
wurden eine einfache Schmelzelektrospinnenanlagsickalt und aufgebaut sowie die
Mdglichkeiten zur Beeinflussung der Schmelzviskitsiion Polypropylen untersucht. Die
Einflisse von Schmelzviskositat und der Prozesspetier auf den Elektrospinnenprozess

und die generierten Nanofaserdurchmesser wurdemsuaht.

Im folgenden Kapitel dieser Arbeit wurde die Schmwedkositdt durch Mischen von
Polypropylen mit unterschiedlichem Molekulargewjatdirch Zusatz von Gleitmitteln (z. B.
Natriumstearat) und durch Erh6hung der Schmelztesyre modifiziert. Das Ziel dieser
Arbeiten war, den Bereich der Schmelzviskositdedassen, in dem die Herstellung von PP-

Nanofasern mdglich ist.

In dem darauf aufbauenden Kapitel wurden die Ess#i der Prozess-und

Umgebungsparameter auf den Faserbildungsprozessucit.

Das abschlieRende Kapitel der Arbeit befasst sithder Untersuchung des Einflusses von
Nukleierungsmitteln, die den (hinsichtlich der Satmiskositat) optimierten Polypropylenen
zugemischt wurden. Dazu wurden drei verschieden&leduungsmittel mit dem Ziel

verwendet, den Kiristallisationsgrad in den gentarer Nanofasern zu erhdhen. Die
Konzentration des jeweiligen Nukleierungsmittel dem variiert, um die Schmelzenthalpie

zu erhohen und den Einfluss auf den Faserdurchmaessmtersuchen.
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Chapter 1: Introduction to electrospinning

1 Introduction

In the last decades, a great interest was attraiedrds nanotechnology for various
applications in industrial and scientific fieldsp@lications of nanomaterials are established in
many scientific fields ranging from filtration sgshs for automotive industry to scaffolds as
implants for life sciences and medicine. Nanotetdgyis defined as science dealing with
nanoscale objects [1]. It is based on differenhiégues, reactions and processes generating
nanoscaled objects, structures, systems or deVitgs Today, composites, electrical
conductors, coatings, wound dressings [2], catsly&nsor or information technology [3] can
be constructed of nano-objects. Due to unique ptiggeand very promising performance of
nano-scaled objects used in these applicationspteamology in general achieved much
attention among researchers and industry. Nanatsbjef various shapes like particles,
fibers, tubes, droplets or rods have been descrfaigdIn this research, generation of

nanofibers especially for air filtration procesbtes been established.

The main principle of nanotechnology is that olgewill possess extremely new characters
when it is minimized in their dimensions. Differerdnostructures can be made with a proper
control of the architectural parameters [1]. Thisitcol has led to the understanding that in
nanoscience, apart from size also shape, surfate€@nposition are also critical factors. In
fact, almost all physical and chemical propertiésnanomaterials are observed to differ
significantly from their bulk counterparts [4].

The term nanofiber is used for elongated cylinddiadies with diameters less than 1 pum [5].
Such fibers exhibit unusual and some times supgmoperties [6, 7] as high length to
diameter ratio [6-14], extremely large fiber sudsgc flexibility in surface and material
functionality [7, 14, 15], high bending performari@d]. High aspect ratios (>1000) result in

high surface areas, which are very attractive gliaations in filtration and catalysis [2, 6, 7,
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9-11, 13, 14]. For example, one gram of fibrous r@dgnsity = 1 gm/cms?) with fiber

diameters of 100 nm exhibits a surface area of ab@@ m2 [13].

Due to the broad spectrum of applications for niweo$, there is an increasing demand to
establish techniques or processes for cost efectanofiber production. Nanofibers have
been generated by such different processes aswiceoarc heating, melt-blown spinning or

electrospinning.

Firstly, microwave arc heating was used for gemamaof ultra high temperature ceramic
(UHTCs) nanofibers and for sintering large amounteramics at high temperature in short
period of time [16]. Baldridge et. al. developemhathod for generation of zirconium diboride
nanofibers with average fiber diameters of 10 nmpdwder of zirconium diboride was

placed in an alumina arc and heated by microwame$d-45 seconds [16]. During heating of

the microsize particles, sintering transformed ¢éhearticles into nanofibers [16].

Secondly, nanofibers from thermoplastic polymersengenerated by aerodynamic forces in
melt-blown spinning. Therefore, polymer melt pasdadugh a v-slot shape orifice while a
hot air jet was supplied through the slot [13].sThllowed the polymer melt to be stretched to
form fibers [13]. High deformation forces, due to get, reduce the fiber diameter to
nanometer dimensions [13]. Hills Inc and Iremadfdtdeveloped an innovative melt-blown
technique that can lead to the generation of nbaodifrom polypropylene down to a fiber
diameter of 250 nm [17, 18]. The generation of rb&tvn fibers is closely connected to the
usage of a very fine orifice and suitable polyplepg types with high melt flow index.
However, high investment costs for melt blown maehy and equipment require a high

material throughput for beneficial and profitalbieustrial use.

Thirdly, for special applications demanding lowenaunts of nanofibers exhibiting special
functionality, e. g. in medicine, electrospinninffeos an appropriate and cost effective
technology. Apart from lower investment costs fostablishing the technology,

electrospinning is not only restricted to thermgfita melts but can also be used for the
generation of nanofibers from polymer solutions dispersions. Therefore, in this research

electrospinning was used for generating nanofibers.

Especially electrospun fibers add value to airdilbn systems as filter efficiency can be

drastically enhanced. Very small nanofiber amoudts to the increased free surface, are
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capable of increasing the filtration effect anddideetter recovery characteristics. Such filters
show enhanced dust particle deposition especiathy dmall particles (sub-micron-to
nanoscale objects). Besides the increased freacgynfemnant charges on electrospun fibers
attribute to the filter improvement. This is a simgxample how small amounts of nano-
objects generated by a handy nanotechnologicakpsocan improve performance. Therefore,
nanotechnology seems capable to improve processdscantribute to protection of the
environment. Additionally, melt electrospinningeilis avoids the use of toxicological and

environmental critical solvents and has to be aereid as environmental friendly technique.
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This thesis is divided into five chapters descigomelt-electrospinning for generation of
nanofibers. Main aim of this work was the generatiof nanofibers from isotactic
polypropylene by melt electrospinning. The effemftgi) temperature control of the spinning
room and (ii) of chemical and processing parametershe fiber diameter are specially

addressed.

Thefirst chapter gives a short introduction to nanofibers and nactotology.

The second chapterdiscusses the state of the art and explains #aratical background of

electrospinning. Main focus is the production ahtfibers.

The third chapter concentrates on controlling the melt viscositydmanging chemical and
technical parameters during electrospinning. THikeience of melt viscosity on the resulting
fiber diameter is discussed.

The fourth chapter describes the effect of process and ambient paessnen the fiber

diameters and their homogeneity.

Finally the fifth chapter discusses the stabilization of the polypropylem@adiibers by
addition of nucleation agents.
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Chapter 2: State of the art

1 Electrospinning

Electrospinning is an electrostatic spinning precgs18]. In this process, electric field
strength is used as a driving force to draw namodilfrom polymer solutions and melts [2, 4,
7, 8, 10, 13, 19-21]. For the formation of fibeassufficient amount of chain entanglements is
a requirement on the liquid state. Generally, mgblecular weight and sufficient polymer
concentrations favor fiber generation, while incélespraying, small molecules are used,
which are converted into tiny droplets or partic]2g]. Diameters of electrospun fibers can
range from 3 nmto 1.5 mm [2-4, 8, 9, 14, 23-26].

1.1History

Although electrospinning technique attracted speamerest in the last decades, its
fundamental ideas turn back more than 400 yearthdrate 1500, William Gilbert was the

first who observed the reaction of a fluid undeghhilectric charge. [27] He observed the
formation of a cone, when a piece of charged amilaer placed near to the droplet of water
[27].

In 1914, John Zeleny published a work on the beidraof fluids at the tip of metallic
capillaries [28]. He tried to simulate the behawbifluid droplets under the influence of the
electric field [19]. The first US patent appearedswvritten by Formhals in 1934 [2, 4, 5, 29,
30]. In the period in between 1934 to 1944, Formlmalblished series of patents describing
experimental pathways and setups to generate polijlmeents by electrical forces [30]. In
1969, Taylor developed an understanding for thiecaticonditions required to convert the
fluid droplet into a cone, which is generally tedr&s Taylor cone [28, 31]. In 1938, I. V.
Petryanov-Sokolov and N. D. Rozenblum could credéetrospun cellulose acetate using a
mixture of dichloroethane and ethanol as solveidt.[Zheir work led to the formation of a

factory for gas masks in 1939 in Tver [27].
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Though electrospinning was investigated a long tge, it started to gain continuous interest
in the last 20 years. This can be concluded fromingneasing number of publications
published in last years. Figure 2-1 shows the nundbepublications on electrospinning

published each year [32].
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Figure 2-1: Publication number on electrospinningm the last decade [32]

However, most of the newer publications on elegirosng deal with spinning from polymer
solutions. Almost 99% of papers published on etesgiinning of polymer solutions, while
less than 1 % of publications are based on mettrelpinning [32]. 1981 Larrondo et. al.
were the first authors who published the setugpfoducing fibers from the melt by using a
heat reservoir [1, 33, 34]. In their work, they wsleal the possibility to obtaining fibers from
melts of linear polyolefins as polypropylene andypthylene [1, 33, 34]. Their studies focus
on understanding the principle that defines mattebspinning. One major drawback of this
study can be attributed to the fact that effortly ¢ed to production of thick fibers in range of
50 — 400 um. However, they identified melt viscpsit the medium used to be an influential

parameter which affects the fiber diameter sigaitity.

Also the attempts of other researchers like Renekexl. [35], Khurana et. al. [36] and Lyons
et. al. [31, 37] did not lead to the generatiorpolypropylene nanofibers by electrospinning

of melts.
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In 2007, Dalton et. al was first to obtain polypytgme nanofibers by addition of viscosity
breaking agents forming nitroxide radicals [38].wéwer, by addition of viscosity breaking
agents the degradation process cannot be contimiémisely, especially when the polymer is

exposed to longer heating periods [38].

Since 1995, strong theoretical developments wegated in the field of driving mechanism of
electrospinning process [39]. More than that, esiten work has been done on the
development of a Taylor cone as well on jet insitads produced during electrospinning by
Reznik et. al. [39]. Nowadays almost 100 polymegsensuccessfully electrospun from the
solution and/or melt [40]. However, in case of nmaéctrospinning a small distance between
the spinning electrodes (4 cm) was necessary totepi molten polymer, thus restricting the

action of electrical forces to stretch the fiberteni@l to form ultrafine fibers.

1.2 Electrospinning process

An electrospinning apparatus consists of threecba®ments a high voltage supplier, a
spinneret fitted with a pump and a collector [8, 29, 30]. The spinneret is usually connected
to the power supply whereas the collector is grednd he process is started by pushing the
polymer solution or melt through a metallic capilaube to form a droplet at the spinneret
tip and ends with formation of fibers by electriéaices which are collected on the target [2,
5, 15, 22, 25, 26, 29, 30, 41-43].

Electrospinning is described by electrohydrodynathieory [29]. Three stages happen in
electrospinning to create fibers: Cone formatibmring and elongation of the jet and finally
solidification of the jet forming fibers [29]. Inhé first step, where the conical shape is
formed, a balance occurs between different forcéagon the cone as shown in Figure 2-2
[29].
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Figure 2-2: Schematic illustrations show the forceacting on the polymer jet at the conical region [2]

These forces are gravity, normal and tangentiatetestresses, viscosity and surface tension
[29]. Increasing viscosity slows down the formatiminthe cone, while the increase surface
tension retards the formation of new surfaces [28cosity and surface tension are working
against electrical stress, which tends to redueestirface charge density by creating new

surfaces to increase the distance between them [29]

At the last stage of electrospinning before sabdiion, the terminal diameter of the
electrified jet, ki is reached due to the balance of repulsion diasercharges by surface
tension [29]. Longer spinning distances lead terfiflbers by the action of the electrical field
[29].

1.3Developing of instabilities in electrospun polymejets

To start the electrospinning process, the eledtiastepulsion of the charges on the droplet
surface has to exceed the surface tension of polymeé/solution. After crossing the critical
value of electric field strength, a polymer jefasmed and stretched onto its way to the target.
During flying, the polymer jet undergoes stretchargl thinning through different instability
processes. Five types of instabilities are recaghizRayleigh instability, electric field

induced instability, Varicose instability, whippiray bending instability and kink instability
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[2, 5, 7, 13, 20, 29, 30, 37, 43-45]. These inditeds are caused by the repulsion of charges
on the jet surface [2, 5, 15, 25, 29, 30, 37, &3yleigh, electric field induced and varicose
instabilities are known as axis symmetric instéb#, while the bending or whipping
instability is known as axis asymmetric instabiligy 8, 9, 12, 13, 37, 40, 44-46].

Rayleigh instability is driven by surface tensidrttee fluid [9]. This instability tends to break
the polymer jet into small droplets and it becomssre important when the polymer jet
becomes thinner [2, 9, 37, 40]. It predominantlyppens with electrified jets of small
molecules or with short polymer chain lengths [2,39, 40]. Rayleigh instability can be
suppressed when the applied electric field andasarEharge exceed a threshold given by the
coefficients of the surface tension and the fibamter, i. e. Laplace pressure [44, 48jus,

the dominant instability in this stage dependsmgily on the viscosity and the conductivity of
the polymer jet [29]. By increasing the amount ohductive species in the jet, the axis
symmetric instability will be suppressed [29].

A similar effect results from an electric field tability as the charge distribution along the
fiber becomes inhomogeneous resulting in an unessnaf the lateral repulsion forces along
the fibers [2, 37, 40]. Both instabilities resuitthe formation of a bead in string structure,
also called varicose instability, and ultimatelyoreaks up into single droplets. Varicose can
be suppressed if the viscoelastic relaxation ofeflomgated polymer solution is slower than
vitrification of the polymer fibers, while the Ra&yyh instability and the electric field

instability occur directly at the beginning of tfieers [45].

Further enhanced non axis symmetric varicose effechused by small lateral fluctuation in

the centerline of the jet, this results in an ibsiy that bends the jet further and a whipping
typical for electrospinning [13, 40]. The straigat centerline is started to vibrate in zigzag
shape [31]. It is corresponding to the visible oegof the jet before the bending instability
occurs [31]. The whipping instability correspondsiéng wavelength oscillation of the jet

centerline and it occurs at some distance fromdtoplet tip [12, 37]. Ramakrishna et. al.

explained the existence of bending instability lo@ basis of perturbed jet [47]. Once bending
instability forms, the columbic forces cause refuf charges in random manner (Figure 2-
3) [47].
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Figure 2-3: Repulsion of charges on the polymer jetauses bending of the jet in random manner in the

bending instability region [47].

Once the node y is moving to y’, the columbic fergeand z pushes the node y” further far

away [47].

Bending instability disappears at high electriddiistrength and high flow rates resulting in
formation of straight jets along the distance betvelectrodes [31]. If the jet is broken into

droplets within the bending instability region, thetability is called Kink instability [31].
1.4 Solution electrospinning and melt electrospinning

The main difference between solution and melt edspinning is that in case of solution
electrospinning solid fibers are formed by evaporabf the solvent, while in case of melt
electrospinning fibers are formed by cooling doh,[40, 47-49]. Due to the differences in
viscosity, large differences in fiber diametersabeéd from the polymer solution and melt
can be observed. In solution electrospinning tiitverk, in the case of melt electrospinning
usually coarse fibers are generated. By evaporatifoime solvent, strong reduction in the
polymer jet will happen resulting in formation dfit polymer strands on the target [47]. On
the other hand, the high melt viscosity in the aafs@elt electrospinning impeded forming of
fibers during electrospinning, especially when thmperature in the spinning area slows
down. Therefore, fast solidification of the jetarferes with the electrical forces that stretch
the fibers [47].
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To overcome this problem is a big challenge in tebspinning, especially for polymers
which have no proper solvents at room temperatgreo@ypropylene and polyethylene
terephthalate [16].

In order to control the high melt viscosities aral grevent the polymer jet from fast
solidification, the chemical and processing paramsethave to be optimized e. g. by
increasing the temperature of melt and spinningnras well as by adjustment of melt

viscosity through addition of lower molecular weigiolymer chains or slipping agents.
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Chapter 3: Influence of melt viscosity on melt eldoospinning process

1 Abstract

Melt electrospinning is a useful technique for gatiag nanofibers by electrically driven
forces. Advantage of this technique is the posgitilf generating fine fibers without need of
any solvent. It is a suitable solution for thernagpic polymers that have no convenient
solvents at room temperature as polypropylene breioylene. However, the generation of
fine fibers with diameters below 1 pum still remaiasbig challenge. The generation of
ultrafine fibers is restricted by fast fiber sofidation in the spinning room as well as by high
melt viscosities which constrain the stretchingha polymer jet forming a thin thread of the
polymer. Apart from temperature adjustment of tipensing area, the melt viscosity of
polypropylene was significantly reduced by reductiof the friction between melt and
surrounding wall, e. g. the orifice as well as hstutbing the chain-chain interactions. The
latter influences the degree of crystallization ethivas found to be essential for generation of
fine fibers. In this chapter melt viscosity and staflization behavior of high molecular
weight polypropylene was influenced by compoundmth internal and external slipping
agents as well as by adjustment of melt temperatndeapplication of a heat gradient to the
spinning room. The electrospun fibers were charaet@ by scanning electron microscopy
(SEM), in order to investigate their diameters &othogeneities, and by dynamic scanning
calorimeter (DSC) to study the effect of small ncoles used as viscosity reducing agents on

the crystallization behavior in the polypropyleneefs.
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2 Introduction

During electrospinning, the polymer melt is charggdapplication of high voltages leading to
the formation of a polymer jet that arises from gpmnneret towards the target. A main
problem of melt electrospinning is the generatibeaarse fibers due to high melt viscosities
of the polymer which influence and constrain thenghtion of the polymer jet driven by
electrical forces. One possibility to influence #@nning process and facilitate generation of
fine fibers is to reduce melt viscosity. Thereforescosity and viscosity influencing factors

are important parameters for adjusting the fiberabteristics.

Viscosity is defined as an internal fluid propenyhich refers to the resistance of a fluid to
flow under the effect of shear or extensional seeg1]. According to their flow behavior,
fluids are classified into Newtonian fluids as wadad glycerin and non-Newtonian fluids as
polymers. Newtonian fluids show constant viscositydifferent shear rates, while for non-
Newtonian, the viscosity of the fluid is changirigdiferent shear rates [2]. Polymers show
viscoelastic behavior [2]. At lower and fast sheéaformations, polymers react as elastic
materials; the shape of the material will returnitfoinitial position after removing of the
applied force [2]. On the other hand, at higheraststresses, non linear viscous behavior is

appearing and viscosity depends on the shear2hte [

Aim of the work was to study the influence of meliscosity on the behavior of
polypropylene during electrostatic spinning. Apaidm detection of viscosity ranges that
enable electrospinning in general, this includeditivestigation of viscosity affecting factors
as temperature, molecular weight, molecular weighstribution and structure of

polypropylene in the presence and absence of ifhy@rsl) agents on the resulting fiber shape.

2.1Parameters affecting melt viscosity

Viscosity is generally caused by forces acting oacrmomolecules as Van der Waals or
London forces which are week dielectric force [Bhese week forces acting on the polymer
chains are partially caused by their molecularcstme (linear or branched molecules) and
correlate to the viscoelastic behavior. Other patans and small substances significantly

alter (e.g. increase or reduce) melt viscosity.
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2.1.1 Effect of molecular parameters

Generally, increasing the molecular weight of patyrohains increases the value of viscosity,
due to segmental friction force§) @nd the formation of the entanglements [4, S5krifical
number is M or M. which correspond to crossing points between chi@n$é] in melts. By
increasing the chain length, above the critical enolar weight (M: molecular weight
between two entanglement points) the entanglenteadsto an increase of melt viscosity, and
consequently in an increase of the proportion ébrteation due to chain uncoiling [2, 6, 7].
Shear viscosity has different proportionalitiesdsefand after the critical molecular weight
[7]. Before the viscosity is proportional to the lexular weight, while after Mviscosity is
proportional to (M} as shown in equations 1 and 2 [2, 5, 7, 8].

M<Mc>n~M 1)
M> M, > n~M® (2)

Above M, shear deformation requires rearrangement of tiianglements and significant
coil deformation. Theoretically, this has been désd by the reptation theory, where the
terminal relaxation time is given by the time a polymer chain needs toatepbut of the

original entanglement confinement [2, 5, 7]. Byregasing the molecular weight, the terminal

relaxation time is increased [7].

The relation between molecular weight polydispgrdiranching and viscosity is a crucial
factor for electrospinning. The polymer chain léngas to be sufficient to guarantee enough
entanglements and formation of a continuous jet6[49-11]. On the other hand, too high
viscosities cause some difficulties when stretchiregpolymer droplet and jet [6]

2.1.2 Effect of external parameters

The main external parameters affecting melt vidggosre shear rate and temperature.
Normally with shearing, the chain configurations ahanged from coiled to extended state.
The viscosity reduction is caused by slipping andntation of chains under the influence of
shearing. Figure 3-1 shows the relation betweeargiage and viscosity.
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Figure 3-1: Shear-rate dependent viscosity of a painer melt.

Additionally, shear rate alters the friction of §helymer melt with the wall of the spinneret.

In addition to the shear viscosity, elongationalestensional viscosity has to be taken into
consideration. Elongation viscosity becomes sigaiit in the electrospinning area, where the
fiber cross section is reduced by applying an esiteral stress as electrical field [12]. The
elongational viscosity at the linear range of defation can be up to 3 times the value of zero
shear viscosity [13]. Although shear and elongatiomiscosities are time dependant
behaviors, the reaction at high shear or elongatate in non-linear range is completely
different [13]. With shear rate, the melt viscosyreducing with increasing the shear rate
while in case of elongational viscosity the vistpsialue is increasing by increase of the
elongation stress [13].

2.2Viscosity measurement

In this chapter, a cone-plate rheometer was usedetsures the viscosity in a wide range of
applied shear rates. The zero shear rate values determined to compare the viscosity of

polymer melts at low shear rate applications adeatrospinning.
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2.3 Control of melt viscosity

Controlling of melt viscosity can be achieved byduetion of the molecular weight,
verification of the molecular weight distributiomtroducing long chain branching or by
addition of slipping agents [4]. However, increast temperature leads to polymer

degradation as well as to undesirable side reaptioducts [14].

Reduction of the molecular weight is one possipitid reduce the viscosity. This can be
achieved either by addition of radical generatinigsséances or by blending of polymers with
different molecular weights [15]. Viscosity breaffimgents perform controlled radical
degradation of the polymer. The regularity in chaaission is a result of forming stable
radicals due to formation of a hindered structurecase of polypropylene, peroxide or
nitroxide radical forming auxiliaries are used prably attacking the tertiary carbon atom
[16]. The degradation reaction starts with inibatstep, where the radicals are formed at high

temperatures [16].

R-R 5 2R

R* + 02 - > R—O—0O*

Figure 3-2: Initiation step in polypropylene radicd degradation with peroxide radicals

In the second step, the peroxide radical attac&stettiary carbon atom or abstract the H
from tertiary carbon atom leading to subsequeravege of the chains starting from this point
via B-cleavage causing reduction of molecular weighf,[Fégure 3-3. The chain cleavage

process is terminated by radicals recombinatidoyatisproportion [16].
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CH, CH, CH; CH; CH;
. - .
R' W RVV
CH CH CH
3 3 3 CH; CH;

Figure 3-3: B-cleavage causes reduction of polypropylene chaiergth

Apart from controlled polymer degradation in thegence viscosity breaking additives also
uncontrolled polymer scission can occur. Since thisrferes with the fiber formation by
changing from jetting to dripping mode, longer teexposure of the polymer melt to higher

temperatures should be avoided [6, 10].

A reduction of the process viscosity at low tempae without affecting the polymer chain
length can be affected by internal slipping agemtBjch are compatible to the molten
polymer at the processing temperature range [7,58,17]. Slipping agents can be small
molecules or nanoparticles which interfere with godymer chains [7, 15]. This leads to a
reduced melt viscosity without reducing the numbérentanglements [15]. Stearates are
usually used to reduce the frictional forces betwem outer wall (e.g. spinneret) and

polypropylene melts.

With nanoparticles, Mackay et al. could reducerntedt viscosity of polystyrene to 80 % [3,
8, 17]. Incorporation of the small particles intee tpolymer melts obviously can reduce the

entanglements with minimal changes in radius oatgn [8].
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3 Experimental

3.1Electrospinning

The electrospinning device consists of a high gataupply (Eltex KNH34 purchased from
Eltex Elektrostatic GmbH, Weil am Rhein, Germargyg;ylindrical (used to collect parallely
oriented fibers) or a flat target (for non-wovea)syringe pump (type HA 11 plus Harvard
Apparatus purchased from Hugo-Sachs Elektronik Gpifdeirch-Hugstetten, Germany), a
heating chamber (manufactured by DWI workshop) argkat gun (Leister, purchased from
Klappenbach GmbH, Hagen, Germany). The collectistadce was varied between 40-80
mm. The flow rate was fixed at 0.2 mL/h and thetie field strength was altered from 2-7.5
kV/cm. The first electrospinning device shown igiie 3-4 was used to test the productivity
of the polymer to be electrospun. The electrospigrsiystem was subsequently modified into
the electrospinning device shown in Figure 3-5, neha heat gradient was introduced
between the electrodes to enable the introductiavh@ping instability for further stretching
of the polypropylene fibers. The heat gradient wasated by blowing a portion of a hot air
blown by the heat gun through the lower orificaled heating chamber as shown in Figure 3-
5.

Polymer sticks were filled into 2 mL glass syringe&l molten at varying temperatures in the
heating chamber by a heat gun. The temperaturestigated for melt electrospinning ranged
from 220°C to 275°C. The warm air-current providedechnical feasible heat source and
allowed working with high melting polymers. The hirg chamber enabled homogeneous
distribution of the temperature around the syrirgdigh positive voltage was applied to the

spinneret and the fibers were collected either @grounded rotating aluminum cylinder

(diameter 80 mm, length 100 mm) or a grounded alumiplate. The grounded cylinder was

rotated at a speed of 2000 rpm. Both collectorewewrered with aluminum foil.
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Figure 3-4: Schematic illustration of the setup othe electrospinning device using a rotating cylindeas

target for collection of aligned fibers.
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Figure 3-5: Schematic illustration of the setup ofhe electrospinning device using a flat aluminum pite as

target for collection of non-wovens.
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3.2Materials
3.2.1 Isotactic polypropylene

Isotactic polypropylenes (i-PP) with molecular weigy 12000, 190000, 250000, 340000 and
580000 g/mol were purchased from Aldrich-Sigma (Kachen, Germany). Further on these
polymers are referred to as PP 12000, PP 19000@5B600, PP 340000 and PP 580000. In
addition i-PP HL 504 FB with Mw 181000 g/mol wasrghased from Borealis (Gent,
Belgium) and Profax PF 814 as long chain branchagppopylene (Mw 1157 000 g/mol)

was purchased from Basell Polyolefine GmbH (MaBarmany).
3.2.2 Preparation of polypropylene blends

Blends of short chain i-PP (SCPP = PP 12000) ang &thain i-PP (LCPP = PP 190000, PP
250000, PP 340000 and PP 580000) were preparedxirygnthem in a Plastografitkneader
type 30 EHT with rheometer (BrabenBleBmbH and Co. KG, Duisburg, Germany) and
kneading at 200°C with mass ratio (SCPP : LCPF:1(995:5, 90:10, 80:20, 60:40, 40:60
and 20:80)

3.2.3 Additives

As slipping agents, PDMS (poly dimethylsiloxaneyrghased from DOW Cogins, and
sodium stearate were used in this chapter. PAOygloxysilane) was synthesized by one
pot synthesis via catalytic condensation of TEGSrgethoxysilane) with acetic anhydride

according to the following mechanism [18-20]:
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Figure 3-6: One pot catalytic condensation synthesiof PAOS

Sodium stearate was synthesized by esterificaBantion using ethanol as a solvent. Stearic
acid and sodium hydroxide were purchased from Sigwdaaich (Taufkirchen, Germany),
dissolved in ethanol and mixed. Sodium stearateisaated by evaporation of ethanol using

a rotary evaporator.

Alkoxyamine Irgatec CR 76 was purchased from Cilpez&lititenchemie Lampertheim
GmbH (Lampertheim, Germany) and Di-tertbutylperexidas obtained from Sigma-Aldrich
(Taufkirchen, Germany). Both auxiliaries were usasl viscosity breaking additives as

received.

Addition of auxiliaries was performed using a twsarew extruder. The mixtures were

prepared in the form of sticks by injection of thectures into a stick form mold.



Chapter 3: Influence of melt viscosity on melt &lespinning process: Characterizatidii
methods

3.3 Characterization methods

The viscosities of polypropylene blends and mixdunesre measured by a stress controlled
cone-plate rheometer of type DSR SR-200 (Rheo s&rReichelsheim, Germany) applying
shear rates between 0.5-1000 $he melt viscosity was measured at 220°C, as wfoste

blended materials were electrospun at this temyerat

Fibers were characterized by scanning electronaseapy (Hitachi S-3000 N, Hitachi High-
Technologies Europe GmbH, Krefeld, Germany). Falysis, the aluminum foil with the
electrospun fibers was fixed onto an aluminum SEib @nd subsequently gold-coated and
analyzed. An electron beam of 15 kV and workindatise of 7-15 mm were used to image
the electrospun material. The presented fiber diarsevere measured using representative

images of the electrospun fibers (average numide28independent measurements).

For thermal analysis, dynamic scanning calorim@&$C) measurements of the spun fibers
were performed on a Perkin EImer DSC. A sample-&0#ng was closed in an aluminum

pan and measured at heating rate of 10°C/min froto 200°C.

3.4Results and discussion

3.4.1 Influence of melt temperature

Due to the temperature influence on melt viscogltg, initial investigations on the spinning
performance were carried out at temperature rangevden 190°C and 240°C for
polypropylene (Mw: 190000 g/mol) blended with 4-¥.sodium stearate. Figure 3-7 shows
the relation between temperature of the melt amd gkear viscosity which is reduced with
increasing temperature. Arising the melt tempeettrom 185°C to 205°C results in
significant fiber diameter reduction from 22 + Qum to 1.8 = 1.3 um. Above 205°C no
further reduction in fiber diameter was detectelisTis already demonstrates that the melt

temperature influences the resulting diameterdemft®spun fibers to a special extent.
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Figure 3-7: Relation between temperature and zerohear viscosity for PP 190000 containing 4 wt.-%
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Figure 3-8: Relation between temperature and fibediameter for PP 190000 containing 4 wt.-% sodium

stearate electrospun at applied voltage 25 kV andhé distance between electrodes of 8 cm.
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3.4.2 Influence of molecular weight

The zero shear viscosity increases with the leongtolypropylene chain by increased chain
entanglements. This is shown in Table 3-1 for déffie polypropylene types with a molecular
weights of 12 000 g/mol and 580 000 g/mol.

Table 3-1: Ranges of zero shear viscosities okewdifit molecular weights polypropylenes

measured at 220°C.

Polypropylene Zero shear viscosity (Pa.s)
PP 12000 0.51
PP 190000 860
PP 250000 3006
PP 340000 5686
PP 580000 14992

With special regard to the spinning performancéhete materials only with lower molecular
weight polypropylene (12 000 g/mol) fibers wereashéd, Figure 3-9. This is due to the low

melt viscosity (zero shear viscosity = 0.51 Pa.s).

Figure 3-9: SEM graph of melt electrospun polypropjene fibers of molecular weight 12000 g/mol
produced at flow rate 0.2 ml/h, applied voltage 26. kV/cm, distance between electrodes of 4 cm and
rotation speed 2000 RPM.

The alignment of the fibers in Figure 3-9 resuitsnf using a rotating collector at a rotation
speed of 2000 RPM. Therefore, it cannot be excluthed the fibers were additionally

stretched by mentioned forces resulting from theentent of the collector.
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3.4.3 Polypropylene with bimodal molecular weight distribution

The melt viscosity can be influenced by additionshbrt polmer chains to longer ones to
enhance the electrospinnability of higher molecwlaight polypropylenes. The zero shear
viscosity is also increasing with the portion ofjliner molecular weight polypropylene in
blended polypropylenes due to increase of entarggigsrbetween polymer chains. This can
be seen in Table 3-2 for different polypropylenendls of PP 12000 containing different
concentrations of PP 190000.

Table 3-2 : Zero shear viscosity ranges of blendssmatios for the blend PP 190000 and PP
12000 measured at 220°C.

PP blends Zero shear viscosity (Pa.s)
60 wt.-% PP 190000 + 40 wt.-% PP 12000 75
80 wt.-% PP 190000 + 20 wt.-% PP 12000 112
90 wt.-% PP 190000 + 10 wt.-% PP 12000 156
99 wt.-% PP 190000 + 1 wt.-% PP 12000 240
PP 190000 860

The increase in zero shear viscosity influencedibiee diameter independently on the electric
field strength as shown in Figure 3-10. By incregghe mass fraction of long polymer chain,

the fiber diameter is consequently increased.
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Figure 3-10: Relation between the concentration dPP 190000 in PP 12000 and fiber diameter for fibers

electrospun at 4, 4.75 and 5 kV and at distance bveten electrodes 4 cm.

This is consistent with the zero shear viscosighl& 3-2 caused by increasing the possibility

of long chains to entangle with each other.

Table 3-3: Molecular weight of LCPP and zero shestosity measured at 220°C.

PP blends Zero shear viscosity (Pa.s)
40 wt.-% PP 190000 + 60 wt.-% PP 120Q0 51
40 wt.-% PP 250000 + 60 wt.-% PP 12000 92
40 wt.-% PP 580000 + 60 wt.-% PP 12000 1688

As hypothesis it was supposed that the produced élameter of electrospun fibers increases
together with the increasing chain length of LCRPcontrast Figure 3-11 shows that the
electrospun fiber diameters (at different elecfietd strengths) are reduced with increasing
chain length of LCPP.
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Figure 3-11: Relation between electric field strertp and fiber diameter of different polypropylene blends
electrospun at differenet electric field strength,applied voltage ranged from 15-20 kV and at distare

between electrodes 4 cm.

This might be due to existence of an equilibriurtwaen relaxation time and deformation of
the polypropylene fibers before solidificationgi. the deformation of fibers will be reduced

by increasing of the relaxation time resultingannhation of thin fibers.
3.4.4 Influence of molecular structure

Long chain branched polypropylene molecules arel isaeduce the melt viscosity of the
lower polypropylene types. Figure 3-12 shows thatrelt viscosity is reduced around 33%
by addition of Profax PF 814.
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Figure 3-12: Relation between molecular structure ad melt viscosity of the produced polypropylene
mixture containing 10 wt.-% Profax PF 814 and PP 1@00.

By electrospinning of the polypropylene blend camtegy Profax PF 814, the resulted
electrospun fiber diameters are larger than oftedepun PP 190000, Figure 3-13. This might
be due to the high expansion rate of Profax PFiBI#olten phase as a consequence of its

nature and exhibits a pronounced strain hardenasglting in limiting of the polymer
stretching by electrical forces [21].

100 pm .+~

. —————————
\WDL5L7mm 150KV, x4005 100um§

Figure 3-13: SEM graphs show electrospun polypropgne fibers of PP 190000 (A) and PP 190000
containing Profax PF 814 (B) electrospun at electrifield strength 3.13, Applied voltage 25 kV and th
distance between electrodes of 8 cm.
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3.4.5 Effect of slipping agents
3.4.5.1 Influence of type of slipping agent

By addition of small molecules or nanoparticles etthare compatible to the polypropylene
matrix melt viscosity of high molecular weight pptppylene can be altered. To check the
performance of the slipping agents on reductiommeft viscosity different slipping agents
were mixed with PP 190000. Table 3-4 shows thatusodstearate reduced the zero shear
viscosity significantly rather than the used nambplas PAOS and PDMS. This could be due
to the limited miscibility of PAOS and PDMS in PRairix comparable to the miscibility of
sodium stearate [22].

Table 3-4: Zero shear viscosity ranges of polyplepy mixtures containing different types of

slipping agents measured at 220°C.

Polypropylene mixture Zero shear viscosity (Pa.s)
PP 190000 860
99 wt.-% PP 190000 + 1 wt.-% PDMS 426
99 wt.-% PP 190000 + 1 wt.-% PAOS 352
95 wt.-% PP 190000 + 5 wt.-% Na-steara‘te 262

As a result of melt viscosity reduction by slippiagents, electrospun fibers were found to be
smaller in size with narrower fiber diameter distition compared to electrospun PP 190000

(shown in Figure 3-14).
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Figure 3-14: Fiber diameter ranges of polypropylendibers containing different types of slipping agets
electrospun at electric field strength 3.13 kV/cmapplied voltage 25 kV and at distance between electles

8 cm.

Figure 3-14 shows that by addition of sodium stieafiae fibers in the range of 0.54 + 0.26
um were generated. This can be attributed to thedl size of the stearate molecules which
assists it to interfere with the polymer chainsul&sg in reduction of the melt viscosity.

Therefore, sodium stearate has been chosen amglipgent for further experiments due its

potential of generating of ultra-fine fibers.
3.4.5.2 Effect of slipping agent concentration

With the feasibility of producing ultrafine fibetsy compounding polypropylene with sodium
stearate, the influence of concentrations of sodtearate was tested with specific regard to
melt viscosity, resulting fiber diameter and fibgroperties. Figure 3-15 shows that by
addition of only 1 wt.-% sodium stearate melt vEtpwas reduced significantly. Further

observable reduction occurs at concentrations hitjlaa 2 wt.-%.
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Figure 3-15:; Melt viscosity ranges of different patpropylene mixtures containing different concentratons

of sodium stearate.

Figure 3-16 shows that by increasing the amountsodfum stearate, fiber diameters were

reduced from 1.77 £ 0.90 um to 0.55 = 0.26 um aed homogeneity were increased.
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Figure 3-16: Relation between concentration of sodim stearate and fiber diameter of fibers electrospn

at electric field strength 2.75 kV/cm, applied volige 22 kV and at distance between electrodes 8 cm.

This leads to the assumption that the existencdium stearate in concentrations above 2

wt.-% possibly not only acts as an outer slippiggrda but also reduces crystallinity. Figure 3-
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17 shows that by addition of sodium stearate, te& enthalpy is significantly reduced from
115 J/g down to 82.5 J/g.
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Figure 3-17: DSC measurements show the reduction afegree of crystallization by addition of sodium
stearate.

This indicates that sodium stearate at high comagonhs reduces the crystal formation. This
obviously has consequences for the accessible fibeness. SEM graphs in Figure 3-18
shows that by reduction of melt viscosity and degwé crystallization; polypropylene fibers
down to 500 nm were resulted indicating that theéuotion of crystallinity of PP is an

essential factor for generating of nanoscaled $ilvéa electrospinning.

Figure 3-18: SEM graphs shows electrospun polypropgne fibers containing sodium stearate electrospun
at electric field strength 2.75 kV/cm, applied volage 22 kV and at distance between electrodes of Bi.c
Left: Polypropylene fibers containing 1 wt.-% sodiun stearate (fiber diameter: 1.79 + 1.23 pm). Right:

Polypropylene fibers containing 5 wt.-% sodium stewate (fiber diameter: 0.552 £ 0.26 um).
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3.4.6 Influence of viscosity breaking agents

3.4.6.1 Type of viscosity breaking agent

In order to test the efficiency of viscosity breaki agents on the melt viscosity of
polypropylene, Irgatec CR 76 (Nitroxide radicalapaDi-tertbutylperoxide were mixed with

HL 504 FB by twin mini-lab extruder at 200°C anéattospun at electric field strength 3.13
kV/cm. It was detected that the mixture containpegoxides has lower viscosity than that

containing nitroxide auxiliaries as shown in TaBib.

Table 3-5 Zero shear viscosity of polypropylene tomigs containing radical auxiliaries

Polypropylene mixture Zero shear viscosity (Pa.s)
HL 504 FB 56
HL 504 FB + 1 wt.-% Irgatec CR 76 49
HL 504 FB + 1 wt.-% Di-tertbutylperoxide| 15

This result has an influence on the electrospuer fithameter and fiber homogeneity. Figure
3-19 shows that the fiber diameter containing peles are thicker than fibers containing
nitroxides auxiliaries. This could be due to thdden viscosity reduction because of the high
chain scission rate caused by peroxides. Thisteesulncreasing of the flow rate to the limit

which is not more controllable.
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Figure 3-19: SEM graphs shows polypropylene fiberglectrospun at electric field strength 3.13 kV/cm,
applied voltage 18 kV and at the distance betweeregtrodes 8 cm. A: HL 504 FB (fiber diameter: 2.8&

2.61 um), B: HL 504 FB containing di tert. butyl peoxide (fiber diameter: 1.21 + 1.07 um) and C: HL B4

FB containing Irgatec CR 76 (fiber diameter: 15.26 6.08 um). The fiber diameter distributions show at

fibers contain nitroxide radicals is smaller in siz2 with narrower fiber diameter distribution than th ose
fibers contain peroxide radicals.
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3.4.6.2 Effect of degradation time and amount of viscositypreaking agent

The chain scission process can be continued dumigl) electrospinning by already formed

radicals resulting in changed fiber properties Witte. For this, it is necessary to regulate the
chain sission process during electrospinning topkdwe fiber properties as long as melt
electrospinning occurs. Therefore, sodium steanats added to polypropylene containing
different concentrations of Irgatec CR 76 to redtlo® chain scission through chelating of
stearate molecules with acid scavengers resultad fratalytic synthesis of polypropylene

and to test the effect of vis-breaking agent cotreéion on the electrospun fiber diameter.
Figure 3-20 shows that the electrospun fiber diamistreduced with increasing the amount
of Irgatec CR 76 and most of the obtained fibergeehdiameters below 1 pm. This indicates
that by increasing the radical concentration, mamtve species exist in the polypropylene

matrix and the sission rate is increased.

2,0
B PP 190000 + 1 wt. % Irgatec CR 76
,é\ B PP 190000 + 1.5 wt. % Irgatec CR 76 |
d + Y
315 PP 250000 + 1 wt. % Irgatec CR 76
- B PP 250000 + 1.5 wt. % Irgatec CR 76
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= |
£ 10
3
| —
S
iz 05
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Degradation time (min)

Figure 3-20: Relation between the amount of radical and fiber diameter of polypropylene fibers
containing 5 wt.-% sodium stearate electrospun atlectric field strength 3.13, applied voltage 25 k\and

at the distance between electrodes of 8 cm.

In absence of sodium stearate, the scission prdakss place in vigorous way as the acid
scavengers facilitate the chain scission rate. das be shown in Figure 3-21 when
polypropylene HL 504 FB containing 1 wt.-% IrgatéR 76 was electrospun at different time

intervals. Figure 3-21 shows that by increase tinattbn of electrospinning, beads start to
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appear. After 10 minutes of starting electrospigrtime bead-free fibers are not produced due
to uncontrolled chain degradation as a result afjlbeating periods. As a consequence of
that, the jetting mode of the polymer jet was repthby dripping mode.

45 min

Figure 3-21: SEM graphs shows the developing of mphology of the electrospun polypropylene fibers (PP
HL 504 FB containing 1.5 wt.-% Irgatec CR 76) at diferent electrospinning durations at electric field
strength 3.13 kV/cm, applied voltage 25 kV and athie distance between electrodes of 8 cm.
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4 Summary

Melt viscosity is a crucial factor in melt electpaisning; it enhances or retards the stretching
of the polymer jet by electrical forces. The ma#icosity of polypropylene can be modified
by increasing the temperature, mixing differentichangths of the polymer, adding slipping

agent, or of viscosity breaking agents.

Increase the melt temperature can reduce the fibameter significantly; however,

overheating of the polymer has to be avoided tegnedegradation of the polymer.

Polypropylene blends modified with only short chingth polymer and containing no other
additive can be electrospun. However, the smdlilest diameter can be obtained was larger

than 1 pm.

Further reduction of fiber diameter was obtaineddxjuction of melt viscosity and degree of
crystallization by addition of sodium stearate. iBod stearate at low concentration is acting
as an outer slipping agent; however, by increagsgoncentration, it significantly reduces
the diameter of the generated fibers into the raidg0 nm. This is due to its propensity in

districting of crystallization of polypropylene win@dded in high concentrations.

Using nitroxide and peroxide radicals in electragpig has to be controlled, as the
degradation process can continue during the ekgaitroing process. Degradation process can
be slowed down by addition of stearates as chelagents for acid scavengers. Results show
the possibility to produce fibers with diametersafier than 1 um. In absence of stearate, the
fiber morphology is changed with electrospinningeiresulting in formation of beaded fibers
and finally beads at longer electrospinning duratiwore than 10 minutes.
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Chapter 4: The Influence of ambient and processingarameters on melt electrospinning

of polypropylene

1 Abstract

With melt electrospinning of polypropylene, polymaanofibers can be produced via
stretching the polymer jet by an external electrfegld. Beside the chemical and physical
properties of the polypropylene melt which affette telectrospinning process; other
parameters play an important role in determining pmoduced fiber diameter and fiber
diameter distribution. The processing and ambieareupeters affect the stretching forces
which have a direct influence on fiber diametehefi morphology and degree of
crystallization. In this research polypropylene oféver manufacturing processes were
optimized. The morphology of the generated nandibeas characterized by scanning

electron microscopy (SEM).
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2 Introduction

The generation of nanofibers is of interest for ynandustrial applications such as filtration
and tissue engineering due to their extremely hgtect ratio (high length to diameter ratio).
Comparing to the conventional spinning techniqueshsas melt blown spinning, electrospun
nanofibers are created by electrical forces. Néeod have been electrospun from the
polymer melts and solutions in a cost effective nearsuitable for specific applications which

do not require large amounts of non wovens.

Besides the generation of nanofibers by soluti@etebspinning, polymer nanofibers can be
generated by melt electrospinning as well. Howef@r works were done describing the
generation of fibers by melt electrospinning [1-Bhe reason behind the existence of few
published works in this topic was due to high me#icosity of the polymer melts which
retards the stretching of polymer jet into nanafbe

In this research, polypropylene was electrospua m@nofibers to generate non-woven for
filtration process. Polypropylene has been chosecalse of: 1) Its competitive prices
comparable to other polymers 2) Commercial avditgbivith wide spectrum of molecular

weight and distributions, 3) low glass transitiemperature (0°C) and 4) High melting point
(160°C). These properties enable us to use polypgop nanofibers at high service

temperatures.

Besides those parameters directly influencing thigrper melts as melt viscosity, processing

and ambient parameters including electric fielerggth, the distance between electrodes or
humidity are known to affect the electrospinninggass and the resulting fibers. Lyons et al.
studied the influence of processing parameterdiergénerated polypropylene fiber diameter

in an attempt to generate ultra-fine fibers. Howehe could obtain only fibers above 1 pm

[3].

The aim of this research is to generate polypromyleanofibers via melt electrospinning and
to optimize the processing and ambient parametetsding electric field strength, flow rate,
distance between electrodes, needle diameter .t®tgenerate ultra-fine polypropylene
fibers. The high melt viscosity of polypropylenesaaltered by addition of sodium stearate as

slipping agent.
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2.1Influence of the heat gradient

Generally in electrospinning processes, a gap lestvedectrodes exists which facilitates the
elongation of the electrospun fibers before sabidiion on its way to the target. The
solidification process occurs in this gap via evapion of the solvent in case of solution
electrospinning or by cooling down of the melt iase of melt electrospinning. In melt

electrospinning, heating the region between eldescenables the polymer jet to remain in
the molten phase and additional elongation of ééier can take place before deposition [6-
8]. Too fast or too slow cooling of the polymer jeads to poor quality fibers [8]. Fast
cooling of the polymer jet leads to generation itk fibers, while slow cooling results in

fused fibers on the target due to incomplete datamtion of the polymer jet [8].

The heating gradient between the electrodes cartinel solidification process and final fiber
diameter. A heat gradient with a large hot areditates the formation of thin fibers due to an

increase of whipping, elongation and thinning befibre fiber is collected.
2.2Influence of the electric field strength

Electric field strength is the force that stretches polymer solution or melt into fine strands
by applying a high voltage [9]. During electrospimg the shape of the pendant droplet at the
tip of the capillary is varied as a result of cleamgpulsions on the droplet surface which
occurs before the critical voltage required ejartime polymer jet [10-12]. Once the barrier of
the critical electric field strength is surpassaag the balance between electric field strength,
viscosity, gravity, aerodynamic, surface tensiod arertia forces is established, the pendant
droplet is deformed into Taylor cone with a halhecangle around 49.3° [2, 3, 13-15]. In
order to obtain a successful constructing of thigmer threat (jet) the electric field strength
has to overcome the other forces affecting the &bion of the parent polymer jet, see Figure
4-1 [16].
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F(surf) F(rheo) F(in) F(aero)

F(elect) F(grav)

Figure 4-1: Jet analysis shows a balance betweerffdrent forces affecting on the polymer melt jet dung
electrospinning. F (surf): Surface tension forcesk (in): Force of inertia, F (aero): aerodynamic foce, F
(elect): electrical force, F (grav): force of the ravity and F (rheo): Viscosity) (source: DTU, Danig

Polymer center, Prof. Jargen Lyngaae-Jgrgensen).

Taylor et al. concluded that the critical voltage éjection of the polymer jet was found to be
a function of distance between electrodes (H),tled the needle (L), radius of the tube (R)
and surface tension)([3, 13, 17-20]. Altering the electric field stigth significantly affects
the velocity and amount of material drawn from pertddroplet which consequentially
influences the Taylor cone and fiber diameter T2le Taylor cone becomes shorter and more
concave in shape in the case of increasing of teetrie field strength, while the fiber

diameter is reduced by increasing the electrid fettength [13, 20, 21].

Baumgarten et al. observed that within wide ranigapplied voltages, the fiber diameter is
reduced and then increased again [22]. This flaicman the fiber diameter was interpreted
as following: At low applied voltage, the spinnimglocity is low resulting in generation of
large fibers due to drawing of polymer chains wabiled configuration. Increasing the
applied voltage results in charging of the polynpetrand increase the drawing force ending
with the formation of thin fibers [18]. By furtheroltage increase, more material will be
pulled out from the nozzle with high velocity, réswg in formation of thick fibers due to

resizing of the Taylor cone, Figure 4-2 [22].
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Figure 4-2: The half cone angle of the polymer eléospun jet at very high applied voltage is reduced

resulting in formation of thick fibers.
2.3Influence of the flow rate

The flow rate of the polymer melt or solution deteres the amount of the material available
for electrospinning [16]. It has an affect on tledymer jet velocity and consequently the fiber
diameter [15]. The fiber diameter is increasinghwthie supply rate due to higher volume of
the material drawn from the nozzle [16, 23, 24)wiftow rates are necessary to have a stable
cone-jet mode with obvious bending instability déag in reduction of fiber diameter [23].

Ramakrishna et. al. observed that the fiber diamsteeduced with increasing the flow rate
[16]. They explained that by increasing of the esponding charges on the jet consequently
with the flow rate which results in stretching aflymer jet strongly by charge repulsions to
form thin fibers [16].

2.4 Effect of the distance between electrodes

The distance between electrodes affects the margiichnd fiber diameter and diameter
distribution of the electrospun fibers [15]. Theipging instability would be induced by

increasing the distance and facilitates elongatiathe jet [15]. Both the distance between the
electrodes and the electric field strength are etjoselated and can not be regarded

independently.
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In melt electrospinning, it is difficult to geneeathin fibers by increasing the distance
between electrodes due to a high threshold valueeatric field strength as a result of high
melt viscosity in comparison to solution electrospng. Therefore, the areas of
electrospinning with melt electrospinning are seralhan in case of solution electrospinning,
Figure 4-3.

HV HV

g
e

Figure 4-3: Difference in electrospinning area beteen melt electrospinning (left) and solution

electrospinning (right)

In literature on melt electrospinning, mostly snditances were used for fiber generation.
However, mostly large fiber diameters have beeremniesl due to absence of whipping
instability [2-5]. Introducing a heat gradient beewn electrodes facilitates the electrospinning
of high viscous polymer melts at large distancele Theat gradient enables whipping

instability by preventing the fast solidificatiofitbe polymer jet and results in finer fibers [7].
2.5Influence of the needle diameter

The nozzle diameter has been found to have a naffiect on the electrospinning process
[16]. However, for much smaller diameter spinneretisich are enough to compress polymer
melts, the fiber diameters are increasing with cida of needle diameter, due to die swell

phenomena [16, 25].

In laminar flow of polymer melts, the die swell cbe separated into three components [25]:
A small Newtonian swell, a sudden elastic recoarihe exit and an additional swelling due
to slow stress relaxation [25]. The sudden elastmovery happens due to recoiling of
polymer chains once the wall shear stress is despp at the die exit [25]. The additional



Chapter 4: The Influence of ambient and procesgargmeters on melt electrospinning tf
polypropylene: Influence of the spinning environmen

swelling can be reduced in long capillaries witghhivalues of L/D by fading the memory

effect of the first normal stresses gained duriagsing of polymer melts through the die [25].

Industrially, the term of pressure los&P() is concerned. Pressure loss is the amount of
pressure required to compress the polymer chamsecdo each other upon their passing
through a narrow canal, and it will be lost at tapillary tip through chain expansion by

recoiling and sudden elastic recovery [25].

2.6Influence of the spinning environment

Ambient conditions including the surrounding atntues, relative humidity, air pressure, etc.

have a significant effect on the fiber diameter Hrar homogeneity [15].

Depending on the type of electrospun polymer asdntieraction toward humidity, the fiber
diameter can alter with humidity. With hydrophilolymers, small fiber diameters can be
generated at high humidity due to reduced surfaosion with the humid air. On the other
side, for hydrophobic polymers, the surface tenssomcreased with humidity resulting in
formation of thick fibers in an attempt to redube tontact surface with the humid air.

2.7 Effect of the rotation speed

The speed of a rotating mandrel has an essenfedtedn the alignment and mechanical
properties of the electrospun fibers. When thee/alithe rotation speed overcomes the value
of the fiber ejection, the jet and solidifying fiise become stretched. In that case, a
combination of a fiber drawing process and melttebspinning process is achieved. The
linear velocity is increasing with the rotation edeleading to arranging of polymer chains
longitudinally forming crystals [9]. The increasé rotation speed stretches the polymer jet
strongly resulting in more oriented chains [16]. W&\ results demonstrated by Ramakrishna
et. al. shows that the degree of crystallizatiomgeased and high molecular orientation is

induced by increasing the speed of rotation di§¢. [1
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3 Experimental

3.1Electrospinning

The electrospinning device consists of a highagstsupply (Eltex KNH34 purchased from
Eltex Elektrostatic GmbH, Weil am Rhein, Germargygylindrical (used to collect parallely
oriented fibers) or a flat target (for non-wovea)syringe pump (type HA 11 plus Harvard
Apparatus, purchased from Hugo-Sachs Elektronik Barch-Hugstetten, Germany), a
heating chamber (manufactured by DWI workshop) argkat gun (Leister, purchased from
Klappenbach GmbH, Hagen, Germany). The collectistadce was varied between 40-260
mm. The flow rate was varied between 0.2-1 mL/h tedelectric field strength was altered
from 2-7.5 kV/cm. The first electrospinning devisigown in Figure 4-4 was used to test the
influence of flow rate in absence of air flow beémeelectrodes, which can accelerate the
polymer jet, as well as, the influence of the gnawian be neglected. The electrospinning
system was subsequently modified into the elecinospg system shown in Figure 4-5,
where a heat gradient was introduced between #wtretles to enable a whipping instability
for further stretching of the polypropylene fibefdie heat gradient was created by blowing a
portion of a hot air blown by the heat gun throtig lower orifice of the heating chamber as

shown in Figure 4-5.

Polymer sticks were filled into 2 mL glass syringaed melted at 220°C by a heat gun for
electrospinning. The warm air-current provided m@e heat source and allowed working
with high melting polymers. The heating chambeow#d homogeneous distribution of the
temperature around the syringe. Unless otherwidecated, a high positive voltage was
applied to the spinneret and the fibers were cwtbceither onto a grounded rotating
aluminum cylinder (diameter 80 mm, length 100 mm)aogrounded aluminum plate. The
grounded cylinder was rotated at a speed of 208@ goth collectors were covered with

aluminum foil.
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Figure 4-4: Schematic illustration of the setup othe electrospinning device using a rotating cylindeas

target for collection of aligned fibers
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Figure 4-5: Schematic illustration of the setup ofhe electrospinning device using a flat aluminum pite as

target for collection of non-wovens.
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3.2Materials
3.2.1 Polypropylene

Polypropylenes of molecular weights 12000, 1900@f 2560000 g/mol were purchased from
Aldrich-Sigma (Taufkirchen, Germany), they are Iert on referred to as PP 12000, PP
190000 and PP 250000. MCHM 648 P (isotactic polypiene with molecular weight of
181000g/mol and with melt flow index of 18 g/ 10nniand MCHM 562 P (isotactic
polypropylene with melt flow index of 15 g/ 10 miwere purchased from Basell polyolefin
GmbH (Mainz, Germany).

3.2.2 Synthesis of sodium stearate and preparation of wssity breaking agent

Sodium stearate was synthesized by esterificaBantion using ethanol as a solvent. Stearic
acid and sodium hydroxide were purchased from Sigwdaich (Taufkirchen, Germany),
dissolved in ethanol and mixed. The sodium steaxai® isolated by evaporation of ethanol

using a rotary evaporator.

3.2.3 Preparation of the samples

The polypropylenes were used as delivered or bemdth sodium stearate as slipping agent
by twin screw extruder. The mixtures are preparethe form of sticks by injection into a

stick form mold.

3.3Characterization methods

Fibers were characterized by scanning electronaseopy with a (SEM) Hitachi S-3000 N,
Hitachi High-Technologies Europe GmbH, (Krefeld,r@any). Therefore, the aluminum foll
with the electrospun fibers was fixed onto an ahum SEM stub; afterwards gold-coated
and analyzed. An electron beam of 15 kV and worldigjance of 7-15 mm were used to
image the electrospun material. Fiber diametere wegasured using SEM (average numbers
of 200 independent measurements) and representaiages of the electrospun fibers are

presented.

The temperature as a function of distance betwéssiredes was measured by GTH 1150

digital thermometer purchased from Greisinger etent (Regenstauf, Germany).
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3.4Results and discussion

3.4.1 Influence of spinneret design

PP 190000 was compounded with 5 wt.-% sodium gtearad electrospun at the electric field
strength 2.75 kV/cm (voltage 22 kV and the distahetveen electrodes was 8 cm). Four
setups of the heat chamber were used in orderstothie effect of chamber setup on the
produced fiber diameter and its distribution asngiho Figure 4-6. SEM graphs in Figure 4-7
show that heating of the spinning area leads igrafieant reduction of the fiber diameter to

around 85-96 % (from 13.4 + 12 um to 0.55 £ 0.26§.um

By heating the air gap between the electrodes, |sdiif¢rences in fiber diameter were
observed (setup B, C and D). For setup B, a copperof length 3 mm was introduced in the
middle of the needle without blocking the nozzlectmcentrate the electric field strength at
the tip of the wire as well as to guide the polymeelt to the tip of the wire. During

electrospinning, it was observed that part of tléymper jet was ejected in the direction
perpendicular to the wire direction. This processuits in production of meshes with less

homogeneous fibers (wide fiber diameter distrilnitias shown in Figure 4-7 B.
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Figure 4-6: Schematic illustration shows four diffeent setups of heat chamber. A: glass chamber with
closed outlet, B: cupper wire is arisen from the nddle of the nozzle with length of 3 mm, C: An alurmum
foil is surrounded the needle to heat the region Ibeeen electrodes without disturbance of the polymejet

and D: simple setup with open outlet.

With setup C, the needle was surrounded by an alumifoil without blocking the path of air
flow to the heating chamber. The aim behind thtasés to keep the polymer melt in molten
phase and to concentrate the jet in the middleepath between electrodes without affecting
the jet by air flow. The jet in this setup becamerenconcentrated due to repulsion between
charges on the aluminum foil surface and thoseherpblymer jet. Therefore, the only axial
repulsions occur and the polymer was stretchechglyoon its way to the collector. The
produced fiber diameters as represented in FigifeCAwere found to be larger than these
produced by the setup B due to limiting of whippingtability to a small area of the spinning
process.
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Figure 4-7: SEM graphs for polypropylene fibers prauced by melt electrospinning at the electric field
strength of 2.75 kV/cm, applied voltage of 22 kV ahthe distance between electrodes of 8 cm by diffamt
setups of the heating chamber. A: polypropylene fiers produced in the absence of heating area between
electrodes (13.38 + 11.94 um), B: polypropylene fibs produced in the presence of thin cupper wire of
length 3 mm (0.98 + 0.38), C: polypropylene fiberproduced in the presence of aluminum foil (1.46 +.61
pm) and D: polypropylene nanofibers produced by simple setup (0.55 + 0.26 pm).

With setup D, the cone jet configuration has bestal#ished with a clear whipping instability
zone. As presented in Figure 4-7 D, the producker fdiameter is small with narrow size
distribution (0.55 = 0.26 pm).

3.4.2 Effect of heat gradient

The heat gradient area between needle and targetr@ated by the fraction of hot air passing
through the lower orifice of the heating chambdre Targe area of heat gradient was created
by closing the lateral orifice of the heat chaméerit is illustrated in Figure 4-8. Figure 4-9
shows the temperature of the heating zone is redudth the distance between electrodes
indicating the presence of the heat gradient. Byeiasing the air flow through the lower
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orifice, the temperature of the heat gradient waseiased around 30 %. As a result, the
polymer jet stayed in the molten phase for a longenod. Therefore, the elongation of
polymer jet increased compared to the low heatignadetup. The reduced stretching of the
polymer jet with distance was caused by a combeféstt of increasing melt viscosity with
distance from the needle and reduction of chargaesitle on the polymer jet. As
polypropylene melts start to solidify at temperatuaround 150°C, the solidification occurs

at distances between 3 cm and 5 cm respectivelg@ared in Figure 4-9.

il L _

Opened lateral outlet orifice Closed lateral outlet orifice
Low area of heat gradient large area of heat gradient

Figure 4-8: Schematic illustration shows the procesof changing the air flow rate in order to increae the

volume of heat gradient.



Chapter 4: The Influence of ambient and processargmeters on melt electrospinning 79
polypropylene: Effect of heat gradient

350

& Low area of heat gradient
A B Large area of heat gradient

300 \

N
(&)
(@)

Temperature (°C)

n

0 I I I I I
0 5 10 15 20 25 30
Distance between electrodes (cm)

Figure 4-9: curves show the temperature of the aiat different distances between electrodes for largand
low heat gradient areas. The temperature was incresgd around 30% and the melting point was displaced
2 cm (from 3 cm to 5 cm) by increasing the air flovthrough the lower orifice of the heat chamber.

In addition to these results, the polypropylertgefs electrospun with a small area heat
gradient are larger than those produced in theepoes of a large area of heat gradient.

Increasing the area of the heating zone leadséduction of the fiber diameter to around 38
% (from 1.50 £ 0.72 pm to 0.92 = 0.43 um).
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Opened lateral outlet orifice Closed lateral outlet orifice
FD: 1.50 £0.72 um FD: 0.92 +0.43 um

Figure 4-10: SEM graphs for PP 190000 containing &t.-% sodium stearate electrospun at electric field
strength of 3.13 kV/cm, at applied voltage of 25 kVand at the distance between electrodes of 8 cm

produced in the presence of low (A) and large (B)raas of heat gradient.
3.4.3 Influence of electric field strength

PP 190000 was mixed with 5 wt.-% Na-stearate ansgl &actrospun at 220°C at various
electric field strengths. The electric field strdngvas changed either by alteration of the
distances between electrodes at constant appliéageo(22 kV) or by changing the applied
voltage at constant distance between electrodesci@B Figure 4-11 demonstrates that
changing the distance between electrodes and kgdpe applied voltage constant led to
formation of smaller fibers. This result indicaté® importance of enlarging the distance
between electrodes in order to induce whippingainifity. At electric field strength 2.75

kV/cm and at the distance between electrodes 8aypmpylene nanofibers in the range of
552 + 260 nm were generated. Figure 4-12 displéygs SEM graph of the produced
polypropylene nanofibers. The corresponding filiee distribution shows that almost 93% of

total mesh were nanofibers.
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Figure 4-11: Graph shows the relation between eleit field strength and fiber diameter for PP 190000
mixed with 5 wt.-% sodium stearate. The electric #ld strength was changed by two ways: changing the
distance between electrodes at constant applied tafe (22 kV) and by changing the applied voltage at
constant distance between electrodes (23 cm). Theree shows the importance of changing the distance
between electrodes in order to create whipping inability to form thin fibers.
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Figure 4-12: SEM graph shows polypropylene nanofilis produced by melt electrospinning containing 5
wt.-% sodium stearate electrospun at electric fieldstrength of 2.75 kV/cm, applied voltage of 22 kV rad
the distance between electrodes of 8 cm (left). THiber diameter distribution shows the fiber diameer of
the produced mesh is around 552 + 260 nm and the amnt of nanofibers content reached 93.6% of the
total mesh (right).
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Pure PP 12000 was electrospun at 220°C with adndial mandrel as target and at electric
field strength ranging from 4 to 7 kV/cm. The dista between electrodes was fixed at 4 cm.
It was found that the fiber diameter increased wittctric field strength around 58.7% (from

3.36 + 2.75 to 8.14 + 5.40), Figure 4-13. The iaseein fiber diameter is due to fast drawing

of the polymer jet from the needle tip.
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Figure 4-13: Relation between the applied voltagena the fiber diameter at flow rates 0.2 mL/h for
poly(propylene) of molecular mass 12000 g/mol (PR2@00). The fibers were collected by rotator mandrel

and the distance between electrodes was 4 cm, ratat speed 2000 RPM.

3.4.4 |Influence of flow rate

PP 12000 was melted at 220°C and electrospun etrieldéield strengths 4, 5.5 and 6.25
kV/cm. Three flow rates were applied, 0.2, 0.5 dndL/h. Figure 4-14 shows flow rate
versus fiber diameter relation. By increasing tlosvfrate, more polymer material is ejected
and the fiber diameter is increased. Figure 4-15bite SEM graphs of PP fibers which were
electrospun at electric field strength 4 kV/cm latee different flow rates (0.2, 0.5 and 1
mi/h). The homogeneity of the produced fibers wasaily increased with increasing flow

rate and then reduced again at higher flow rates.
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Figure 4-14: Graph shows the increase in fiber diaeter with flow rate at three difference electric feld
strengths. The fibers were collected by cylindricalarget at a rotation speed of 2000 RPM.

Figure 4-15: SEM micrographs showing the difference in the fiber diameter of PP fibers (PP 12000)
produced at 16 kV and flow rates of 0.2 mL/h (A), ® mL/h (B) and 1 mL/h (C), respectively.

3.4.5 Influence of the distance between electrodes

Polypropylene of molecular weight 190000 g/mol vedectrospun at 220°C and different
distances between electrodes. Figure 4-16 showshthdiber diameter reduced by increasing

the distance between electrodes, indicating th&texte of whipping instability.
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Figure 4-16: Relation between the distance betweeglectrodes and the produced fiber diameter of PP
190000 electrospun by heat chamber with heat zonthe fibers were collected on the flat target and th

applied voltage was 25 kV.
3.4.6 Influence of needle diameter

PP 190000 was melt electrospun at the electrid fstength 0.96 kV/cm with spinneret
diameters of 0.45 and 0.9 mm. As proved in Figul& 4the fiber diameter is decreased from
12.16 + 14.15 pm to 4.38 £ 4.08 um with increasihgeedle diameter. During passing the
polymer chains through a narrow needle, they wereptessed. Once these chains leave the
orifice, and due to the elasticity of the polyméains, the load on them will be removed

causing the expansion of the polymer droplet antdeglle tip.
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Figure 4-17: SEM graphs show the effect of needleiaineter on the produced fiber diameter for PP

190000 electrospun at electric field strength of 96 kV/cm. Left: PP 190000 fibers electrospun using
needle diameter of 0.9 mm (fiber diameter: 4.38 +.88 um). Right: PP 190000 fibers electrospun using
needle diameter of 0.45 mm (fiber diameter; 12.16 £4.51 um).

3.4.7 Influence of polarity

The polarity of electrodes was changed, the tasmgstcharged with positive charge; while the
needle is grounded. The positive charge generatobhen chosen as the system did not work
with a negative charge generator. Electrospinniad fplace at electric field strength of 3.13
kV/cm, the applied voltage was 25 kV and the distalbetween electrodes was 8 cm. During
electrospinning the non wovens were concentratedsmall area onto the target, while in the
previously described system (charged needle andndem collector) the fleeces were
deposited on large area of the target (see Figur®)4This can be attributed to the pulling

effect of the jet from the needle in contrast tpulsion forces induced when the needle is
charged.
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Figure 4-18: Schematic illustrations show the formion of non-concentrated and concentrated non

wovens depends on the polarity of the system.

The nonwoven area is reduced with increasing ofelleetric field strength. The distance
between the electrodes was kept constant at 8 gure=4-19 shows the reduction of the
nonwoven diameter with increasing electric fielcesgth. This is a result of fast drawing of
the polymer jet by the electric field strength. Tlaehas no chance to make a large area of
whipping instability region. Furthermore, the fibdrameter is reduced by increase the
electric field strength around 38 % from 1.85 £0t8 0.71 + 0.34 um. Figure 4-20 shows
the relation between electric field strength ameifidiameter for of PP 190000 mixed with 5

wt.-% sodium stearate.
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Figure 4-19: Graphs show the changing of fleece dizter by increasing of electric field strength. Fleces
are produced at distance between electrodes 8 cmdathe electric field strength was varied by varyinghe
applied voltage.
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Figure 4-20: Graph shows the relation between eleit field strength and the resulting fiber diameters
electrospun by charged target and at the distancedbween electrodes 8 cm for the mixture of PP 190000

containing 5 wt.-% sodium stearate.
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Changing the electric field strength at constanttage does not result in a significant
difference of the nonwoven diameter. Fiber diansetdrconstant electric field strength and
varied distances ranged from 0.8 £ 0.31 — 1.6355 um.

3.4.8 Influence of humidity

A mixture of PP 190000 g/mol containing 5 wt.-% ismadl stearate was electrospun at electric
field strength 3.13 kV/cm on days with significandifferent humidity. Figure 4-21 displays
SEM graphs for electrospun polypropylene fibersdpoed at humidity 28 % and 9 %
respectively. Fiber diameter distributions showt thalow humid condition, fibers tend to
have small diameters with narrow fiber diametetritigtion. This is due to the hydrophobic
nature of polypropylene surface, which tends tonf@mall contact surfaces with humid air.
The fiber diameter was reduced around 50 % fror £.6.44 pm to 2.33 £ 0.91 pm.
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Figure 4-21: SEM graphs show the difference in thdiber diameter for mixture of poly(propylene)
containing 5 wt.-% sodium stearate electrospun atlectric field strength 0.96 kV/cm, at applied voltge 25
kV and the distance between electrodes was 26 cm) Humidity 28 %, fiber diameter: 4.67 * 4.44 yum, B:
humidity 9%, fiber diameter: 2.33 = 0.91 um. The fber diameter distribution shows that at low humidity,
more homogeneous fibers can be obtained.
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3.4.9 Influence of rotation speed

Polypropylene MCHM 562 P was mixed with 1.1 wt.-fgatec CR 76 and electrospun at the
electric field strength of 4.25 kV/cm and an apgplieltage of 17 kV. The electrospun fibers
were collected on the rotating mandrel collectathwotation speeds ranging from 268-1500
rpm. After collection of the samples, they were engpne SEM measurements. Figure 4-22
shows that the fiber diameter is reduced by ineedshe rotation speed due to an increase of

the stretching force at high rotation speeds.
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Figure 4-22: Graph shows the relation between rotadn speed of the mandrel and fiber diameter for
fibers electrospun at the electric field strength ©4.25 kV/cm at the applied voltage of 17 kV. Theidtance

between electrodes was 4 cm.

SEM graph of the collected fibers exhibits the fation of relaxation zones which result
from fast cooling of the polymer jet, Figure 4-ZRuring collection of the electrospun fibers
on the cylinder, the polymer chains are stretcleadihg to formation of stress. After removal
of the load on fibers, polymer chains start to xelasulting in creation of relaxed surface

morphology.
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Figure 4-23: SEM graphs exhibits the relaxation mophology on the surface of fibers electrospun at
electric field strength of 4.25 kV/cm, at the appkd voltage of 17 kV and at the distance between eteodes
of 4 cm. The fibers were collected on the cylindra target with rotation speed of 850 RPM.
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4 Summary

In this study the effect of ambient and processpgrameters on the electrospun
polypropylene fiber diameter and morphology waswsholt was observed that processing
parameters such as presence of heat gradient beslesrodes, electric field strength, flow
rate of the polymer melt, distance between eleespdeedle diameter, polarity of electrodes,
humidity and rotation speed of cylindrical targbtsve an influence on fiber diameter and

homogeneity through increase the elongation optitgmer jet.

Inducing a heat gradient between electrodes cordbivith the elongation of the distance
between them facilitates the formation of thin filtkameters and induces the whipping
instability. By increasing the distance betweercteteles and optimizing the electric field

strength, ultra-fine fibers in the range of 552602 m were generated.

High rotation speeds of the cylindrical targetseffthe aligning and the fiber diameter of the
electrospun fibers. By removing of axial stresseshe electrospun fibers represented by fast

rotation speeds, relaxed surface topography was et
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Chapter 5: Nucleation and crystallization of melt éectrospun polypropylene fibers

1 Abstract

Degradation of polypropylene occurs normally byrth@ degradation at long heating periods
and high temperatures or by oxidative degradatioa tb the penetration of the oxygen
molecules in the amorphous parts [1]. Generallygragation is minimized by
thermostabilizers, antioxidants or by increasing dlegree of crystallization with nucleating
agents [1]. Minimizing of oxidative degradationpgolypropylene becomes an important issue
in some applications as in filtration media, whb air is passing through polypropylene
webs and oxygen molecules start to oxidize thegrolyylene at suitable thermal conditions.
For this, it is important to use nucleating agentsrder to reduce the amorphous fraction of
the polymer, where oxygen diffusion is fast anddaxion processes occur preferably. In this
chapter, three nucleating agents have been useehhiance the crystalline fraction of
polypropylene nanofibers generated by melt eleptnmsng. Sodium stearate has been used
as slipping agent to reduce the viscosity of théegibylene melt [2]. Therefore, sodium
stearate facilitates the formation of strands hylyapg an external electrical force. However,
sodium stearate was found to reduce the degreg/sthllization as it reduces the inner order
and retards the packing of polymer chains closedach other. The generated fibers were
characterized by scanning electron microscopy (SteMletermine the fiber diameter and its
diameter distribution. Dynamic scanning calorimgidsC) was used to measure the degree

of crystallization.
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2 Introduction

Stability of polymer melts in all processing stagesa crucial issue in polymer spinning
processes. The properties of the produced fibedenalepend to some extent on different
processing parameters such as: extruder type, teeiperature, melt pressure, nozzle
geometry, cooling and air flow, draft and drawingogesses besides dyeing and
postproduction processes [3]. Controlling and ogaing these process parameters, especially
the processing temperature and shear rate, mirsmmdymer degradation at elevated
temperatures and in the presence of viscosity brgakgents (radical generators). Process
control avoids the undesirable and unpredictablnghs in tensile strength, color, shape or
impact strength as results of uncontrolled polyaegradation [4]. Polypropylene is inherent
sensitive to oxidative and UV degradation processas the reduction of polymer chain
length predominantly occurs by chain cleavagepvsxission in the presence of radicals [4,
5].

Although degradation processes are responsibleufmesired fluctuations and property
changes in the end products, it is a desirableuartul effect for recycling of polymer wastes
or for the biodegradation of products in orderdduce environmental pollution [6].

Studying the degradation process of polypropylenbier production is essential due to the
large surface area, which increases oxidative caitipo [1]. Due to the fact that the oxygen
molecules cannot penetrate the crystalline straatassily and start the degradation process, it
is important to increase the crystalline fractiord aherefore minimize the overall oxidative
degradation [1]. As the crystallinity of polypropyle depends mostly on the molecular
structure of the polymer chains, the tacticity ofypropylene plays an important role for the
crystallization process [1, 7]. The regularity sbtactic and syndiotactic polypropylene assists
packing and crystallization of polypropylene chaiwhile in case of atactic polypropylene;
the methylene groups are arranged randomly at digpmpylene backbone and reduce
orientation. The steric hindrance limits polymeaichpacking and crystallization, resulting in
increased polymer degradation [5, 7].

Aim of this chapter was to generate polypropylengnafibers by means of melt
electrospinning with high degree of crystallizatidor filtration processes. The large
crystalline fraction minimizes the thermooxidatidegradation of polypropylene nonwovens
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during their performance. As the nucleating ageaisse fast solidification of the polymer
melts and limit stretching during melt electrospinmyy sodium stearate, which was used to
reduce the melt viscosity and to facilitate elegpianing, in combination with nucleating
agents were tested for their capacity to increhgectystalline fraction of the fibers. The
effect of different types and concentration of meating agents as well as the effects of

sodium stearate on the crystallization degree baea investigated.
2.1 Polypropylene degradation and polymer chain scissioregulation

Thermal and oxidative degradation is a particukeatdre of polypropylene at elevated
temperature. Radical attack to the polypropylengkibane results in chain scission and thus
in reduction of melt viscosity [8]. The attack ocEpreferably at the tertiary carbon atom
followed by continuous scission of polymer chainsnfing shorter chains [5]. Hiltz et. al.

showed this by using deuterated hydrogen atomsraary carbons of polypropylene and

found that the degradation process slows down tivith [1].

Industrially, viscosity breaking agents as radigaherators are used to regulate the melt
viscosity of polypropylene. They lead to statistickeavage of long polymer chains into
shorter ones, Figure 5-1 [2]. This process is dalliscosity breaking process. As a result of
the viscosity breaking process, controlled rheolpglypropylene (CRPP) is produced with a
desired molecular weight, narrow molecular weigistribution, low melt viscosity and low
elasticity [9, 10].
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Figure 5-1: B-cleavage of polypropylene chains

The selection of a viscosity breaking agent haset@onsidered as it significantly affects the
results and products [11]. Several criteria havbéddaken into account for radical forming

auxiliaries in order to be suitable for the vistp&ireaking process [2, 11]:

1) Adequate reactivity at processing temperature,

2) Ease of accurate metering,

3) Avoidance of odor production or color changéhia polymer,

4) Volatility of the compound-negligible losses duevaporization or sublimation,

5) Low product toxicity, and

6) Complete inactivation of radicals at the procegdemperature within the polymer.

High efficiency of CRPP is controlled by optimizatiof process parameters such as initiator

concentration, temperature, screw rotation speestc.[2, 11]
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2.2 Nucleation and crystallization in polypropylene

Increasing the crystalline fraction of a polymereges and improves its properties and in

many cases enhances device performances.

Crystallization of a polymer describes the abibfypolymer chains to assemble to a defined
and well ordered structure. This exothermic prot¢akss place in two stages: nucleation and
crystal growth [12]. During nucleation, the polynarains pack themselves, through primary
and secondary nucleation processes, in lamellactsiies with a specific gap length [12]. The
nucleation is followed by crystal growth formingffdrent crystal structures such as
spherulite, lamellar or shish kebab depending enctiemical nature of the polymer and the

interaction of the additives [12].

Polypropylene shows four different recognized alstorms: Monoclinical a-form,
hexagonalp-form, orthorhombicy-form and a mesomorphic smectic form [3]. At normal
conditions the monoclinical-form is most stable [3]. Hexagon&iform is achieved by using
special nucleating agents [3§-form and hexagonapB-form exhibit different melting
temperatures [13]. Behrendt et al. indicate two o#imermal peaks with DSC: a low
temperature peak at 149.9°C foform and a high temperature peak at 166.7°C ferath
form [13]. The orthorhombig-form is only found at high pressure and short astt
polypropylene chains with less than 50 monomerigesn[3]. Finally, the mesomorphic
smectic form is achieved by fast melting or coolrates and the predominant form observed

in polypropylene fibers [3].

The nucleation process is enhanced by additionuafeating agents which increase the
cooling rate of polymer melts and reduce the pradocycle [14]. Commercially, nucleating
agents of polypropylene are classified accordingmielting range or reactivity. Within

melting range, nucleating agents are classifietolisys:

1) Melt sensitive nucleating agents that melt withihe polymer melt temperature e.g.:

phosphate based nucleating agent, and

2) Melt non-sensitive nucleating agents which do melt within melt temperature of the

polymer, e.g.: Benzoic acid [5].

According to their reactivity, they are dividedortL5]:
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1) Conventional nucleating agents e.g.: calciurbaaate and benzoic acid,

2) Advanced nucleating agents: give higher cryigttibn temperature and improve the

stiffness of polypropylene e.g.: ester salts phasgphand

3) Hyper nucleating agents: give higher crystalima temperature and more isotropic

shrinkage than salts of carboxylic acids.

Following nucleation, crystallization starts by loing a special lattice structure leading to an
increase of the crystalline fraction. The crystalifraction is influenced and controlled by
addition of different types and amounts of nuclegtgents which cause the properties of the
end product. For instance, in fiber productiont famling caused by nucleating agents leads
to vigorous increase of melt viscosity resulting tire formation of thick fibers due to
formation of fibrillar structures in a three dimesrgal network [16].

Other possibility to influence the crystalline ftian is by an annealing process where the
polymer is heated at a constant temperature fartaio period of time. Annealing allows
polymer chains to align themselves and to form noodered molecular structures [17].
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3 Experimental

3.1 Electrospinning

The electrospinning device consists of a high gataupply (Eltex KNH34 purchased from
Eltex Elektrostatic GmbH, Weil am Rhein, Germarg/flat target, a syringe pump (type HA
11 plus Harvard Apparatus, purchased from Hugo-SaEktektronik GmbH, March-
Hugstetten, Germany), a heating chamber (manufedttoy DWI workshop) and a heat gun
of the electron type (Leister, purchased from Kigpgmch GmbH, Hagen, Germany). The
collection distance was fixed at 80 mm. The flokeraas fixed at 0.2 mL/h and the electric
field strength was altered from 3.13-3.75 kV/cmh&uatic illustration of the device is shown
in Figure 5-2. The heat gradient was created bwiblgp a portion of a hot air blown by the

heat gun through the lower orifice of the heatihgraber as shown in Figure 5-2.

Polymer sticks were filled into 2 mL glass syringasd melted at 220°C in the heating
chamber by a heat gun as it is the suitable terhperdo get low melt viscosities for
electrospinning. The warm air-current providedrage heat source and allows working with
high melting polymers. The heating chamber allowsdnogeneous distribution of the
temperature around the syringe. A high positiveéag# was applied to the spinneret and the
fibers were collected on a grounded aluminum plelbe grounded aluminum plate is covered

by aluminum foil.
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Figure 5-2: Schematic illustration of the setup ofhe electrospinning device using a flat aluminum pite as

target for collection of non-wovens.

3.2 Materials
3.2.1 Polypropylene

Polypropylene with molecular weight of 190000 g/mas purchased from Sigma-Aldrich
(Taufkirchen, Germany) and HL 504 FB (polypropylemie molecular weight of 143000
g/mol) was purchased from Basell Polyolefine GmMaifiz, Germany).

3.2.2 Nucleating agents

Irgaclear DM (sorbitol based nucleating agent) waschased from Ciba (Duluth, USA),
Irgastab NA 11 (phosphate based nucleating agead)purchased from Ciba (Lyon, France)
and HPN-68 L (norborane acid based nucleating ages purchased from Milliken (Gent,
Belgium). All nucleating agents were used as resgiv
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3.2.3 Synthesis of sodium stearate

Sodium stearate was synthesized by esterificataction using ethanol as solvent. Stearic
acid and sodium hydroxide were purchased from Sigidech (Taufkirchen, Germany) and
mixed after dissolving in ethanol. Sodium steanates isolated by evaporation of ethanol

using a rotary evaporator.

3.2.4 Preparation of the samples

The polypropylenes were used as received or blemddédsodium stearate by twin screw

extruder. The mixtures are prepared in the forrstioks by injection into a stick form mold.

3.3 Characterization methods

Fibers were characterized by scanning electronasdapy with a (SEM) Hitachi S-3000 N
(Hitachi High-Technologies Europe GmbH, Krefeld,r@any). Therefore, the aluminum foil
with the electrospun fibers was fixed onto an alwm SEM stub and afterwards gold-coated
and analyzed. An electron beam of 15 kV and worldigjance of 7-15 mm were used to
image the electrospun material. The presented filmmeters were measured using SEM
(average numbers of 200 independent measuremeREg)resentative images of the
electrospun fibers are presented.

For thermal analysis, dynamic scanning calorim@@$C) measurements of produced fibers
were performed by Perkin Elmer DSC. A sample oD#g were closed in an aluminum pan
and measured at heating and cooling rates of 10~Cham 50°C to 250°C and from 250°C
to 50°C.

3.4 Results and discussion
3.4.1 Influence of nucleating agent

PP 190000 was mixed with 1 wt.-% HPN-68 L and etsgiun with applied electric field
strength of 3.13 kV/cm. SEM images in Figure 5-3whthat by addition of nucleating
agents, a strong increase of fiber diameter ocduran 10.71 = 10.65 pum to 16.22 + 5.47
pum. This is due to crystallization that accelerates cooling of polypropylene melt. This
results in an increase of the viscosity of the pwy jet which reduces the whipping and

stretching deformation of fibers by electrical fesc Figure 5-4 shows that the crystallization
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Influence of nucleating agent
temperature increased from 100°C to 113°C by amdiif 1 wt.-% HPN-68 L. The reduction

of crystallization enthalpy is assumed to be altedthigh concentration of HPN-68 L in the

polypropylene matrix.
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Figure 5-3: SEM graphs show polypropylene fibers amtaining HPN-68 L as nucleating agent and
electrospun at electric field strength of 3.13 kV/im at the distance between electrodes of 8 cm andeth

applied voltage of 25 kV. A: PP 190000, B: PP 19006 1 wt.-% HPN-68 L.

—— PP 190000 |
— - -PP 190000 + 1 wt.-% HPN-68 L

150 200 250

50 100
Temperature (°C)

Figure 5-4: DSC cooling curves show the differences crystallization points for PP 190000 containing
HPN-68L (crystallization temperature: 113°C) and that one without HPN-68 L (crystallization

temperature: 100°C). The cooling rate was 40°C/min.
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Addition of sodium stearate causes a significaducgon of fiber diameter; however, this
reduction in fiber diameter is combined with redoictof melt enthalpy represented by the
area below the endothermic heating DSC curve, seéngure 5-5. The reduction of melt
enthalpy is due to interference with stearates oubds. At high concentrations, sodium
stearate is distributed in between polymer chams @educes the packing of these chains
close to each other and as a result, the formafionystals is disturbed. Figure 5-5 shows that
the melt enthalpy is reduced around 20% (from 111.3/§ to 93.18 J/g) by addition of 5 wt.-

% sodium stearate.

—-—-—-PP 190000 + 1 wt.-% HPN-68 L
------- PP 190000 ~
g
—— PP 190000 + 1 wt.-% HPN-68 L P
+ 5 wt.-% Na-stearate - ’\\ AHm= 132.24 J/g
. AHm= 115.61 J/g
AHm= 93,18 J/g
I I I I
0 50 100 150 200 250

Temperature (°C)

Figure 5-5: DSC curves show the difference in pea#trea in the heating cycle in polypropylene mixture

containing HPN-68 L in the presence and absence sddium stearate. The heating rate was 10°C/min.

The reduction of crystallinity of PP is essent@ §ienerating nano-scaled fibers. This can be
seen in Figure 5-6. When the nucleating agent tde@do the melt, the fiber diameter
increased significantly to 16.22 + 5.47 um from710+ 10.65 without HPN-68 L. Therefore,
in order to generate ultra-fine fibers, polypropmgdree of nucleating agents has to be chosen.
The presence of traces of nucleating agents cdasesooling of polymer jet and retards

stretching of polymer jet to form fine fibers byeetrical forces. Generation of polypropylene
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nanofibers containing nucleating agent was possbléigher electric field strength 3.75
kV/cm in the presence of 5 wt.-% sodium stearaigré 5-7. The SEM graph in Figure 5-7
shows that the fiber diameter for polypropyleneafders is in the range 0.74 £ 0.39 um.

25
AHm= 132.24 J/g AHm=115.61 J/g
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AHm= 93,18 J/g

0

PP 190000 + 1 wt.-% PP 190000 PP 190000 + 1 wt.-%
HPN-68 L HPN-68 L + 5 wt.-% Na-
stearate

Figure 5-6: Histogram shows that the reductions dfiber diameter as a result of reduction of melt erttalpy

by addition of sodium stearate.
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Figure 5-7: Left: SEM graph show the polypropylenenanofibers containing HPN-68 L and 5 wt.-%
sodium stearate produced at electric field strengttof 3.75 kV/cm at the distance between electrode$ ®
cm and the applied voltage of 30 kV/cm. Right: fibediameter distribution shows that the produced fiker
diameters are in the range 0.74 £ 0.39 pm.

3.4.2 Influence of nucleating agents concentration

PP 190000 was mixed with three different conceiatnatof HPN-68 L (0.1, 0.2 and 0.3 wt.-

%) and 5 wt.-% sodium stearate. The produced nestwere electrospun at applied electric

field strength of 3.25 kV/cm and a distance of 8lostween both electrodes. Afterwards, the

electrospun fibers were thermally characterize®B{ to study the degree of crystallization.

It was observed that by increasing the concentratibHPN-68 L, the melt enthalpy was

increased consequently due to increase numbeystats in the polypropylene bulk as shown

in Figure 5-8. The melting temperature was sligktiifted to higher values by increasing the

amount of HPN-68 L from 162.3 to 165.8°C. This igedo the higher energy consumption

needed to breakdown the newly formed crystals.
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-—-—-PP 190000 + 0.3 wt.-% HPN-68 L
+ 5 wt.-% Na-stearate
------- PP 190000 + 0.2 wt.-% HPN-68 L
+ 5 wt.-% Na-stearate ;f x{
— PP 190000 + 0.1 wt.-% HPN-68 L ,’ ‘\
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Figure 5-8: DSC endothermic heating curve for polyppylene/sodium stearate electrospun fibers
containing different concentrations of HPN-68 L. The heating rate was 10°C/min.

During the cooling cycle, crystallization temperatwas shifted to higher values with an
increasing concentration of HPN-68 L, shown in IFgy8-9. The crystallization enthalpy was

observed to be increased at high concentration PRN468 L, due to formation of more

crystals. The crystallization temperature was iaseel from 118.1 to 120.4°C.
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AH.= 83.20 J/g

! ----PP 190000 + 0.3 wt.-% HPN-68 L

+ 5 wt.-% Na-stearate
------- PP 190000 + 0.2 wt.-% HPN-68 L

+ 5 wt.-% Na-stearate
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Figure 5-9: DSC exothermic cooling curves for polympylene/sodium stearate electrospun fibers

containing different concentrations of HPN-68 L. Tte cooling rate was 10°C/min.

SEM graphs of electrospun fibers containing HPNEG&-igure 5-10, show that the fiber
diameter is reduced with increasing the concewimadf HPN-68 L from 6.11 + 3.21 um for
0.1 wt.-% HPN-68 L to 1.58 £ 1.39 um for 0.3 wt.l4#N-68 L. This might be attributed to
the smaller molecular weight and the higher maopdit shorter chains. Therefore, resulting in
a more pronounced deformation at high electridfsttength and leading to the formation of

thin fibers with large degree of crystallization.
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Figure 5-10: SEM graphs for polypropylene containig different concentrations of HPN-68 L electrospun
at an electric field strength 3.75 kV/cm at the dignce between electrodes of 8 cm and the appliedltage
of 30 kV. A: PP 190000 + 0.1 wt.-% HPN-68 L (fibediameter: 6.11 + 3.21 um), B: PP 190000 + 0.2 wt.-%
HPN-68 L (fiber diameter: 3.81 + 2.23 um) and C: PR.90000 + 0.3 wt.-% HPN-68 L (fiber diameter: 1.85
+ 1.39 um).

3.4.3 Influence of nucleating agent type

Polypropylene HL 504 FB containing 4 wt.-% sodiuteasate was mixed with 0.2 wt.-% of
Irgaclear DM, 0.2 wt.-% Irgastab NA 11 and 0.2 %t.-HPN-68 L respectively.

Polypropylene mixtures were electrospun at eleéild strength of 3.75 kV/cm.

Thermal analysis of these mixtures showed thatclegs DM had higher melt enthalpy than
HPN-68 L and Irgastab NA 11 respectively, Figur@15-This could a result of chemical
structure of sorbitol based nucleating agent thaitifates the formation of crystal structure.
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Figure 5-11: DSC endothermic heating curve for polgropylene/sodium stearate electrospun fibers
containing different types of nucleating agents. Té heating rate was 10°C/min.

The exothermic cooling curves are shown in FigwE25ndicating that the crystallization
temperature was reduced from Irgastab NA 11 (128 E)PN-68 L (125.7°C) and finally to
Irgaclear DM (120.5°C). This consequently showecttect on the diameter of the produced
fiber. In Figure 5-13, SEM graphs demonstrate that fiber diameter of polypropylene
containing Irgaclear DM was smaller than thoserBlmontaining Irgastab NA 11 or HPN-68

L. Most probably, the low crystallization tempenawf polypropylene containing Irgaclear
DM resulted in further stretching of polymer jet élgctrical forces.
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Figure 5-12: DSC exothermic cooling curves for polyropylene/sodium stearate electrospun fibers

containing different types of nucleating agents. Té cooling rate was 10°C/min.

Figure 5-13: SEM graphs for polypropylene electrospn fibers containing different types of nucleating
agents electrospun at electric field strength of 35 kV/cm at the applied voltage of 30 kV and the diance
between electrodes was 8 cm. A: HL 504 FB + 0.2 v8b Irgastab NA 11 (Fiber diameter: 2.98 = 1.54 pum),
B: HL 504 FB + 0.2 wt.-% HPN-68L (Fiber diameter: Q98 + 0.51 um) and C: HL 504 FB + 0.2 wt.-%

Irgaclear DM (Fiber diameter: 1.52 £ 0.70 um).
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4 Summary

Stability of polypropylene melts and nanofibersisrucial issue during melt electrospinning
of nanofibers as it can change their mechanicgbgates of the final product such as fiber
strength. Stability of the fibers can be achievedaddition of nucleating agents, which

minimize the oxidative degradation, or by additefrihermostabilizer.

During melt electrospinning of polypropylene a plipg agent as sodium stearate was used to
reduce the melt viscosity for fiber formation by@tical forces. However, sodium stearate in
high concentrations also reduces the crystallinetion due to the interference of the small
molecules with the polymer chains. This limits gmdymer chain packing and subsequent the
formation of crystals. Therefore, nucleating agemesrequired as an additional component in

order to increase the crystalline fraction again.

Use of nucleating agents has an influence on thmeler of the generated electrospun fibers,
as faster cooling of the polymer jet is inducedisTaster cooling retards the stretching of the
polymer jet by electrical forces. However, smallefi diameters can be generated again at
higher applied electric field strengths. It was whathat increasing amounts of HPN-68 L
resulted in generation of small fibers at highectic field strength. This might be attributed
to the high electric field strength acting on tle@ymer jet, which compensates the effect of
nucleating agents. As a consequence small fibematexrs close to 2 um with larger
crystalline fraction have been generated. For that,essential to reduce the crystallization in
order to generate nanofibers. It was also found Hends of polypropylene containing
sorbitol based nucleating agents as Irgaclear Dveigged thin fibers by melt electrospinning

with high crystalline fraction.
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Appendix: Work package with electrospinning machine

1 Introduction

Altering the setup of the electrospinning device harucial influence on the properties of the
generated fibers (e.g. fiber diameter, diametetridigion, morphology, porosity of the
nonwoven, and fiber orientation). Minor changeshia design can alter the electric field, heat
gradient or the area of collection on the targeir Hstance, changing the polarity of
electrodes changes the minimal electric field gitiemequired to stretch the polymer jet and
initiate the spinning process.

In this appendix, a lab scaled electrospinning rimechas been developed by the Institute for
textile engineering at RWTH-Aachen, ITA (Figure ddnstructed and tested.

Figure 1: Electrospinning machine designed by ITA $ource: ITA, RWTH-Aachen, Dipl. Ing. Christoph
Hacker, Dipl. Ing. Philip Jungbecker and Prof. Dr.Ing. Thomas Gries)
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The electrospinning device consists of two heaglggnents, one controls the temperature of
the syringe and a second controls the temperatfirehe needle. The difference in
temperatures between reservoir/syringe and theleloeedle creates a temperature gradient
in the melt and subsequently a viscosity gradiddditionally, both heating elements keep
the polymer melt in molten phase without significdegradation. This special set-up showed
benefits for polymer mixtures containing viscodiyeaking agents. The temperature of the
syringe/reservoir can be kept underneath the degoed temperature of the polymer.
Therefore, the time of exposure to critical tempees has been minimized. On the other
hand, the needle temperature can be regulatedetceldttrospinning temperature or the
activation temperature of the viscosity breakingragThis special design allows preventing
breaking up of the polymer jet during the fast etespinning process.

The main differences between the new built melctedspinning machine and the heat

chamber electrospinning system used in the preabapters are:

1. The target is charged and the needle is grounded,

2. Electrical heating elements were used in order t@arantee a controlled and
homogeneous heat distribution within the melt, and

3. The electric field strength is not disturbed by thesence of other constructive

elements which can interfere.

With the aim to evaluate the suitability of the ndasign for nanofibers production, process
parameters such as electric field strength, flotl® end distance between electrodes in both
production systems (new electrospinning machine ted heat chamber electrospinning

system) were studied, compared and discussed.
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2 Experimental

2.1 Electrospinning

The new melt electrospinning device in lab scatmststs of a high voltage supply (Eltex

KNH34, Eltex Elektrostatic GmbH, Weil am Rhein, @@any), a flat conductive target, a

syringe pump (type HA 11 plus Harvard Apparatusgét$achs Elektronik GmbH, March-

Hugstetten, Germany), an electric hot coil heagtement to control the temperature of the
syringe, and an electrically controlled heatingtgl heat the needle (designed by ITA and
manufactured by DWI workshop). The collection distawas varied between 65 and 80 mm.
The flow rate was varied between 0.1 and 1 mL/ld, thue electric field strength was varied

between 3.75 and 7 kV/cm.

Polymer sticks were filled into 2 mL glass syringaisd melted by the use of an electronically
controlled heat gun (Leister, purchased from Klaypaeh GmbH, Hagen, Germany) at 220°C

in a heating chamber (manufactured by DWI workslagpdhown in Figure 2.

[ ]

Heat gun

| 1 [] Glass syringe

Outlet

Polymer sample

Figure 2: Schematic illustration of the heating chanber used for preparation of polymer samples for mi

electrospinning.

The syringes containing polymer samples were codtedn and later transferred to the new
electrospinning machine. The temperature of the dwt was fixed at 260°C and the
temperature at the needle was regulated to 290%Qi{@ble temperature to maintain a steady
jet). A positive voltage was applied to the targdtile the spinneret remained on ground
potential. Fibers were collected on the chargegetawhich was covered with an aluminum

foil.
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A detailed description of the electrospinning deviwith heat chamber and hot air is

described in the previous chapters.

2.2 Materials and preparation of the sample

Polypropylene with a molecular weight 190000 g/nm@P 190000) (Sigma-Aldrich,
Taufkirchen, Germany) containing 4 wt.-% sodiumastte was chosen as standard material
for performing the electrospinning experiments.rigsthis material, small nanofibers were
obtained with the heat chamber electrospinningupetSodium stearate was synthesized by
esterification, using ethanol as a solvent. Stearid and sodium hydroxide were purchased
from Sigma Aldrich (Taufkirchen, Germany), dissavén ethanol and mixed. Sodium
stearate was isolated by evaporation of the ethasiag a rotary evaporator. Polypropylene
was blended with sodium stearate using a twin sesavuder. The mixtures were prepared in
the form of sticks by injection into correspondimglds.

2.3 Characterization methods

Fibers were characterized by scanning electronaseapy Hitachi S-3000 N (Hitachi High-
Technologies Europe GmbH, Krefeld, Germany). Tlaeef aluminum foil with the
electrospun material was fixed onto an aluminum S&lb. Afterwards, the sample was
gold-coated and analyzed by SEM. An electron beafrtbkV and a working distance of 7-
15 mm were used to image the electrospun matértad. presented fiber diameters were

measured using SEM (average numbers of 200 indepénteasurements).

3 Results and discussion
3.1 Effect of electric field strength

The compounded polypropylene was electrospun wébtrec field strengths between 4 and
7.5 kV/cm, and an electrodes distance of 6.5 cne Jystem requires high critical electric
field strength to initiate the ejection of a polymet (compared to the heat chamber
electrospinning system). The fast cooling of thdtpwehich is responsible for this effect, is
attributed to the absence of a heating zone betvoedm electrodes. Figure 3 shows the
reduced fiber diameter. The diameter of the filveas reduced from 21 + 5.11 pm to 9.17 *
3.40 um by increasing the electric field strengdls. the stretching forces increased, fiber

diameter decreased. However, the heat chamberasdpuining set-up generated fibers at
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larger distances between the two electrodes, l@emtric field strengths and also required
lower melt temperatures. The resulted fiber diamegenerated by heat chamber
electrospinning system is obviously lower than éhgwoduced by the electrospinning

machine.

30
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m Electrospinning machi
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Figure 3: Graph shows the relation between electridield strength and fiber diameter of the fibers

produced by the use of two different electrospinnig systems.

3.2 Effect of flow rate

PP 190000 blended with 4 wt.-% sodium stearateeMagrospun at 0.1, 0.3 and 1 mL/h, and
a distance of 6.50 between both electrodes. Howéwverapplied voltage was changed during
the series of experiments. Figure 4 illustratesititeeasing fiber diameters with flow rate.
The increasing fiber diameter corresponds to moaerial which is drawn from the nozzle

by the electrical forces.
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Figure 4: Graph shows the relation between electrifield strength and fiber diameter for three different

flow rates: 0.1, 0.3 and 1 mL/h by the use of theewly designed electrospinning machine.

Adjusting the flow rate resulted in fine fibers. &'kmallest fibers showed diameters in the
range of 1 + 1.02 um and 74 % of these were naexdild-igure 5 shows a SEM graph of
polypropylene fibers produced and the diameteridigion at a flow rate of 0.1 ml/h and at

electric field strength of 6 kV/cm.
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Figure 5: SEM graphs shows the electrospun polypropgene of molecular weight 190000 g/mol blended
with 4 wt.-% sodium stearate electrospun at electd field strength 6 kV/cm by the use of electrospiring
machine. The fiber diameter distribution shows thatalmost 74% of fibers lay in nanometer range. The
average fiber diameter is 1 £ 1.02 um.

Figure 6 A shows that, independently on the elsgirming systems, for certain electric field
strengths the fiber diameter increases with the flate. Differences between fiber diameters
generated at different electric field strength@t lflow rate are smaller than those at high
flow rates. This is caused by the ability of thdypeer jet to form the cone-jet mode and its
stability over certain time periods in the casda¥ flow rates. In the case of fast polymer
flow, no steady-state jet is achieved. The droptehe orifice changes constantly as the feed
rate is faster than the ejection rate caused bgtredeforces. At a certain moment, when
gravity assists the droplet to detach from theicgjfmore material is ejected and the fiber
diameter increases. Fast feeding of the polymet togéther with high electric field strength
therefore results in the largest diameter variatidrhe similar relation between flow rate and
fiber diameter at different electric field strengitas observed with the heat chamber

electrospinning system, Figure 6 B.
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Figure 6: Graph shows the relation between flow rat and fiber diameter for PP 190000 containing 4 wA.
% sodium stearate at different electric field stremgths. A: Fibers generated by electrospinning machi B:

fibers generated by heating chamber.
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3.3 Effect of distance between electrodes

In this part of research, polypropylene fibers egnihg 4 wt.-% sodium stearate were
electrospun at a constant flow rate of 0.3 mL/h antivo different distances (6.5 and 8 cm)
between both electrodes: Electrospinning at ladistances was not feasible as electrical
forces were not capable of attracting the polyne¢r Distances below 6.5 cm resulted in
discharge of electrodes due to the conductivityanf Figure 7 shows the electric field

strength versus fiber diameter for both distaneadw/éen the electrodes.
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Figure 7: Graph shows the relation between the diahce between electrodes and the produced fiber
diameter of PP 190000 electrospun at a flow rate @3 mL/h by the use of newly designed electrospiimy

machine.

With increasing distance between both electrodesatirset of whipping instabilities was
observed. However, due to the absence of a streaggnadient the generated fiber diameters
were thicker than those generated by the heat okasei-up. Due to fast cooling of the
polymer jet no further diameter reduction occurt®dthe action of the electrical forces.
Figure 7 shows the fibers generated at 6.5 and 8istance, no significant differences for the

fiber diameters obtained at both distances weradoUsing the heat chamber set-up allowed
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us to electrospin pure PP 190000 at large distainewgeen both electrodes (26 cm), a flow
rate of 0.2 mL/h, and at an applied voltage of ¥5khe relation between the generated fiber
diameter and the distance between the electrodgisoisn in Figure 8. The fiber diameters

reduced with distance between the electrodes.
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Figure 8: Curve shows the Relation between the diethce between electrodes and the produced fiber
diameter of PP 190000 electrospun by heat chambeteetrospinning system with heat zone, the fibers

were collected on the flat target and the appliedaltage was 25 kV.
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4 Summary

In this appendix, polypropylene containing sodiuteasate was electrospun with a new
electrospinning device. During electrospinningatigkely thick fibers were produced due to
the absence of heat gradient between electrodes fEsulted in fast cooling and

solidification and therefore limited stretchingtbé polymer jet.

Increasing the distance between electrodes didesolt in any significant differences. Small
fiber diameters were produced by optimizing thewfleate. The smallest fiber diameter
obtained was in the range of 1 £ 1.02 um. 74% nberd have been generated at a flow rate
of 0.1 ml/h (lowest investigated flow rate) and ctlie field strength around 6 kV/cm.
Discharges between both electrodes interruptecligetrospinning process. Therefore, such

high voltages combined with the chosen distance wet suitable for a continuous process.

Due to the absence of the heat gradient betweetrades in the new design, higher electric
field strength is required compared to a systenm \wgating chamber. The fibers generated
with the heat chamber electrospinning device wenallgr in size and more homogeneous
than fibers generated with the new electrospinmiaghine. These results again confirm the
importance of existence the instabilities acting the electrified jet for production of

nanofibers by electrospinning.
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