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ABSTRACT

Aqueous solutions composed of dispersed nanoparticles and entangled
polymers are shown to exhibit a common viscoelasticity over a range of particle and
polymer concentrations. Time-temperature superposition and time-concentration
superposition are applied to generate master curves for the linear viscoelasticity of
neat and laponite RD-filled viscoelastic solutions of poly(ethylene oxide) in water.
The shift factors were correlated in terms of temperature and concentration and
explained qualitatively in terms of the molecular interactions in concentrated and
entangled polymer solutions and polymer-nanoclay solutions. The addition of laponite
is more effective in modifying the solution rheology than the addition of an equivalent
weight of polymer. Ageing studies show that, unlike the polymer solutions which are

stable, the addition of laponite leads to ageing on the timescale of days.

In parallel with the rheology, electrospinning is reported for the same
systems to explore the effects of change in the rheology of polymer and polymer-
nanoclay formulations. A correlation between fiber diameter and the spinning
solution’s zero-shear viscosity is observed and compared to previous work reported by
(McKee et al., 2004). The addition of laponite nanoclay to the PEO solutions, which
results in rheologically simple solutions, leads to different fiber morphologies for the
same shear viscosity in contradiction with earlier reports for titania particles (Drew et
al., 2003). The research identifies additional physicochemical properties that are

important in setting electrospun fiber morphology.

X1



Chapter 1

INTRODUCTION

1.1 Motivation

Traditionally conventional polymeric fibers ranging in size from a few
microns to about 500 microns are produced in industry through extrusion and drawing
of polymer melts or their concentrated solutions. Through evaporation of solvent in
the case of dry spinning or cooling of the polymer melt in the case of melt spinning
solidification within the polymeric thread leads to fibers with diameters in micron
range (Ondarcuhu and Joachim, 1998). Although the use of conventional polymeric
fibers are numerous, there exists a smaller size range of polymer fibers which could
have potential use in a variety of future products and processes where conventional
fibers show poor or no performance (Haberstroh er al., 2003; Kim et al., 2004;
Reneker, 2004; S.-Gibson et al., 2002). Thus, in the past two decades, considerable
research emphasis has been made on the production of polymer fibers of size between
a few nanometers to a few microns which, due to their size ranging to a few
nanometers are often denoted as “nanofibers”. Since nanofibers cannot be produced by
conventional spinning methods, research in the area of nanofiber production
technologies is required. Much of the current research in this area is directed towards
understanding these processes and better control over the morphology of the

nanofibers formed. The methods available to make nanofibers are:



a) Drawing

b) Self assembly

¢) Phase separation

d) Template synthesis

e) Fiber diameter reduction by chemical treatment

f) Electrospinning

To appreciate the advantages of electrospinning, our primary focus, we first briefly
discuss these methods and thus better understand why electrospinning is more

advantageous in several ways.

As noted above, normal drawing of fibers is limited in size to smallest
diameters of a few microns. However, with a special case of low molecular weight
polymers, it was shown that under carefully controlled experimental conditions fibers
of about 20 to 60 nm in diameter can be obtained (Ondarcuhu and Joachim, 1998).
However, this method works only when the low molecular weight polymer solution is
used at the threshold of solidification, and hence, the design of such a solution for
different polymers would involve a tedious trial and error procedure and the process

would require a very precise temperature and concentration control.

Self assembly has been used to produce nanofibers (Liu er al., 1999;
Whitesides and Grzybowski, 2002). In one method, nanofibers of a polymer were

produced from block copolymers which were dissolved in a suitable solvent and then a



phase separation was induced to cause the different blocks to organize in a core-shell
structure. The self assembled structure thus produced was treated with a solvent which
selectively dissolved away one of the blocks leaving behind the other as nanofibers

(Liu et al., 1999).

Similarly, phase separation of polymer solutions could also be used to
make nanofibers. It is known that during the phase separation of a polymeric system,
if the polymer chain length and concentration is sufficient, the polymer rich phase
initiates with the formation of viscoelastic polymer network from which the solvent
squeezes out over time (Tanaka, 1997; Taniguchi and Onuki, 1996). The time elapsed
after the initiation of phase separation controls the size of the fibrils in the network. In
one case, by a procedure involving thermally induced gelation, solvent
exchange and freeze-drying, biodegradable polymer matrices were made with
tibrils of the matrix ranging in size from 50 to 500 nm in diameter (Ma and

Zhang, 1998).

Template synthesis is the name given to methods in which a flowable
material is forced through or on a rigid structure. The material attains the shape of the
geometry used. In one such method, nanoporous membranes were used as templates
(Martin, 1996). When a polymer solution was forced through the membrane, it flowed
through the nanopores of the membrane and thereby attained nanoscale diameters. The
nanometer jets that emerged from the other side of the membrane were treated with a

solidifying solution to avoid coalescence of the polymer jets.



Fiber diameter reduction was used to reduce the size of fibers of
copolymers of poly(lactic acid) and poly(glycolic acid) (PLGA; 50:50 wt%) by
chemical treatment with NaOH, washing with water, sterilizing by UV light and then
soaking overnight in ethanol (Haberstroh et al., 2003). This method is specific to the
polymer used and would require a careful selection of chemical agents to etch the

various polymers.

As can be noticed, the methods discussed above for producing nanofibers
suffer a common disadvantage that multiple steps are involved in a complex process.
Drawing requires a careful control of concentration near the solidification conditions
and works only with low molecular weight polymers. Methods based on self assembly
and phase separation are governed by complex polymer-solvent thermodynamics,
which in turn is affected by the local temperature and concentration, which are
difficult to control. It is also clear that for these methods to work, a careful choice of
solvent, temperature and concentration conditions would be required. In addition,
certain other follow up treatments are required to finally obtain nanofibers. The
method of template synthesis is less taxing as compared to self assembly and phase
separation, but it still requires an additional step of meticulous construction of

nanoporous membranes.

Electrospinning is the only method that can be used to produce nanofibers
simply, directly and in a fast manner from polymer solutions and melts. The polymer
nanofibers are produced directly as an end result of a simple process based upon easily

controllable operating parameters such as spinning voltage and working distance.



There are several advantages of electrospinning over the other methods. Firstly, a wide
variety of both synthetic and biopolymers can be electrospun at a variety of polymer
concentration and temperatures in the same way. Secondly, electrospinning is versatile
enough and nanoparticles can be incorporated within the nanofiber matrix easily
(Drew et al., 2003, Ye et al., 2004, Krikorian et al., 2004 and Salalha et al., 2004).
This would be difficult to achieve by self-assembly and phase separation as those
processes depend upon the thermodynamics and therefore, it might be possible that a
particle rich second phase forms instead of particles being incorporated within the
phase separating fibrils. However, electrospinning only requires dispersion of the
particles into the polymer solution as the rapid process is less likely to allow phase
separation of particles. A variety of materials could thus be added to the fibers to
impart or enhance the properties of the fiber produced. Thus, electrospinning offers an
efficient and yet a simple way to trap the nanoparticles in a one dimensional array
embedded in the polymer of choice. Thirdly, electrospinning can be used to make
fibers even with a few milligrams of a polymer. This makes electrospinning an ideal
process for making nanofibers with novel polymeric materials often produced in small

quantities on a laboratory scale for research purposes.

1.2 Description and present status of electrospinning

As shown in Figure 1.1, the electrospinning set up is simple in design and
easy to operate. It consists of a high voltage supply connected to the needle of a
syringe containing a polymer solution and an earthed collector (metallic substrate) at
some distance (working distance) from the needle tip. The set up used for the present

work was arranged in a vertical manner with the syringe on the top and flat aluminum



foil as the collector at some distance below the needle tip of the syringe. The piston of
the syringe is pushed by a syringe pump connected to a motor that drives the pump at
a set flow rate and therefore squeezes out the polymer solution at a desired flow rate.
When no electricity is provided, the polymer solution coming out of the needle forms
a pendant droplet which breaks off under its own weight and falls by the action of
gravity on the collector. For electrospinning to carry out, a spinning voltage i.e., an
electric potential difference between the needle tip and the collector and a charge on
polymer solution is required. When the needle tip is connected to a positive potential
and the aluminum foil (collector) is earthed, at a low spinning voltage between the
needle tip and the collector, the pendant droplet attains a conical shape (Taylor cone)
due to the balance between the surface tension, gravity and electrostatic forces acting
on it (Yariret al. , 2001). With an increase in the spinning voltage, a fine jet issues
from the tip of the cone and travels towards the collector and collects on it in the form

of a mat made of fibers.

Electrospinning process depends upon the operating conditions and the
rheological and electrical properties of the solution (Fong and Reneker, 1999).
Modeling of the electrospinning trajectory has met with partial success in capturing
the diameter of electrospinning fibers (Shin et al., 2001, Feng, 2002). It is of interest
to quantify relationships connecting the resultant fiber mat properties, such as fiber
diameter and morphology, to the solution’s rheology, electrical properties, surface
tension and the process variables. For example, it was recently found that the final
diameter of polyester fibers correlates with the spinning solution’s zero-shear viscosity

(McKee et al., 2004). It is unknown, however, if such correlations hold for other



polymer-solvent systems, or whether the shear viscosity is sufficient to truly correlate

final fiber diameter.

Recently, nanoparticles have been incorporated into the spinning solutions
to yield composite fiber mats with potentially enhanced or new physical properties
(Drew et al., 2003, Ye et al., 2004, Krikorian et al., 2004 and Salalha et al., 2004).
Electrospinning investigations of aqueous poly(ethylene oxide) (PEO) solutions by
Drew et al. (2003) suggest that the addition of titanium oxide particles also enables
electrospinning at lower polymer concentrations than normally possible. Particle
addition leads to similar fiber diameters when the spinning solutions have comparable
shear viscosities. Here again, whether this observation is general and whether similar
quantitative relationships hold between fiber morphology and size and spinning

solution properties in the presence of nanoparticles has not been established.
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1.3 Objectives

The goals of the work reported here are to determine if the correlation
between zero shear viscosity and electrospun fiber diameter and morphology also
holds for an aqueous polymer solution, and whether this can be extended to the
electrospinning of solutions containing dispersed nanoparticles. In contrast to the
polyester solutions examined by McKee et al. (2004), here we study viscoelastic,
aqueous solutions of PEO (Devanand and Selser, 1991; Hammouda et al., 2002;
Hammouda et al., 2004; Ho et al., 2003). In addition, the solvent used here (water) is
less volatile than the 70/30 w/w mixture of chloform/dimethyl formamide used by
McKee et al. (2004), which may also be a factor in setting fiber morphology. The
rheological simplicity of the model system of aqueous PEO-laponite has been
established (Chapter 2) and exploited to examine the influence of the addition of
nanoclay on the electrospun fiber properties (Chapter 3). In addition, a method to
determine the critical polymer concentration of a spinning solution above which

beading is suppressed has been established.

1.4 Experimental

PEO (Scientific Polymer Products, Inc.) with reported nominal
Mw=9x10" g/mol, laponite RD (Southern Clay Products) and deionized water with a
resistivity of 18.3 MQ-cm were used as supplied to make the solutions. PEO (6.62 and
8.0 wt. %) was added to deionized water in plastic bottles and sealed. The bottles were
shaken vigorously by hand immediately after addition of water to PEO to completely
disperse the PEO. Dispersing PEO increases the surface area of dissolution and

therefore causes a faster dissolution of PEO in water. Three days were allowed for the



complete dissolution of PEO in water during which the solutions were placed on
rotating mixer for gentle mixing. The aqueous PEO solutions (PW solutions) of lower
concentrations were prepared by diluting either of the two stocks with an additional
amount of deionized water, after which, the diluted samples were mixed for a day.
Laponite (1.5 and 2.2 wt. % ) was added to deionized water and shaken vigorously for
a few minutes and then sonicated for ~30 minutes using a probe sonicator with
simultaneous mixing using a magnetic stirrer bar. Because laponite dispersions age
rapidly due to the tendency of laponite particles to organize in aqueous medium into a
structure (Dijkstra et al., 1995; Willenbacher, 1996), these dispersions were used

within two hours of sonication to prepare the PWL mixtures as discussed below.

Addition of solid laponite powder into aqueous PEO solutions or solid
PEO into laponite dispersions causes local gelation upon contact and impedes further
dispersion of the solid added. Therefore, the PWL mixtures of desired concentrations
were prepared from stock solutions of PEO and laponite dispersions by mixing 6.62
wt. % PEO solution with 1.5 wt. % laponite dispersion and mixing 8 wt. % PEO
solution with 2.2 wt. % laponite dispersion in different weight ratios to obtain ternary

mixtures.

The PWL samples thus prepared were vigorously shaken by hand and
mixed on a rotating mixer for ~24 h prior to rheological measurement. The PWL
mixtures were optically clearer than neat PW solutions but some of the mixtures with
higher laponite concentration showed evidence of some colorless gel-like

agglomerates that settled with time. These agglomerates are characteristic of the PWL

10



system (Mongondry ef al., 2004) and were fully redispersed by a spatula by mixing for

5 to 10 minutes prior to rheological measurement and electrospinning experiments.

The shear rheology was measured using concentric cylinder geometry
(CC27) on a MCRS500 (Paar Physica) with a solvent trap to avoid evaporation and
peltier temperature control (+0.03°C). Amplitude sweeps were performed to limit the
frequency sweep measurements in the linear viscoelastic regime. The reported data
was obtained for frequencies from 0 to 100 rad/s performed in controlled strain mode
with a strain amplitude of 10 %. The data was processed using the manual shifting
mode of IRIS software package version 8.04 (Winter and Mours, 2004) to perform

superpositions (TTSP, TCSP) and spectrum calculations.

Electrospinning experiments were performed using a device described
previously (Megelski et al., 2002). A DC voltage of 20 kV, a collector to tip distance
of 13 cm and a flow rate of 3 ml/h was used for all experiments. Fiber mats were
collected on aluminum substrate (foil) and SEM (JEOL JSM 6335F) digital
micrographs were obtained and analyzed using Adobe Photoshop software to obtain

the fiber diameter distributions.
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Chapter 2

RHEOLOGY OF NEAT AND LAPONITE-FILLED POLY(ETHYLENE
OXIDE)-WATER SOLUTIONS

2.1 Introduction

Understanding the important parameters that govern the formation of
electrospun nanofibers is of interest. In general the electrical properties and
rheological properties of the polymeric fluid strongly affect the process. In this
chapter, the rheology of model systems, neat and laponite-filled aqueous PEO
solutions has been studied. It is discussed how the rheology of these systems can be
reduced to master curves which reveals the similarity between the two systems in
terms of their microstructure. The method used also provides an example of how the
rheology of ternary systems may be characterized as a function of temperature and

concentrations.

Polymer-clay nanocomposites exhibiting superior properties find
applications in various commercial products in the agricultural (Greenblatt et al.,
2004; Theng, 1970), pharmaceutical (Greenblatt et al, 2004; Wong, 2004),
electrochemical (Aranda, 2003; Doeff and Reed, 1998; Feller and Bruzaud, 2004),
photochemical (Majumdar, 2003) and personal care (Sengupta et al., 2002; Smith et
al., 1989) industries. The final material properties of such composites are often highly

dependent on their processing history due to the strong coupling between the
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nanocomposite’s microstructure and rheology. Hence, it is of importance to establish
the rheological effects associated with the addition of nanoparticles to polymers and

polymer solutions.

For example, one application attracting recent research interest is the
electrospinning of polymeric materials to produce nanoscale fibers (Casper et al.,
2004; Huang et al., 2003; Jayaraman et al., 2004; Megelski et al., 2002). Colloidal
particles have been incorporated within the electrospun fibers for such purposes as to
enhance the mechanical properties of the electrospun fibers (Krikorian et al., 2004)
and to generate high specific surface area catalytic particles (Drew et al., 2003). The
rheology of the spinning solution is known to affect the fiber diameter (McKee et al.,
2004). Consequently, the rational design and control of the electrospinning process
requires knowledge of the rheological properties of the spinning solution and its

dependence on polymer and particle concentrations.

Polymer processing benefits from the use of time-temperature
superposition (TTSP), whereby the linear viscoelasticity of polymers can often by
reduced to a master curve (Baumgirtel and Willenbacher, 1996; Ferry, 1980) over a
range of temperatures and deformation frequencies. Similarly, polymer solutions
within the concentrated regime have been shown to exhibit time-concentration
superposition (TCSP) (Baumgirtel and Waillenbacher, 1996; Ferry, 1980;
Schausberger and Ahrer, 1995). In the latter, concentration effects on the
entanglement density and dominant relaxation time can be reduced to an underlying

master curve.  This reduction reflects the common, underlying mechanisms
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responsible for the viscoelasticity. In addition to the obvious savings in data
management, reduction to an underlying, universal, viscoelastic spectrum is helpful
both for measuring the rheology in a larger experimental window and for the
prediction of the viscoelasticity at state points not actually measured. Likewise, the
rheology of weakly attracting colloidal suspensions at different volume fractions or
interaction energies, within a certain range, can be superimposed to reflect the

commonality in the underlying viscoelasticity (Trappe and Weitz, 2000).

The addition of nanoparticles to polymers and polymer solutions should
significantly modify the viscoelasticity of the polymer or polymer solution if the
particles strongly interact with the polymer. However, even relatively weakly
interacting nanoparticles can have significant and nontrivial effects on the polymer’s
rheology because of their high surface to volume ratio and similar size scales with the
polymer (Mackay et al., 2003). As it is becoming increasingly common to add
nanoparticles into polymers and polymer solutions to either enhance or impart desired
properties to the resulting mixture, a systematic approach that could facilitate

rheological measurements, their correlation and possible prediction is desirable.

The ternary mixture with laponite nanoclay dispersed in aqueous solutions
of poly(ethylene oxide) (PEO), henceforth referred to as PWL mixture, is a model
polymer-nanoclay dispersion that has received sufficient attention to make it both of
academic and practical interest. PWL mixtures, with or without the presence of
counterions, have been studied extensively at a wide range of PEO concentration

through rheology, SANS and molecular modeling. At concentrations greater than 2 wt.
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%, aqueous laponite dispersions form a thixotropic gel with time (Willenbacher,
1996). Monte Carlo simulations (Dijkstra et al., 1995) of laponite gels suggest a
“house of cards” structure driven by electrostatic attraction between oppositely
charged edges and faces of the laponite discs (van Olphen, 1977). Many other
structural models have been proposed to explain the structure and properties of
laponite gels (Schmidt et al., 2002). The introduction of water soluble polymers is
known to retard or inhibit the gelation kinetics (Mongondry et al., 2004; Sardinha and
Bhatia, 2002a; Sardinha and Bhatia, 2002b). The structure formation with time causes
a significant change in rheology over days (Sardinha and Bhatia, 2002a; Sardinha and
Bhatia, 2002b), such that ageing must be accounted for in any quantitative
experimental study. Phase behavior studies and rheology of PWL system delineate the
boundary within which PWL mixtures shear thicken reversibly to form ‘shake gels’
(Feller et al., 2004; Pozzo and Walker, 2004; Zebrowski et al., 2003). Flow-
birefringence studies revealed that upon shear the laponite discs orient along the flow

direction (Schmidt et al, 2000; Schm idt et al, 2002).

SANS investigations show that PEO adsorbs to and can bridge between
laponite discs, leading to the formation of a polymer-nanoparticle network in solution
(Feller et al., 2004; Lal and Auvray, 2001; Nelson and Cosgrove, 2004; Pozzo and
Walker, 2004; Schmidt et al., 2000). Therefore, it can be expected that the addition of
laponite particles to semi-dilute and concentrated PEO solutions will contribute
additional structure to the solution polymer-colloid interactions that will affect the
solution’s viscoelasticity. This change could result in an increase in the effective

entanglement density through PEO-laponite bridging interactions. However, laponite
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particles could also remove PEO chains from the entanglement network if adsorption
occurs without significant bridging. This idea is also supported by the variety of
molecular configurations that result from PEO-laponite interactions as was
summarized by Pozzo and Walker (2004) in their pictorial diagrams of the molecular
microstructures possible. Among the various structures shown, in some the polymer
chains effectively bind together the various laponite discs to form gels whereas in
other cases the polymer chains are adsorbed on discs in such a way that they do not
bind the laponite discs and thus resulting in sol phases which effectively would
amount to removal of some PEO chains from the bulk and therefore reduce the bulk
entanglement density. Consequently, it is not known a priori whether such ternary
mixtures will exhibit a simple enough rheological behavior to be represented in a
universal manner by an underlying viscoelastic master curve. Here, we explore
whether this is possible by performing rheological investigations on a series of model
PEO-laponite aqueous solutions covering a relevant and interesting range of

compositions and temperatures.

2.2 Ageing and fixing the sample prehistory

Limited ageing studies were preformed to define and limit the sample
prehistory in our experiments. In the following discussion “day 17 refers to the first
day of the rheological measurement, i.e. the day of preparation of laponite dispersion,
the fourth day after initial mixing of PEO and water to form PW solution and a day
after initial mixing of the laponite dispersion and PW stock solution to prepare PWL

mixture.
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The shear viscosity and the frequency sweep of a 5 wt. % PEO solution
was observed to be identical over a period of 40 days and therefore, did not show

evidence of ageing.

The shear rate sweeps measured over 45 days on a 2.7 wt. % laponite
dispersion in water are shown in Figure 2.1, each curve measured on a freshly loaded
sample. Just after preparation, this dispersion showed a low, nearly Newtonian
viscosity which can be seen as the rheology on day 1 in Figure 2.1. Within three days,
however, the low shear viscosity is replaced by an effective yield stress, which
continued to increase slowly with time. As shown in Figure 2.2, this dispersion
showed a maximum in the loss modulus, G" at high strains in the amplitude sweep
measurement indicating a development of complex structure as was also observed by
Willenbacher (Willenbacher 1996). This viscoelasticity is due to specific colloid-
colloid interactions and should be distinguished from that arising from colloid-

polymer interactions, discussed shortly.
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Figure 2.1: Thixotropy of a 2.67 wt. % laponite dispersion over 45 days.
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A stock of PWL mixture with PEO wt. % = 3.69, laponite wt. % = 1.18
was prepared following the same protocols as described earlier for other PWL
mixtures and viscosity measurements performed in ascending (up to 500 s” ) and
descending sweeps as shown in Figure 2.3. The viscosity was observed to be
substantially lower upon descending from high shear rates, which indicates partial
shear redispersion of the structure. Even though the total solid content in the shown
PWL solution is greater than the laponite dispersion shown in Figure 2.1, the latter
shows a more rapid increase in the zero shear viscosity validating the retardation effect
of PEO on the gelation kinetics of laponite dispersions (Sardinha and Bhatia 2002a;

Sardinha and Bhatia 2002b).

Ageing studies were carried out to find out how the systems change with
time so that necessary care could be taken to avoid ageing effects on the measured
rheology and the electrospinning carried out. Except for ageing studies, where we
deliberately sought information on how the system changes with time, all the other
reported measurements were carried out with presheared PWL mixtures within 1 to 4
days after preparation. The measured rheology for samples prepared according to this
protocol were found to be reproducible and consequently, differences in the observed
rheology are a consequence of the differences in composition and not due to sample

ageing.
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Figure 2.3: Change in viscosity of PWL6 at 25 °C with time (ascending and descending

shear rates are represented by filled and empty symbols respectively).
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2.3 Rheology of PEO-water solutions

PW solutions of 12 different concentrations, as indicated in Table 2.1,
were prepared for the rheological characterization. The samples were designed to
span the semi-dilute to concentrated regimes so as to be of practical importance as
well as to explore the suitability of the two different concentration regimes for TTSP
and TCSP. For PEO-water system, the Mark-Houwink-Sakurada equation for PEO of
Mw=1x10" g/mol is given as (Polymer Handbook, 4th ed., 1999),

[17]=0.0449 MW" @.1)

Using expression 2.1, for PEO of Mw=9x10° g/mol (used here), the concentrations, c*

and c**, are given approximately as,

c=—=0.0—6—123n**dz c= 8 —%50.0183
m

The density of PEO and water are both close to 1 g/ml, so these values correspond to:

¢’=0 .2W8t . %'n=d c¢ (2.2)
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Table 2.1: PW solutions prepared for rheological characterization.

Solution 3::5%
PW1 2.24
PW2 2.37
PW3 2.52
PW4 3.10
PW5 3.74
PW6 3.85
PW7 4.00
PW8 4.50
PW9 5.00

PW10 5.50
PW11 6.00
PW12 6.50
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2.3.1 Viscosity and concentration regimes

The measured shear viscosities, #, of the PW solutions are shown in
Figure 2.4, where a pseudo-newtonian plateau at low y is followed by significant
shear thinning. Also shown in Figure 2.4 is the complex viscosity, 7, vs. angular
frequency, ®, which overlap with the viscosity curve in the low frequency limit,
thereby validating the extended Cox-Merz rule for the PW solutions both in semi-

dilute and concentrated regimes.

In Figure 2.5, the zero shear viscosity, 7y, is plotted as a function of PEO
concentration of PEO, c¢. The data corresponds quantitatively with previously
published data for the same system measured by Fong et al. (1999) in the low
concentration range. Here we have performed measurements at higher concentrations
as well. The change in slope of d (ln o )/d (ln c) vs. ¢ on a log-log plot from 2.4 to 5.0
occurs at a concentration of about 3.2 wt. % PEO. Based on the aforementioned
calculations, we identify this as the transition from the semi-dilute to concentrated
entangled regime. The difference with the calculated value of ¢** (expression 2.2) is
likely to be due to the large molecular weight polydispersity (= 3.5) in the PEO. The

zero shear viscosity is given by,

7o = (0.0013£0.0009)c 50404 2.3)

in the concentrated regime, where 77, is in Pa.s and c is in wt. %.
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Figure 2.4: Steady-shear viscosity and validation of Cox-Merz rule for PW solutions at
25 °C (symbols - steady shear viscosity vs. shear rate, lines - complex

viscosity vs. angular frequency).
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2.3.2 Time-temperature superposition

As discussed by Baumgirtel and Willenbacher (1996), superposition
should be possible with the rheology of polymer solutions in the concentrated regime,
namely PW5 to PW12. All of these samples exhibited a maxwellian frequency sweep
response with appreciable storage modulus. Figure 2.6 shows the frequency sweeps
for PW12 measured at four temperatures, namely 4, 11, 18 and 25 °C. In the legends
the name of sample is followed by the letter T (for temperature) and the measurement
temperature in degrees Celsius. Figure 2.7 shows the same data after time-temperature
superposition (TTSP) referenced to 25 °C. As anticipated, only horizontal (time)

shifting was required as the vertical shift factors given as,

are expected to be unity for such a limited temperature range. As PW12 superimposes
well it is a thermorheologically simple fluid over this limited temperature range. The
master curve in Figure 2.7 is denoted by the same symbol as used to denote the
reference curve in Figure 2.6 as a reminder that the master curve is only an extension
of the reference curve in a larger experimental (in this case frequency) window.
Similarly, all the other master curves discussed later are represented by the symbols
used for the reference curve during superposition. Shifting a low temperature data onto
a higher temperature data extends the latter into high frequency domain as can be seen
by comparing Figures 2.6 and 2.7. TTSP was also performed for samples, PW10 and

PW11, with similar results as seen for PW12.
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The shift factors resulting from the TTSP of PW10, PW11 and PW12 are
listed in Table 2.2 and plotted in Figure 2.8. To gain insight into the molecular
processes contributing to the viscosity and to predict the rheology at any temperature
within the range of measurement temperatures, it is of interest to correlate the shift
factors, ar, with temperature. The glass transition temperature, T, of the PW solutions
were estimated by the Gordon-Taylor equation using the Simha-Boyer rule (Hancock
and Zografi, 1994) with the following values for the individual 7, and density, p:
T, rE0=218 K, Ty warer=135 K, ppro=1.1 g/cm3 and pyare=1 g/cm3. All the measurement
temperatures employed were greater than (7,+100) K of any solution and therefore the

TTSP shift factors are expected to follow the Arrhenius equation,

-AH | 1 1
ap = exp[ R [?— Tref H (2.5)

which is validated by the exponential fit in Figure 2.8. The activation enthalpy for

flow did not depend upon the concentration and was found to be,

—AH =(26.4%0.8) kJ /mol

which is larger than that of the solvent, water (17 kJ/mol) (Welty et al., 1984) and
therefore, consistent with the fact that the viscoelasticity is dominated by polymer-

polymer interactions.
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Table 2.2: Horizontal TTSP shift factors for PW10, PW11 and PW12.

Solution T (°C) ar
PWI10 25 1
PWI10 20 1.2
PWI10 15 1.46
PWI10 10 1.79
PWI11 25 1
PWI11 18 1.3
PWI11 11 1.71
PWI11 4 2.32
PWI12 25 1
PWI12 18 1.28
PWI12 11 1.68
PWI12 4 2.26
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Figure 2.8: Horizontal shift factors, ar, for TTSP of PW10, PW11 and PW12.
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2.3.3 Time-concentration superposition

In Figure 2.9 the dynamic moduli of PW solutions in the concentrated
regime, namely, PW5, PW6, ..., PW9 measured at 25 °C are shown along with the
TTSP master curves for samples PW10, PW11 and PW12. The PW solutions
belonging to the semi-dilute concentration regime, namely, PW1, PW2, PW3 and
PW4, do not show any appreciable elasticity and therefore, were not considered
further. As is apparent from Figure 2.9, for PW solutions that belonged to the
concentrated regime, the curves at different concentrations of PEO have the same
Maxwellian shape and therefore, are shifted horizontally and vertically to create
concentration master curve referenced to the 5.5 wt. % PW solution, (i.e. PW10, at 25
°C) as shown in Figure 2.10. Here vertical shifting is also required because the vertical
shift factors depend upon the concentration (Baumgértel and Willenbacher, 1996;

Ferry, 1980).
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The shift factors resulting from the TCSP of PW5 to PWI12 data are
shown in Table 2.3 and plotted in Figure 2.11. Also shown for comparison are the
shift factors calculated using the scalings expected for ideal Gaussian chains as

reported by Baumgirtel and Willenbacher (1996) (a, ¢*°, b, ¢ >?). Our TCSP shift

factors, a. and b, also follow power law correlations with concentration given as,

a, = (6.7x107* £2.6x10~*)c!+2*02) (2.6)

b, =(3.25+0.38)c 072008 2.7

where c is in wt. %. This difference in scaling can be rationalized in terms of solvent

quality effects, as will be discussed shortly.

It is interesting to explore the results of shifting if the shift factors were
assumed to follow the scaling for gaussian chains as found by Baumgirtel and
Willenbacher (1996), i.e. a, = Ac* and b, = Bc™*. For this, the value of shift factors
for reference curves were chosen as unity and the prefactors, A and B were found by
putting ¢ = 5.5 wt. %. With the prefactors known, the shift factors were calculated for
different concentrations. After the shifting was carried out using the calculated shift
factors, the curves did not superimpose in any frequency window as shown in Figure
2.12 which suggests that PEO chains in water are not simple gaussian chains. Also
shown are the tan o curves which also do not superimpose. An explanation of why the
PEO solutions do not follow the scaling expected for idealized gaussian polymer

chains in theta solvents will be presented in section 2.5.
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Table 2.3: Shift factors for TCSP of PW solutions.

Solution A b,
PW3 0.03* 1.68*
PW5 0.168 1.26
PW6  0.186 1.2
PW7 0.234 1.17
PW38 0.457 1.15
PW9  0.525 1.07

PW10 1 1
PW11 1.41 0.912
PW12 1.86 0.794

(* values were found by correlating a. and b, with concentration)
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Figure 2.11: Horizontal and vertical TCSP shift factors for PWS to PW12 and their
comparison with the scaling provided for polymer solutions in the

literature (Baumgiirtel and Willenbacher, 1996).
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2.3.4 Relaxation spectrum

For completeness, the discrete relaxation spectrum of the PW master
curve shown in Figure 2.10 is tabulated in Table 2.4, where 6 (N) modes were found
to accurately represent the master curve. Using the spectra, the master curve G' and

G" data as a function of ® can be found using the relations,

Ao N :
Z & Qo)=Y —EL i (2.8)

l—i—ﬂ,z Z 144 @

Table 2.4: Discrete relaxation spectra of PW TCSP master curve.

Relaxation strength Relaxation time

g [Pa] fils]

7380 6 .x0 D
142 6.41x107
52.1 3.13x 107
13.8 1.17x10™
3.33 3.71x 10"
0.433 1.43x10°

42



2.4 Rheology of PEO-water-laponite solutions

The concentrations of PWL mixtures (PWL1 to PWL9) prepared for
rheological characterization and their mixing times on the vibrating mixer prior to
testing are listed in Table 2.5. The concentrations of ternary mixtures were designed to
investigate the effects of adding laponite to originally neat PW solutions (PW base
solutions) of different concentrations. As shown in Table 2.5, five different groups
were formed with each group containing a PW base solution and corresponding PWL
mixtures with the PEO to water ratio (100P/(P+W)) equal to the PW base solution.
Thus, successive mixtures in each group can be compared to the corresponding neat
PW base solution in the group to determine the effects of laponite addition upon the
rheology of PW solutions. Figure 2.13 shows on a triangular plot, the concentration of
binaries mixed to form the ternaries of desired concentrations. As expected by the
lever-arm rule, the concentration of the ternary PWL mixture formed by mixing the
two binaries, PW solution and laponite dispersion lies on the straight line (shown as
dotted lines) connecting the binaries. The five arrows shown start at the PW base
solution in each of the five groups and connects the PWL samples belonging to each

of the five groups.

2.4.1 Effect of laponite on the viscosity

The shear thinning response of the PWL mixtures is shown in Figure 2.14
along with the corresponding dynamic viscosity 7' (@), which are in reasonable
agreement except for PWLS5 shown in dashed line. PWL5 contained the highest
concentration of laponite and indicates the beginning of the failure of Cox-Merz rule

at high laponite concentrations.
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Ternary
mixture

PWLI1
PWL2
PWL3
PWLA4
PWLS5
PWL6
PWL7
PWLS
PWL9

Table 2.5: PWL mixtures prepared for rheological characterization.

PW
base
solution

PW3
PW5
PW8
PWI10
PW3
PW5
PW8
PWI10
PWI12

Group

P%

2.49
3.71
4.48
5.49
248
3.69
4.45
5.46
6.47

L%

0.94
0.66
0.49
0.26
1.52
1.18
0.97
0.7
0.42

W %

96.57
95.63
95.04
94.26
96.00
95.12
94.57
93.84
93.10
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100xP/(P+W)

2.51
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4.50
5.50
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Figure 2.13: Concentration map of neat and laponite filled aqueous PEO solutions
prepared for electrospinning: circles, triangles and squares represent the
PEO solutions, laponite dispersions and laponite-filled PEO solutions

respectively. Solutions that lie along an arrow represent members of a
group.
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Figure 2.14: Steady-shear viscosity and validation of Cox-Merz rule for PWL mixtures
at 25 °C (Symbols - viscosity vs. shear rate, lines - complex viscosity vs.
angular frequency. The dashed line for the case of PWLS implies a

deviation from the Cox-Merz rule.).
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As expected of the PWL mixtures containing PEO in excess, the shear
viscosity is qualitatively similar to the PW solutions but quantitative comparison of
data in Figure 2.4 and Figure 2.14, shows that at the same solids loading, the viscosity

is larger for higher laponite concentrations.

2.4.2 Time-temperature superposition

The frequency sweep measurements were performed for laponite-filled
systems at five different temperatures each, namely, 4, 11, 18, 25 and 32 °C. Upon
TTSP of the data referenced to 25 °C the data superimposed well showing that the
PWL mixtures are thermorheologically simple, at least, in this limited temperature
range. Once again, no vertical shifting was required for TTSP because of the narrow
temperature range. As an example, the dynamic shear moduli of PWLI1 are shown at
five different temperatures in Figure 2.15. It is remarkable to note that unlike its
corresponding base solution, PW3, the PWLI1 mixture with less than 1 wt. % laponite
showed a substantial elasticity and a Maxwellian behavior. Shown in Figure 2.16 is
the TTSP master curve of PWL1 referenced to 25 °C, the TTSP master curve of PWL5
referenced to 25 °C, and the curve for PW3 predicted from the PW master curve
shown in Figure 2.10 using the shift factor correlations, 2.6 and 2.7. This is a
hypothetical prediction by extrapolation from the PW master curve made for purposes
of comparison; sample PW3 does not exhibit this viscoelasticity in experiment as it

falls in the semi-dilute regime.

Listed in Table 2.6 are the TTSP shift factors (master curves not shown

for brevity), ar, for samples PWL1 to PWL9 along with the activation energy for flow,
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obtained by fitting ar vs. T data of PWL mixtures to Arrhenius equation (equation
2.5). The fitted values can be used to predict ar, and hence the rheology of PWLI1 to
PWLY9 in the range of 4 to 32 °C.

2.4.3 First time-concentration superposition

As shown in Figure 2.16 for group 1, the viscoelastic spectra for samples
in the same group have a similar shape but are displaced as the laponite content is
increased. Therefore, the curves of PWL mixtures in a group were superimposed onto
curves for the respective PW base solutions belonging to that particular group. Figure
2.17 shows the five pairs of G’ and G" master curves, one for each group. This shifting
is referred to as TCSP; henceforth and the shift factors referred to as, a.; and b.;, are
listed in Table 2.7. As within each group the PEO-water concentration is fixed, this
first TCSP (TCSP;) accounts for the changes associated with the addition of laponite
to a base PW solution. Comparisons of master curves between groups compares

samples with different concentrations of polymer.
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Figure 2.15: Dynamic moduli of PWLI1 at 4, 11, 18, 25 and 32 °C.
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Table 2.6: Horizontal TTSP shift factors and activation energy of flow for PWL

mixtures.
—-AH
32°C  25°C  18°C 11°C  4°C  [kJ/mol]
PWL1  0.778 1 1.32 1.81 257 300
PWL2  0.768 1 1.33 1.81 2.54 300
PWL3  0.772 1 1.32 178 248 293
PWL4  0.771 1 1.34 177 241 28.6
PWL5  0.843 1 1.24 1.61 2.18 239
PWL6  0.793 1 1.29 173 237 275
PWL7  0.801 1 1.3 174 242 278
PWLS  0.787 1 1.29 172 234 274
PWL9  0.796 1 1.28 1.67 224 260
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Upon further inspection, and as shown in Figure 2.18, it is apparent that

the shift factors, a.; and b, are strong functions of the percentage of laponite in the

mixture on a water free basis tabulated as 100L/(L+P) in Table 2.5. The shift factor,

a.;, was found to conform to a piecewise exponential function (expression 2.9),

whereas the shift factor, b.;, was described well by a single exponential function

(expression 2.10).

(1.04+0.05)exp
ac =

(0.42+0.08)exp

b, =(1.09+ O.lO)exp{(0.0ZZi0.00@(

(0.036+0.007) 100Z , 0< 100Z <10
(L+P) | (L+P)
T (2.9)
(0.139+0.005) 100L , 100L >10
(L+P) (L+P)
100L
(L+P)H (2.10)
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Figure 2.17: Groupwise TCSP (= TCSP,) master curves of PWL mixtures at 25 °C

referenced to PW base solution in each group.
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Table 2.7: Shift factors for the TCSP (=TCSP,) of PWL mixtures on their respective PW
base solutions (the required rheology of PW3 for TCSP of Group 1 mixtures
was predicted from the PW TCSP master curve shown in Figure 2.10 with
shift factors (equations 2.6 and 2.7) extrapolated to the concentration of PW3).

Qcl bei

Group1l PW3 1 1
PWLI1 20.9 2.45
PWLS5 81.3 2.24

Group2 PW5 1 1
PWL2 2.95 1.62
PWL6  9.95 2.01

Group3 PWS8 1 1
PWL3 1.45 1.32
PWL7 4.37 1.74

Group4 PWI10 1 1
PWLA4 1.26 1.07
PWLS 1.95 1.23

Group5 PWI2 1 1
PWL9 1.35 1.15
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Figure 2.18: TCSP shift factors for groupwise shifting (= TCSP;) of PWL TTSP master

curves at 25 °C on the respective PW base solutions.
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2.4.4 Complete time-concentration superposition

The master curves formed by shifting the various laponite concentrations
onto the base PW solutions (i.e. the results of TCSP;) are observed to successfully
TCSP. This TCSP is shown in Figure 2.19 and denoted by TCSP,. The group 4
master curve was chosen as reference for TCSP,. This is equivalent to shifting the
curves for base solutions, PW3, PW6, PW8 and PWI12 onto PWI10 chosen as
reference. Therefore, the shift factors, a., and b.,, for TCSP, should be identical to the
shift factors that result from the TCSP of PW solutions as listed in Table 2.3. By the
same reasoning, the relaxation spectrum of the PW TCSP master curve, listed in Table
2.4, is expected and was found to reproduce the PWL master curve obtained after

TCSP,, as is the case.
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2.5 Discussion

Reducing temperature reduces molecular motion and hence, increases the
relaxation time of the entangled polymer chain; hence the corresponding increase in
the values of the TTSP shift factors, ar, of both neat and laponite filled PW solutions.
Over this small temperature range, however, the density does not change significantly

(Ferry, 1980) so vertical shifting is not required.

TCSP shift factors for the PW solutions, a cl o ¢% and bcl oC cﬂ , are

related to the concentration dependence of the zero shear viscosity 77, oc c¢ by

¢ = a — f. This relation can be derived as follows. For a flowing system, in the limit

of zero frequency, the following should hold:
1, =limn' (o)

o—0

"

where, '=—
w

G;hzﬁed/
(G"j L)

D pitieq

aC

=1, =lim

w—0

(0]

bC . G‘vhifted
or 17,| —= |= lim | —— | = constant
ac Oshifted -0 a)shifted

Therefore, 7, (b J: constant (=77, of PW10 which was chosen as the reference)

<
a

c

Also, this means that,

7o o (Z—Cj =175 0c OB (e gp=a - p) (2.11)

c
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This value of ¢ = a— f=4.92+£0.28 (from expressions 2.6 and 2.7) as found through

frequency sweep measurements is in agreement with the measured value of

¢ =5.0£ 0.4 (expression 2.3) through viscosity measurements.

The concentration scaling of PW TCSP shift factors were found to be
different from those proposed by Baumgirtel and Willenbacher (1996) for
polystyrene-ethylbenzene systems. The scaling exponent of b, is -0.72 instead of -2.2
which implies a weaker dependence of the plateau modulus upon the concentration of
polymer for the PW solutions as compared to ideal solutions. This can be understood
as an effect of solvent quality. Water is a good solvent for PEO at around 25 °C as
previously shown through second virial coefficient and radius of gyration
measurements at 30 °C (Devanand and Selser, 1991) and a favorable Flory-Huggins
interaction parameter, y =0.12 (=—w/RT) at 30 °C in the range between 5 to 40 wt.
% PEO (2290 g/mol) solution in water (Kjellander and Florin, 1981). As the polymer
concentration increases, the solvent quality should tend toward theta conditions.
Hence, the swollen PEO chains in good solvent will reduce in coil size with increasing
polymer concentration. Thus, adding PEO will not lead to the expected increase in
chain overlap, and hence, one expects to observe a weaker concentration dependence
of the plateau modulus (and hence the vertical shift factor b.) as given by equation 2.7.
The higher than expected scaling exponent for the relaxation time (a.) can be
rationalized through an increase in molecular friction with increasing polymer
concentration due to specific polymer-polymer segment interactions mitigated by

hydrogen bonding. Indeed hydrogen-bonded clusters have been reported for similar
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PEO water solutions (Hammouda et al., 2002; Hammouda et al., 2004; Ho et al.,

2003).

Normally in the case of polymers the relaxation time and the plateau
modulus both increase simultaneously. Adding laponite to the base PW solutions
increased the relaxation time and yet decreased the plateau modulus. This counter-
intuitive observation is a consequence of the specifics of the PEO-laponite
interactions. The concentration variable, 100L/(L+P) was observed to correlate the
TCSP; shift factors over the different polymer and laponite concentrations. This
variable is closely related to the parameter, I',, used earlier to characterize the phase
behavior of PWL system (Pozzo and Walker, 2004). Assuming, the specific
adsorption surface area provided by the laponite discs for PEO adsorption to be s mz/g,
r;!is given as,

_ L m®
1o S M (2.12)
100P mg

where, P and L denote the wt. % of PEO and laponite in a PWL mixture. For small
laponite concentrations, as is the case here, the two parameters are nearly proportional.
Therefore the trend in the shift factors, a.; and b.;, with the relative laponite
concentration variable, 100L/(L+P), can be understood simply in terms of the surface

area provided by laponite per unit mass of PEO present.

The increase in the shift factor, b, with 100L/(L+P) reflects the
corresponding reduction in the plateau modulus apparent in Figure 2.16. A decrease in

the plateau modulus with the addition of laponite particles to the PW base solutions
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suggests that PEO adsorbs to the laponite and is consumed from the bulk where it
caused entanglements, thus reducing the entanglement density. However, some
polymer bridging must also occur because there is a net increase in the longest
relaxation time as characterized by a.; (Table 2.7 and Figure 2.18). To confirm this
proposition, the gel and the solution phases of two representative PWL mixtures,
PWLS5 and PWL6, were separated by centrifugation at 1200 rpm for 15 minutes and
the concentration and quantity of both the phases was measured by thermogravimetric
analysis (TGA) as shown in Figure 2.20. The gel phase contains a higher
concentration of both PEO and laponite, which is consistent with the aforementioned
hypothesis. The amount of PEO removed from the network to form gel particles is a
relatively small, however, as the gel phase is only about a fifth of the sample. This
suggests that the removal of PEO chains from the entanglement network by adsorption
onto laponite leads to a relatively small effect on the rheology as observed. The
presence of some bridging adsorbed PEO chains on laponite in the solution phase
increases the dominant relaxation time (and hence a.;) as seen in Table 2.7 and Figure
2.18. Thus, in terms of Pozzo and Walker (2004), both gel and sol phases formed with

the amount of gel phase about 20 % of the entire material.

Figure 2.18 demonstrates that above the value 100L/ (L +P)~10 the
addition of laponite greatly increases the longest relaxation time (a.;) for the polymer
solution. It has been reported that ~ 1 wt. % PEO is capable of saturating the laponite

surface by adsorption, in a 2 wt. % aqueous dispersion of laponite (Lal and Auvray,

2000; Lal and Auvray, 2001).
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Therefore, laponite particles present in the PWL mixtures discussed in this
work are expected to be saturated with adsorbed PEO. However, the likelihood of
bridging relative to nonbridging polymer will depend upon the relative concentrations:
i.e., at low relative laponite concentrations there is less probability of a chain
adsorbing to multiple laponite particles. Whereas, at higher laponite concentrations,
polymer bridging is more likely and percolation of the bridge network is possible.
Consequently, the change in behavior of the TCSPs with relative laponite
concentration are interpreted to suggest changes in the structure of the adsorbed

polymer layer and the likelihood of polymers contributing to bridges.

2.6 Conclusions

PEO-water solutions were observed to be thermorheologically simple in
the concentrated solution regime over the temperature range of 4-32 °C. However,
unlike previous measurements for nearly ideal chains in theta solvents, aqueous PEO
solutions exhibit a weaker increase in plateau modulus and a stronger increase in
relaxation time with increasing polymer concentration. The former is qualitatively
understood as a consequence of the good solvent quality whereas the latter is

attributed to specific hydrogen bonding interactions present in aqueous PEO solutions.

The addition of laponite to these solutions also yielded
thermorheologically simple solutions (although ageing effects were observed), but
with nontrivial concentration dependencies of the shift factors. Specifically, adding
laponite was observed to decrease the plateau modulus while weakly increasing the

relaxation time up to a critical relative concentration, whereupon the dominant
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relaxation time was observed to diverge rapidly. This complex behavior is interpreted
as a competition between PEO adsorption on laponite removing PEO from the
entanglement network versus forming new bridging networks. Evidence of gel

formation upon ageing within the solutions confirms this simple interpretation.

These results provide a practical framework for correlating rheological
data on polymer-nanoparticle solutions and for predicting linear viscoelasticity of such
solutions. They also illustrate the value in using a master curve analysis to derive

microstructural insights from bulk rheological measurements.
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Chapter 3

ELECTROSPINNING OF NEAT AND LAPONITE FILLED AQUEOUS
POLY(ETHYLENE OXIDE) SOLUTIONS

3.1 Introduction

Electrospinning has received significant research interest because it is a
fast, direct and simple method to produce polymeric nanofibers (Buer et al., 2001;
Hohman et al., 2001a; Hohman et al., 2001b; Huang et al., 2003; Jayaraman et al.,
2004; Reneker, 2003) of which a variety of potential novel applications are emerging
(Caruso et al., 2001; Doshi and Reneker, 1995; Guan et al., 2004; Jia et al., 2002;
Kataphinan et al., 2003; Khil er al., 2005; Krauthauser et al., 2003; Shields et al.,
2004; Viswanathamurthi et al., 2004; Zhang et al., 2005). Electrospinning results in
nonwoven, porous mats of fibers of diameter of a few nanometers to a few
micrometers. The fiber morphology depends on the rheological and electrical
properties of the solutions being spun and the operating conditions as was shown
earlier for several polymer solutions (Casper et al., 2004; Deitzel et al., 2001a; Deitzel

et al., 2001b; Fridrikh et al., 2003; Megelski et al., 2002).

In electrospinning, an applied electric field pulls a polymer solution into a
jet. The jet becomes unstable by “whipping” (Deitzel et al., 2001a; Hohman et al.,
2001b; Shin et al., 2001a; Shin et al., 2001b; Yarin et al., 2001) and “splaying”
(Deitzel et al., 2001a; Yarin et al., 2001). In addition, a capillary instability can lead to

the formation of beads for less viscous spinning solutions (Fong et al., 1999). A
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varicose instability has also been shown to produce beaded fibers (Fong et al., 1999a;
Hohman et al., 2001a; Hohman et al., 2001b). The electrospun jet dries rapidly but
may reach the collector in a partially or completely dried state depending upon the
volatility of the solvent used, which can lead to coalescence of fibers to produce a

mechanically connected, nonwoven mat.

Successful electrospinning occurs in an identifiable range of electrical and
rheological properties of the polymer solution or melt (Hohman et al., 2001b; Shin et
al., 2001a) and processing conditions. Firstly, the material must be electroactive so
that electric field, the primary driving force for jet formation, can act on the polymer
solution. Secondly, the material’s viscoelasticity must be sufficient such that fibers can
be drawn without breaking up into droplets (i.e., electrospraying) (Shenoy et al.,
2005). There is significant interest in quantifying the relationships connecting the
resultant fiber mat properties, such as fiber diameter and morphology, to the solution’s
rheology, electrical properties, surface tension and the process variables such as
spinning voltage and the working distance (i.e. the distance of the needle tip from the

collector). For example, McKee et al. (2004) correlate the final diameter of polyester

fibers and the spinning solution’s zero-shear viscosity, D = 13000(77O )0'8 where D is
expressed in nm and 77,1s in Pa.s. It is unknown, however, if such correlations hold for

other polymer-solvent systems, or whether the shear viscosity is sufficient to truly

correlate final fiber diameter.

Recently, there has also been interest in incorporating nanoparticles into

the electrospun fiber matrix in order to enhance or impart some desired properties to
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the fiber, to obtain a one dimensional array of nanoparticles, or to obtain a high
surface area of nanoparticles within the fiber matrix (Drew et al., 2003; Krikorian et
al., 2004; Salalha et al., 2004; Ye et al., 2004). Electrospinning investigations of
aqueous poly(ethylene oxide) (PEO) solutions by Drew et al. (Drew et al., 2003)
suggest that the addition of titanium oxide particles also enables electrospinning at
lower polymer concentrations than normally possible. Particle addition leads to similar
fiber diameters when the spinning solutions have comparable shear viscosities. Here
again, whether this observation is general and whether similar quantitative
relationships hold between fiber morphology and size and spinning solution properties

in the presence of nanoparticles has not been established.

In Chapter 2, it was demonstrated for a model system of laponite (a
synthetic nanoclay) dispersed in aqueous poly(ethylene oxide) (PEO) solutions that
over a range of concentrations relevant for electrospinning, the linear viscoelasticity of
neat and laponite-filled aqueous PEO solutions can be superimposed in the form of a
master rheological curve (Figure 2.20). Thus it was shown that these aqueous neat and
laponite filled PEO-water solutions constitute a model system of rheologically similar

fluids.

The goals of the work reported here are to determine if the correlation
between zero shear viscosity and electrospun fiber diameter and morphology also
holds for an aqueous polymer solution, and whether this can be extended to the
electrospinning of solutions containing dispersed nanoparticles. In contrast to the

polyester solutions examined by McKee et al. (2004), here we study model,
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viscoelastic, aqueous solutions of PEO (Devanand and Selser, 1991; Hammouda et al.,
2002; Hammouda er al., 2004; Ho et al., 2003). In addition, the solvent used here
(water) is less volatile than the 70/30 w/w mixture of chloroform/dimethyl formamide
used by McKee et al. (2004), which may also be a factor in setting fiber morphology.
Finally, we exploit the established rheological simplicity of the model system of
aqueous PEO-laponite (Chapter 2) to examine the influence of the addition of

nanoclay on the electrospun fiber properties.

The five PW base solutions, namely, PW3, PW5, PW8, PW10 and PW12
(Table 2.1), and all the PWL mixtures (Table 2.5) for which the rheology was shown
in Chapter 2 were sheared and electrospun at room temperature within 1 to 2 days
after preparation. Thus, the differences in the electrospun fiber morphology can be
understood as a consequence of difference in the composition and not due to sample

ageing.

3.2 Results

SEM micrographs of fibers formed from the electrospun PW and PWL
solutions are shown in Figure 3.1. Although only one representative micrograph is
shown here for fibers formed from PWL solutions, multiple micrographs were imaged
and are included separately as Appendix 3.1 at the end of this chapter. Solution PW3,
with a PEO concentration slightly below the transition to the concentrated regime
(c**) (as shown in Figure 2.6), exhibited bead formation along the axis of the fibers.
The addition of laponite reduced beading, in qualitative agreement with the

observations of Drew et al. (2003). All other samples were in the concentrated regime
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and formed fibers without beading. Laponite addition at higher polymer concentration

leads to a broader distribution in fiber diameters.

The average diameter of the PW and PWL electrospun fibers and the zero
shear viscosity (Chapter 2) of the spun solutions are shown in Table 3.1. Figure 3.2
shows that the average diameter of PEO fibers correlates well with the zero shear

viscosity as,

D (nm) = (126.7 + 5.7),70(0~164 +0.022)

where, 77, is in Pa.s. Although this result is qualitatively similar to a previous report

for polyester solutions by McKee et al. (McKee et al., 2004), the power law
dependence of fiber diameter on viscosity is much weaker. The former correlation (for
polyester fibers) is also shown in Figure 3.2 for comparison, demonstrating that such

correlations are not transferable across materials and electrospinning parameters.

The average (number) diameter of the PWL electrospun fibers vs. their
zero-shear viscosities (Chapter 2) are plotted in Figure 3.3 along with the standard
deviation. Large variations in the measured fiber diameters are evident for the laponite
containing systems. As Figure 3.3 shows, the average fiber diameter for the PWL
solutions are generally higher than PW solutions with similar viscosities, and the
diameters for the laponite containing systems do not correlate with the zero shear

viscosities.
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Group Base PW solution PWL PWL

Figure 3.1: SEM micrographs of neat and laponite containing aqueous poly(ethylene

oxide) solutions.
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Table 3.1: Diameter and viscosity of neat and laponite-filled poly(ethylene oxide) fibers.

Zero shear Average Standard deviation
Solution Viscosity Diameter in diameter
[Pa.s] [nm] [nnm]
PW3 0.18 84 24
PW5 0.91 133 32
PWS§ 2.65 153 24
PWI10 6.44 178 52
PWI12 15.6 191 28
PWLI1 0.86 116 151
PWL2 1.9 800 720
PWL3 3.0 680 495
PWLA4 7.4 375 284
PWLS5 4.5 432 503
PWL6 4.5 519 488
PWL7 5.7 1166 621
PWLS 10.0 168 273
PWL9 17.5 144 140
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Normalized cumulative diameter frequencies have been plotted in Figures
3.4 and 3.5. Figure 3.4 shows the data for mixtures belonging to groups 1 and 3 and
Figure 3.5 shows the same for groups 2, 4 and 5. In all cases, as laponite was added or
increased, the zero shear viscosity in these groups increased (Chapter 2). However, the
change in the distribution of diameter was different in groups 1 and 3 from groups 2, 4
and 5. In the case of groups 1 and 3, as the laponite content increased, the distribution
shifted towards larger diameter values i.e. almost all the fibers formed had a larger
diameter than the sample(s) in the same group having lesser laponite content. This is
consistent with the observation that the fiber diameter increases with the zero shear
viscosity of the spinning solution. However, in the case of groups 2, 4 and 5,
increasing the laponite concentration results in the formation of fibers with both
greater and smaller diameters than the corresponding PW solutions. For example,
PWL2 and PWL6 belong to group 2 with PWL6 containing a higher laponite content
and yet a majority of fibers formed are of lesser diameters that that formed from
PWL2, despite the increasing spinning solution viscosity with laponite addition.
Similarly, for group 4, the addition of laponite results in many fibers smaller than

those observed in the corresponding PW solutions.
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3.3. Discussion

It has been shown that for a given polymer-solvent pair regardless of their
very different properties (PW solution vs. polyester solutions of McKee et al. (2004))
the diameter of electrospun fibers correlates with the zero shear viscosity as shown by
the power law relations in Figure 3.2. Figure 3.2 also compares the electrospun fiber
diameters for neat PEO fibers vs. spinning solution zero shear viscosity at two
different electric fields (E=0.7 kV/cm for Fong et al. (Fong et al., 1999b) versus 1.54
kV/cm (present work)) to the polyester fibers spun by McKee et al. (2004). As seen, at
fixed solution viscosity, the diameter of the polyester fibers spun at E=0.75 kV/cm are
significantly larger than those spun from PEO at comparable field strength. Further,
comparing the PEO fibers spun from solutions with the same viscosity shows a
dependence on electric field strength. These results show that fiber diameter is not

simply a function of spinning solution zero shear viscosity.

Consequently, although shear viscosity can be correlated to
electrospinning performance for a single spinning solution containing only polymer,
other solution properties and processing conditions, such as dielectric constant, surface
tension, extensional properties, and solvent volatility may have a significant impact on
final fiber size and fiber size distributions. Helgeson and Wagner (2005) demonstrate
a universal correlation between two parameters derived from dimensional analysis of

electrospinning

_ 28’0, on__ o

Bh _—
Kn, (p}/R)I/Z
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where Bh is a ratio of electrostatic and electroviscous stresses, and Oh, the Ohnesorge
number, relates viscous to inertial and surface forces. The Ohnesorge number has
been shown (Lopez-Herrera and Ganan-Calvo, 2004) to govern capillary stability in
free surface flows of electrified jets. These two dimensionless groups depend on the

dielectric permittivity of air (& =8.85x10"? C¥/N ‘m), the applied voltage (D), the

collector to tip distance (L), and the bead-free fiber diameter (R), as well as the
spinning solution’s conductivity (K), density (o), zero-shear viscosity (7,), and
surface tension (y). Upon reducing electrospinning data for neat polymer-solvent
systems from multiple sources using the dimensionless groups, an inverse correlation
between Oh and Bh was observed by Helgeson and Wagner, such that Oh~1/Bh,
suggesting that the fiber size does not depend on the zero-shear viscosity to a first
order approximation. Additionally, deviations from this scaling at low Oh can be
explained in terms of capillary breakup of the electrospinning jet resulting in beaded
fibers (Helgeson and Wagner, 2005). Calculations of Bh and Oh for the neat PEO
fibers presented here and the results presented by McKee et al. (2004) and Fong et al.
(1999) are shown in Figure 3.6. The agreement between the three data sets when
represented in this dimensionless form is very good even though the systems were
spun in different laboratories with significant variations in PEO concentrations and
spinning conditions. This analysis also demonstrates that shear viscosity is not a

primary variable for correlating final fiber diameter.
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Figure 3.6:
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Correlation of electrospinning data using dimensional analysis
(Helgeson and Wagner, 2005) for neat PEO solutions presented in
this (m) and other work (Fong ef al., 1999) (o), and for fibers spun
from polyester solutions' (A). Half-filled points represent fibers in

which significant beading was reported.
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If shear viscosity is not directly relevant in determining the final fiber
diameter, the question remains as to why an apparent correlation can be obtained over
limited and specific experimental results. As jet formation in electrospinning is
primarily an elongational flow, the fiber diameter may be more fundamentally related
to the elongational viscosity. For aqueous PEO solutions comparable to those explored
here, it is known that the Trouton ratio, which is the ratio of elongational to shear
viscosities, remains almost constant for solutions of 1 to 2 wt % PEO of ~1x10° g/mol
at elongational rates of 10%s™ or less (Gauri and Koelling, 1997), which is in the range
of elongational rates imposed on the jet during electrospinning (Feng, 2003). Thus,
correlations with zero shear viscosity may simply reflect an underlying correlation

with elongational viscosity as the Trouton ratio is nearly constant.

Shenoy et al. (2005) review the concept that there is a transition from
polymer beads to continuous fibers upon reaching a sufficient polymer chain
entanglement density. However, as shown here, once this entanglement density has
been reached and there is sufficient viscoelasticity and/or elongational viscosity to
prevent bead formation, the final fiber diameter is nearly independent of the spinning
solution’s viscosity. As seen in Chapter 2, the PEO solutions studied here and by
others were well above the critical entanglement concentration and exhibited
measurable viscoelasticity. This might help explain the significantly stronger
dependence on viscosity reported for the polyester system by McKee ef al. (2004), as
their solutions were viscous, but Newtonian and without measurable viscoelasticity. It
is plausible that the dependence of fiber size on solution viscosity reported by McKee

et al. (2004) is a consequence of sensitivity to another solution property, such as
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surface tension and/or electrical conductivity, which varies systematically along with
solution viscosity. This has been the subject of further investigation (Helgeson and

Wagner).

Turning to the main topic of the effects of added nanoparticles on the fiber
morphology and electrospinning process, the study by Drew ez al. (2003) of the effects
of added TiO; particles on the properties of electrospun PEO fibers (Mw = 3x10°
g/mol) concluded that particle addition to the spinning solution in order to build
viscosity was effective in producing electrospun fibers. Further, they report that above
a minimum concentration, the presence of particles no longer affects fiber diameter.
These conclusions are not supported by the work reported here on aqueous PEO-
laponite solutions, suggesting that particle addition has influences on the solution’s
electrical properties and surface tension that are more significant than effects on the
shear viscosity. As discussed in Chapter 2 and shown in Figure 2.14, the addition of
laponite builds viscosity through polymer adsorption and bridging. The interactions of
PEO and laponite in water are rich and, in different compositions, lead to a variety of
highly nonlinear materials (Feller et al., 2004; Pozzo and Walker, 2004; Zebrowski et
al., 2003), which can also exhibit significant strain hardening. Model calculations
(Feng, 2003) demonstrate that strain hardening leads to thicker fibers. Thus, the
addition of dispersed nanoparticles may significantly affect the elongational viscosity,
and hence, the fiber diameters, and the effect will be specific to details of the polymer-
particle interactions. Further exploration of this requires accurate, reliable
measurements of the transient elongational viscosities at rates comparable to those

observed during electrospinning.
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Note that addition of nanoclay particles to a PEO solution leads to a
significant broadening in the fiber size distribution. A key factor in rationalizing some
of the differences between the two studies may be the state of dispersion of the
nanoparticles in the PEO solutions. In particular, Drew et al. (2003) report significant
beading in the presence of the TiO, particles, which they attribute to particle
aggregation in the spinning solution. The dimensional analysis in Fig. 8 shows that
the results of Drew et al. (2003) were for solutions at low Ohnesorge number, such
that beading may have been due to capillary breakup rather than particle aggregation.
The particles used by Drew et al. (2003) were 21 nm in diameter, which compare well
in size with the disc-shaped laponite particles, which are 30 nm in diameter and 1-5
nm in thickness. Here, however, the nanoclay dispersions are well dispersed and do
not show evidence of aggregation in fibers or significant bead formation. Further, the
laponite-PEO solutions exhibit sufficient viscoelasticity, and sufficiently high

Ohnesorge number, to avoid beading.

There are additional factors that might contribute to the increase in
standard deviation in fiber diameter for the solutions containing nanoclay. A large
degree of splaying (Deitzel et al., 2001b, Yarin et al. 2001) is evident in the SEM
micrographs of electrospun PWL solutions an example of which is shown in Figure
3.7. The addition of nanoclay (which is charged) and its counterions (Willenbacher et
al., 1997) increases the surface charge density of the solution, which is known to result
in splaying through electrohydrodynamic instabilities that are alleviated by lowering

the surface charge density through surface generation (Deitzel et al., 2001a).
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In conclusion, we observe a weak increase of fiber diameter with the
spinning solution’s zero shear viscosity for concentrated PEO-water solutions, but
view this as an artifact of more a more fundamental dependence of the electrospun
fiber morphology on the spinning solutions elongational viscosity and electrical
properties. Comparison to the literature (McKee er al., 2004) shows that such
simplistic correlations with viscosity are at best, specific to the polymer solution.
Rather, a dimensionless scaling proposed by Helgeson and Wagner is shown to
provide a unifying description of the results for neat spinning solutions. Further, we
find that although the addition of dispersed, model nanoclay particles to model PEO-
water solutions leads to solutions with comparable linear viscoelastic properties
(Chapter 2), the fibers formed show much broader distributions in diameter than
expected based on the spinning solution’s zero shear viscosity. Splaying is evident for
the nanoclay containing solutions, which is attributed to the increase in charge density
due to the nanoclay and associated counterions. Comparison to reports in the
literature suggests that good particle dispersion and stability in solutions are important
in producing fibers without beading. The nontrivial consequences of nanoparticle
addition on fiber stability and final morphology warrant further investigation in order

to control composite fiber mat formation by electrospinning.
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Figure 3.7: Evidence of splaying for the case of PWLG6 fibers.
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APPENDIX 3.1

PWL fibers showed a large dispersity in diameter and therefore several
SEM micrographs as shown in Figures 3.8 to 3.14 were imaged of which the ones
shown in Figure 3.1 are representatives. Since PWL7 and PWL9 showed little spread

in the fiber size, only one image was taken as already shown in Figure 3.1.
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Figure 3.8: All SEM images of PWL1 fibers.

89



¢
¥

10am WD 58mm X3000 1gm~ WD58mm

£ : :
20KV X6000  1gm  WD58mm

Figure 3.9: All SEM images of PWL2 fibers.
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Figure 3.10: All SEM images of PWL3 fibers.
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Figure 3.11: All SEM images of PWL4 fibers.
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Figure 3.12: All SEM images of PWLS fibers.
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Figure 3.13: All SEM images of PWL6 fibers.
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Figure 3.14: All SEM images of PWLS fibers.
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Chapter 4

CONCLUSIONS AND FUTURE WORK
4.1 Conclusions

It was found that the diameter of nanofibers that result from the
electrospinning of PW solutions follow a power law correlation with the zero shear
viscosity of the spun solutions, qualitatively similar to an earlier observation for
polyester fibers (McKee et al., 2004b). However, the properties of the two solutions
are very different and so the correlations are quantitatively different. The value of the
correlations is that only a few experiments are required to predict the diameter of
fibers that would form from at different concentrations. The zero shear viscosity could
be easily and accurately measured or predicted using the time-concentration shift
factors and the analysis shown in Chapter 2 in section 2.5. However, the work
presented in this thesis shows that the connection between fiber diameter and spinning
solution composition is specific to the polymer-solvent pair and hence, is not

fundamental nor universal.

Findings indicate that to avoid bead formation, the polymer solutions
should be in the concentrated regime. The occurrence of beads along the fibers that
resulted from PW solution (PW3) in the semi dilute regime close to the concentrated
regime indicates that the transition from semi dilute to concentrated regime is closely

linked with the transition from beaded to non beaded fibers. This confirms previously
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published results linking stable electrospinning with entangled solution (Shenoy et al.,

2005).

Through a series rheological measurement on neat and laponite-filled
aqueous PEO solutions, it was observed that the rheology of the later is
superimposable on that of the former. In this manner it was concluded that the
viscoelasticity in both the systems arose as a result of polymer-polymer entanglements
in the bulk and not due to colloidal-colloidal interactions. To capture the change in
rheology as laponite is added or increased, a systematic design of compositions was
employed. The procedure used here provides a layout in which the rheology of other
attracting polymer-particle systems may be characterized to yield shift factors and

master curves. The advantages of this procedure are that it:

a) could be used to predict the rheology of the system at hand at
temperature and concentration states at which no measurements
were performed. One limitation of course is that the temperature
and concentration at which the prediction is to be made must be
in the range of values at which the measurements are carried

out.

b) could provide insights into the molecular microstructure of the

polymer-particle system

c) results in significant data size reduction in a manner which

retains all the information of a larger data set
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As laponite was introduced in neat PW solutions, the polymer-polymer
entanglements varied systematically. The polymer-polymer entanglements are
understood to be a prime reason for formation of continuous fibers and is also
understood to affect the diameter (McKee et al., 2004a). However, for the case of
PWL spinning, a systematic variation in the polymer-polymer entanglements did not
result in a corresponding systematic variation in the fiber diameter. The reason for the
lack of a trend with the zero-shear viscosity was explained in terms of the possible
lack in trend of the electrical properties and/or elongational properties of PWL
systems. The PWL fibers showed a large scatter in the diameters ranging from a few
nanometers to a few microns unlike the PW fibers which formed nearly monodisperse

fibers.

4.2 Other preliminary investigation: formation of pits

When the polymer fibers are electrospun in a sufficiently high humid
environment and the solvent is volatile enough, the electrospun polymer fibers are

formed with a pitted surface (Casper et al., 2004; Megelski et al., 2002).

A reasonable hypothesis to explain the formation of pits is that as the jet
issues the volatile solvent evaporates and results in cooling at the surface of the jet
from where it derives its latent heat of evaporation much like the breadth figures
observed by Srinivasarao et al. (2001). If the evaporation rate is fast enough, i.e., if the
solvent is volatile enough, the temperature of the jet surface might drop to a
temperature lower than the dew point of the water vapor in the atmosphere thereby

causing the condensation of water vapor on the surface of the electrospinning jet. If
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the condensed water does not dissolve into the polymer solution on the surface of the
jet, it will retain its identity as droplets that form due to interfacial tension effects
much like the droplet condensation on a cold glass plate. The interfacial tension
between water and air being high, the water droplets would then sink into the surface
of the liquid polymer solution of the jet to reduce the interfacial area with air. Finally,

as the jet dries it solidifies and the water evaporates to leave behind pits on the surface.

To establish this hypothesis, it must be proven that water condenses on the
surface of the jet and that the amount of water condensed acts as a nonsolvent for
polymer solutions on the surface of the jet so that it would not dissolve. This has been
briefly explored through phase diagram modeling of polymer-solvent-nonsolvent

system and heat and mass transfer modeling.

4.2.1 Polymer-solvent-nonsolvent phase diagram

Flory-Huggins model was used to calculate the phase diagrams using the
Nelder-Mead simplex direct search method in MATLAB. In the discussions that

follow the nomenclature used is as follows:

NS Nonsolvent

S Solvent

P Polymer

AGix Free energy change upon formation of a mixture from pure
components

n Amount in moles
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Superscripts
a b

Subscripts

i,Jj

Volume fraction

Concentration dependent binary interaction parameters

Concentration independent binary interaction parameters

Universal gas constant

Temperature

Molar volume of the components

Mole fraction

Ratio of molar volume of the components with the molar lattice
volume (V)

Degrees of freedom

Number of phases

Number of components

Polymer volume fraction in the polymer lean phase

Variables used for binodal calculations. A particular known set along
with known a corresponds to concentration of two phases

Functions of X, y and z

Objective function matrix

Polymer rich and polymer lean phases respectively

Components nonsolvent (1), solvent (2) and polymer (3)
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For the case of ternary systems, when the three binary interaction
parameters are dependent on concentration the Flory-Huggins model expands to

(Yilmaz and McHugh, 1986),

AG,

mix

=mIng +n,Ing, +n;Ing; + g, (”2 )nl% + 813(%)”1@3 + 823(%)”2@3 4.1)

where, the nonsolvent (NS), solvent (S) and polymer (S) are denoted by 1, 2 and 3
respectively. In the above equation AG,,;; denotes the change in the Gibbs free energy
due to the formation of mixture from pure components. R and T denote the universal
gas constant and temperature respectively. Among the terms on the RHS, n; denotes
the number of moles of component i (= 1, 2, 3) in the mixture, ¢; denotes the volume
fraction of each of the three components and g; denotes the concentration dependent
binary interaction parameters between the components. The variable u, is a
concentration dependent parameter (Yilmaz and McHugh, 1986) and denotes the ratio
of volume fraction of component 2 to the sum of volume fractions of component 1 and

component 2. Thus,

__ P
Uy =——"—
Pt P, 4.2)
I/tl = 1 - Lt2

The volume fractions, ¢; in terms of mole fractions are given by,

_ V.x;
Vix +Vox, +Vax,

o i=1,2.3 4.3)
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The difference between the chemical potentials of a component i in a mixture at a

particular temperature and pressure and the chemical potential of the same component

in pure state at the same temperature and pressure is given by (Koningsveld, 2001),

Ay,

RT

|

A(AG,,. /RT)j

on, o (4.4)

The value of m;, m, and m;3, which are the ratio of the molar volume of the

components with the lattice molar volume, V, (Koningsveld, 2001) denote the

relative size of the molecules of the three components. The molar volume of the

nonsolvent can be assumed to be equal to the molar lattice volume (Koningsveld.

2001). Furthermore the since only ratios of molar volumes affect the final solution, the

molar volume of the nonsolvent, V,, can be assumed to be unity. Thus,

v,

= =1

v,

v,

===V 4.5
v, v, 4.5)
v._,

v,

Using expression 4.4, three analytical expressions were derived for the difference in

chemical potentials in the mixture and in pure state for the three components (Yilmaz

and McHugh, 1986). Those three expressions have been modified to expressions 4.6,

4.7 and 4.8 by dividing them by m;, m, and m; respectively. For NS-S-P mixtures

considered here, since the segment length of the nonsolvent is taken as unity, the
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equation corresponding to nonsolvent is not divided by m; as it is unity. The
modification of dividing the expressions derived by Yilmaz and McHugh (1986) leads

to a better scaling and hence easier numerical convergence to solutions (Koningsveld.

2001).
Ay, /RT =1 e P29 ( X )
t/ ng, +1-g@ + (2120, + 2130, N, + 01
m, m,
1 dg dg 0.0” ( dg (4.6)
——— 230,05 — uluz(pz(_lzj — (P1(P32( 13 j PP ( 23 J
m, du2 d¢3 m, d¢3

1

A, /RT  In 1
to/ = ¢2+——(0 —&—&4'(812(014'4?23&)(@14'(03)

n, m, n, m, n; m, @7
d d 2(d '
— 8uP1P3 + Ul Py (ﬁ] - (01(032( £13 J L ( £2 J
du, do;, m, \ do;
A, /RT In 1
)/ =1 +__(01_&_ﬁ+[813¢1+823ﬁj(¢1+¢2)
ms ms ms nm, n; n, 4.8)
d d '
— 8PP, + {(01 (ﬁj + &(ﬁJ}% (§01 + §02)
do;, m, \ do,

The phase equilibrium equations are given by the following expressions

(Koningsveld, 2001):

Au' =AMl = Ay /RT =Au’ | RT 4.9)
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Aus I RT  Aul | RT (4.10)

Ay =AMy, =
m, m,
a b 4.11)
Al = Ast N Auy | RT _ Aw | RT
Pl + 95 +oi =1 (4.12)
o+ + 97 =1 (4.13)

For the liquid-liquid phase equilibrium the two liquid phases expected to form are the
polymer rich phase and the polymer lean phase which are denoted here by superscript
“a” and “b” respectively. The degree of freedom, f, for this system with the number of

components (C) equal to 3 and number of phases (p) equal to 2 becomes,
f=C+2-p

=3+2-2 (4.14)
=3

Two out of these three degrees of freedoms are used up by fixing the temperature at
298.15 K and pressure at 1 atm. As suggested in the literature (Yilmaz and McHugh,

2001), the polymer volume fraction in the polymer lean phase was set to a value

(¥ = a) to make the numerical solutions unique. Making the following substitutions,

ol =x, 0=y, ¢/ =2 (4.15)

the remaining variables in terms of x, y and z become,
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b
o, =1-a—-z
. (4.16)
Q3 =1-x—y
When the binary interaction parameters , g;;, do not depend upon concentration, they
are put equal to y;. In addition, the terms containing derivatives of the concentration
dependent interaction parameters become zero. For example, if g,; does not depend

upon concentration then,

82" = 825 = 1 (a rational number)
a b
(dgzs] :(dgzs) —0
do; do;

Equations 4.9, 4.10 and 4.11 when expanded using equations 4.6, 4.7 and 4.8 under

conditions of concentration independent interaction parameter become,

a

a a ¢ a a a a 1 a a
[m% +1-¢ _&_&‘*‘(le(ﬂz + X130 X(oz + ¢ ) X0 @5
m,  nms m, )
b b
1 4.17)
- {ln (le +1- (le P P + (Zu(ozb + 7(13(0317 X(Dzb + (93b )_ _Zzs(ﬂzb(”sb
m, my m,

=0=g(say)
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a

]((01 +§02) le(ﬂla(ﬂza:l

b b (4.18)
((01 + ¢, ) X12P1 §

—t— =, —— (7(13(01 +}623(Z1

ms ms m, ms 2

—t— =@ _m__m (7(13(01 +Zzs¢)

n,

=0=r(say)

ln a 1 Y a a a
l:&‘*‘__(ol - P (}(12(01 +Z23(:1

m, m, m, my

j(@l +§03) Z13¢1a¢3a}

b

(4.19)
P J((Dl +(03) ;{13(p1h(03b:|

m,

2

ln(pb 1 (pb (pb
b
_|:—2+__(ﬂ1 -0 (112(01 + X
m, m, m, Ny

=0=s(say)

The solutions to equations 4.17, 4.18 and 4.19 were found using 4.15 and 4.16 by
minimizing the objective function,

F=qg*+r*+s’ (4.20)
for a = 107 and 72 =0, y15=1.5, y,3,=0.5, m, =5 and my; =500. The nontrivial
solutions found in terms of x, y and z are,

x =0.06848444763964

y =0.16311585633456
z=0.27092182230898

The values of the five unknown volume fractions for these values of x, y and z can be

obtained from expressions 4.15 and 4.16. These values represent the binodal solutions
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at o' =a =107, 7, =0, 75 =1.5, 1o, =0.5, m, =5 and m; =500 and can be used
to calculate the binodals for all NS-S-P systems with constant interaction parameters.
The entire binodal curve was calculated by changing the value of a in small steps and
optimizing the objective function F' to obtain values of x, y and z and hence the
corresponding volume fractions. Likewise, the interaction parameters and m values
were varied in small steps to calculate the binodal curves for a variety of values as

shown in Figure 4.1.
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(©) x2=1, x13= 1.5, 323 = 0, m,=5, m3=500 (d)

@) x12=-0.3, 113=1, y23= 0.2, my= 5, mz= 500 (f) See captions for parameter values

Figure 4.1: Phase diagrams for different parameter values obtained using a single known
initial guess, (f): Dotted curve, ¥ = -0.3, 113= 1, Y23 = 0.2, m, = 5, m3 = 1000,
Solid outer curve: %> = 0.03, y13= 1, %23=0.2, m, =5, mz= 10000, Solid inner
curve: ¥12 = 0.03, y13= 1, 123 = 0.2, m, = 5, mz = 1000, Dash-dot curve: y;, =

0.3, Y13= 1, Y23= 0.2, m,= 5, ms;= 1000
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Figure 4.1 shows that the results of the codes developed agrees with the results of

calculations presented in the literature (Yilmaz and McHugh, 1986; Smoulders, 1982).

Choosing polystyrene (PS) solution in tetrahydrofuran (THF), the
hypothesis of formation of pits was explored. Figure 4.2 shows the phase behavior
studies carried out experimentally as well as using the above model at 25 °C and 1 atm
for PS (3)-tetrahydrofuran (2)-water (3) system with the molecular weight of
polystyrene equal to 190000 g/mol (used by Megelski et al. (2002)). The binodal was
calculated with constant binary interaction parameters: y,,=0.927, y,;=3.2, y,;=0.2.
The values of interaction parameter between water and THF were obtained by fitting
Flory-Huggins model to the liquid-liquid equilibrium (T-x-x) data available in the
literature (Rosso and Carbonell) to the Flory-Huggins model. The values of the other
two interaction parameters were adjusted by trial and error within the range of values
provided in the Polymer Handbook, edition 2 so that the binodal coincided with the
experimentally measured binodal. The theoretical binodal does not coincide with the
experimental binodal in all the regions except in the low water region. This is the
limitation of constant interaction parameters chosen which actually should be
concentration dependent. However, coincidence in the low water region suggests that
roughly water in excess of about 2 % by volume is sufficient to cause phase

separation.
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PS (40 %)
N

Water
(100 %) (40 %)

Figure 4.2: Phase diagram of water — THF — PS (190000 g/mol). Black thick line:
calculated binodal for y;,=0.927, y;3=3.2 and y;;=0.2. Black filled
circles: concentration of the polymer rich phase as predicted, black
empty circles: concentration of the polymer lean phase as predicted,
lines connecting black circles: tie lines. Diamond, star and inverted
triangles represent experimental data points. Diamonds: distinct
phase separation with gel-like bottom phase, star: phase separation
with cloudy bottom phase and a clear upper phase, inverted triangle:
no phase separation. Dashed lined represent constant concentration
lines with a distance between two such consecutive lines equivalent to

a difference of 0.2 volume fraction.
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4.2.2 Model for the formation of pits

The heat and mass transfer modeling of the PS-THF jet was carried out to
find out the amount of water that is expected to condense on the jet surface. Figure 4.3
shows a schematic diagram of the traveling jet in which an element of the jet is shown.
THF evaporates and diffuses in the environment and at the same time water vapor
from the environment diffuses towards the jet and condenses on it. Assuming, no
temperature and concentration gradient across the cross-section, straight trajectory,
constant velocity (v;) and linear variation in the diameter of the jet, the following
differential equations were derived for the temperature of the jet and concentration of

water and THF in the jet:

dC2 _ 4N2
& Do @.1)
ac, __ v, »
i Do 42)
dr 4 v, va
D [(_ NlHl - NZHZ ’ )+ h(Tenvimnment - T)] (4'3)

dZ pjercpjerDjeth

where, p,,,c,;, and D, are the density, heat capacity and diameter of the polymer

jet, z is the distance from the starting point, i.e., the tip of the needle where the jet
originated, C;, N; and H/;“ are the concentrations, fluxes and latent heats of THF (2)
and water (1). The fluxes were calculated based upon laminar flow regime over a flat
plate. The NRTL model was used to calculate the concentration of THF and water in

the gaseous phase just near the surface of the jet. To calculate N; and N the required
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mass transfer coefficient and concentration near the surface were estimated as shown
in Appendix 4.1. The convective heat transfer coefficient, 4, was calculated using the

mass transfer coefficients by Chilton-Colburn analogy.

IHumid air| THF
Heat

Z NRTL

Figure 4.3: Schematic diagram of an element of the moving jet.

Upon solving the coupled differential equations, the profiles for the
temperature of the jet and the amount of water condensed obtained are shown in
Figures 4.4 and 4.5. Figure 4.4 shows a monotonic decrease in the jet temperature as it
travels towards the collector (in z direction). Figure 4.5 shows that at a relative
humidity of 70%, the concentration of water builds up to about 4 % during the same

distance, which is sufficient to cause phase separation, thus validating the hypothesis.
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Figure 4.4: Temperature of the jet as it moves starting from the needle tip.
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Figure 4.5: Water content in the jet as it moves starting from the needle tip.
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4.3 Future work

Electrospinning primarily being an elongational flow, the elongational
viscosity should determine the stretching of the spinning jet. For simple non-
associating polymer solutions both the shear viscosity and the elongational viscosity is
expected to increase with concentration. However, with even a little laponite added to
the neat PW solutions, elongational strain hardening might occur, which might explain
partly why the average diameter of PWL fibers was not found to follow a trend with

the zero shear viscosity.

In addition, a large degree of splaying is evident in the case of PWL
electrospinning. It is known that splaying occurs when the surface charge density
becomes excessive such that new surface area is created by splaying of smaller fibers
from the main jet (Deitzel et al., 2001; Yarin et al., 2001). Higher degree of splaying
may result in the case of PWL electrospinning because the laponite is known to
release sodium ions into the solution (Willenbacher, 1996) making it more
electroactive. Hence, to better understand and control the electrospinning process a
precise measurement and control of electrical properties (that lead to charging of the
polymer solutions and consequent splaying) and the elongational viscosity (that

opposes the stretching of the jet) is required.
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APPENDIX 4.1

Calculation of mass transfer coefficient, K, and the concentration near the

surface of the jet

Calculating mass transfer coefficient, K.

Assuming fluid (air) flow over a flat surface, the local Reynolds number is given by,

_ :OairvzZ

Re,
Hair

where p,,, 1, ,v. and zare the density and viscosity of air and the velocity of the jet

in z direction and z is the distance from the tip. The j factor for laminar boundary layer

along a flat plate is expressed in terms of Re; as,
jp, =0332(Re,)"?

From the value of j factor the value of local mass transfer coefficient, K can be found

by using the relation below,

2/3
. KZ /'lair
']Dlncal =
Cvz pairDSA

Where C is the concentration of any species (THF and water) and Ds,4 is the diffusivity

of the species in air.

The expression of K, thus obtained becomes,
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-2/3 -0.5
Kz =0.332Cv. (”—] (p—v] 2%
pairDSA /'lair

Calculating concentration of THF near the jet surface

Assuming that PS just lies in the PS-THF without any interaction, the vapor pressure
of THF near the surface of the jet can be taken equal to its vapor pressure. In addition,
since the pressure equals 1 atm, the air-THF vapor mixture can be approximated an

ideal gas and the ideal gas equation of state can be applied to get an estimate of C,

P sat
RT

Cy= (Ideal gas law)

sar -

where P is the vapor pressure given by Antoine equation.

Calculating concentration of water near the jet surface

Assuming that the water condensed forms a homogeneous mixture with the THF,
NRTL model was applied to find the vapor pressure of water near the surface of the

jet.

Verifying laminar regime

Note that the expression of K, obtained above is valid for laminar flow because jp was
valid for laminar boundary layer. Therefore before using this expression of K, it must
be verified that the flow of air outside the jet is in the laminar regime. For a flat plate
profile the transition of flow from laminar to turbulent regime occurs at Re.=3x10".

From the expression of Re, given above,

— Rez Hair

PairV

<
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Putting Rezz3x105, the value of z at which transition occurs can be got as a function of

v, as,
3.997
—m

Ztransition =
z

Here v, is in m/s. Putting v,= 1 m/s, Zyansition =3.997 m. Since the working distance
during electrospinning is an order of magnitude lower, laminar flow assumption holds

good.

Thus, the regime of airflow outside the jet is generally laminar under the
assumptions of non-whipping trajectory and the expression of K, as derived above is
applicable. It is, however, approximate since airflow was assumed to be over flat plate
geometry instead of cylindrical which however is not expected to be a significant
deviation as the air would flow tangential to the surface just as it does over flat plate.
Due to this geometry of the flow, there is no form drag associated with the flow of air

past the jet as is the case in flow over flat surfaces.
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