
Abstract 
 

CANNON, KRISTIN M.  Electrospinning Water Dispersible Polymers. (Under the 
direction of Behnam Pourdeyhimi and Samuel M. Hudson.) 

 
Water-based electrospinning systems are important not only for environmental reasons, 

but also for toxicity reasons in biomedical applications such as drug delivery systems where 

residual solvent may be dangerous.  However, very few polymers are water soluble.   

A method of electrospinning water dispersible polymers using a water soluble polymer as 

the template has been determined.  The primary water dispersible polymer is a sulfonated co-

polyester with an average 1.27 weight percent sulfur added to the backbone.  Low percentages of 

an ionic species can be added to the polymer backbone to create water dispersibility without 

making the polymer water soluble.  Such, polymers are known as ionomers and posses very 

unique behaviors.   

This work examines the solution behavior of this particular ionomer.  Most of the 

characterization focuses upon the viscosity as a function of shear rate.  Conductivity and surface 

tension are also examined.  The results of experiments in electrospinning this co-PET with two 

different water soluble template polymers, poly(ethylene oxide) and poly(vinyl alcohol) is 

discussed as well. 
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1. Introduction 

Electrospinning is a rapidly growing method of creating nanofibers.  Nanofibers 

and other nano-structured materials are being studied for applications in fields such as 

separation, catalysis, optics, electronics and medicine. 1  In medical applications in 

particular, water soluble polymers are especially important.  Many drugs will lose their 

bioactivity if electrospun in organic solvents and therefore must be spun in water soluble 

polymer systems2.  In addition, residual solvent remaining in the electrospun mat is 

difficult to remove completely and could result in toxicity issues.3  Therefore, it is 

important to use water-based electrospinning systems. 

Unfortunately, only a limited number of polymers are water soluble and water-

based electrospinning systems are very sensitive to relative humidity. 4  The ultimate 

objective of this work is to develop a method of electrospinning water dispersible 

polymers in order to increase the spectra available for electrospinning in water-based 

solutions and to combat humidity related challenges such as coalescing.  However, 

electrospinning uniform, defect free fibers requires a concentration two to three times the 

entanglement concentration.5 Since, by definition water dispersible polymers form 

dispersions rather than solutions it is not possible to electrospin a water dispersible 

polymer by itself.  The presence of a template polymer is required.   

 EastONE® is a water dispersible sulfonated copolyester which displays 

some polyelectrolyte and some ionomer behavior.  Since the sulfonation of the polyester 

chain is only about eight mole percent and not high enough, to make it water soluble, 
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EastONE® can be classified as an ionomer rather than a polyelectrolyte.  However, 

EastONE® appears to have some water solubility and displays some polyelectrolyte 

effect, making its solution rheology novel and worth studying.  Hara and Nomula et al 

define ionomers as polymers containing up to 15 mole percent of ionic groups located 

along a nonionic polymer backbone. Ionomers are unique because they exhibit two 

distinct types of behavior depending upon the solvent.  In polar solvents coulombic 

interactions result in the polymer displaying polyelectrolyte behavior, but in non-polar or 

low polarity solvents ionomers aggregate as the result of dipole interactions. 6, 7 

This work will begin by attempting to electrospin EastONE® using both a 

traditional electrospinning set-up and a commercially available higher through-put 

electrospinning machine.  Next, blends of EastONE® and water soluble polymers, 

poly(ethylene oxide) and poly(vinyl alcohol) will also be explored.  The results of each 

electrospinning experiment will be analyzed based upon fiber diameter, bead defects, and 

overall uniformity which will be determined using a scanning electron microscope.  

Finally, the samples will be heat treated above EastONE®’s glass transition temperature 

to examine the prospects of membrane formation.  This will also be assessed using a 

scanning electron microscope. 

Concurrently, EastONE® will be characterized through its solution properties 

including viscosity, turbidity, conductivity and surface tension as well as an elemental 

analysis to determine its sulfur content.  Viscosity will be measured using a rheometer 

which will be used to generate flow curves for varying molecular weights,  
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concentrations, temperatures and added salt levels as well as for blends of different 

concentrations of EastONE® with either poly(ethylene oxide) or poly(vinyl alcohol). 

This work will discuss the relationship between the rheology and the electrospinnability 

of EastONE® in water. 
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2. Literature Review 

2.1 Electrospinning 

 Electrospinning is a variant on a long known process, electrostatic spinning or 

electrospraying, used to generate very fine diameter fibers with high surface area-to-

volume ratios.8  As a result of this high surface area-to-volume ratio, electrospun fibers 

are of great interest in areas such as filtration, membrane technology, controlled drug 

release and wound healing.9   

The first patent describing electrospinning was granted in 1934 when Formhals 

described a process of using an electric field to produce fibers from solutions of 

“dissolved material”.10   Both electrospinning and electrospraying use high voltage to 

produce a charged jet.  However, in electrospraying the solution used generally has a low 

viscosity and breaks up into small drops. In electrospinning the jet does not break up, but 

rather creates very thin, often nano-scale, fibers as a result of electrostatic repulsions 

continuously stretching the jet. 11 In order for a polymer solution to be successfully 

electrospun it must be significantly viscous and possess a critical number of chain 

entanglements 5. 

The Electrospinning process typically consists of three major components: 1) a 

high-voltage power supply, 2) a capillary and 3) a grounded collector plate.  Generally 

the polymer solution is fed through the spinneret at a constant rate using a syringe pump.  

When the solution reaches the tip of the capillary, a high voltage is applied.  The solution 

at the tip becomes electrified and induced charges are evenly distributed over its surface.  
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The electrostatic repulsion of these charges and the Coulombic force exerted on the drop 

by the applied electric field cause the drop to elongate into a conical shape which is 

commonly known as the Taylor cone.  When the strength of the electrical field surpasses 

the critical strength required to overcome the surface tension a charged jet forms.  At first 

the jet is a straight line, but then an instability develops and the jet whips back and forth.  

This whipping action is usually believed to be responsible for producing nano-scaled 

fibers .The jet is attracted to the grounded plate where it collects in a random web. 11, 12 

Figure 2.1 is a schematic of a typical electrospinning set-up.  

 

Figure 2.1 Schematic of a typical traditional electrospinning set-up 

The structure and morphology of electrospun fibers are affected by factors, which 

can be divided into two categories: process variables and system parameters.  The process 
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variables include the electric field strength, flow rate, internal diameter of the nozzle, 

motion of the target substrate and ambient parameters.  System parameters influencing 

fiber diameter are the viscosity, conductivity, surface tension of the polymer fluid, 

polymer molecular weight and molecular weight distribution, and the topology of the 

polymer (linear, branched etc.).13 

Kim et al. studied the effect of electric current on the fiber morphology of 

electrospun poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS).  They found 

that both the electric field and the flow rate affect the shape of the jet.  Increasing the 

electric field causes the jet to thin more rapidly and become shorter while the profile of 

the Taylor cone becomes more concave.  In addition, they observed that changing the 

composition of the solvent also affected the solution’s electrical resistivity with an 

inflection point being observed.  Thus, Kim et al. concluded that the variation in electric 

current observed indicated the presence of an optimal current which is influenced by 

viscosity and electrical resistivity. 14 

One of the most important and noticeable fiber defects produced by 

electrospinning is the formation of beads.  Several factors affect the density, size and 

shape of the beads.  They include: viscosity, net charge density and surface tension.  Fong 

et al15, found that as the viscosity of their PEO solution increased, beads were less likely 

to be formed.  In addition as the viscosity increased the diameter of the beads increased , 

the space between beads increased and the beads changed from a more spherical to a 

more spindle-like shape.  Fong et al. also found that bead density and surface tension are 
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directly related, while bead formation and net charge density are inversely related.  They 

examined the bead formation/surface tension relationship using solvents consisting of 

water and ethanol at varying ethanol to water ratios between 0.000 and 0.702 while 

holding the PEO concentration constant.  The greater the ethanol content, the greater the 

viscosity and the lower the surface tension.  They found that as the ethanol concentration 

increased, smoother, larger diameter fibers were formed.  Finally, the effect of the net 

charge density was examined by first adding NaCl to the PEO solution and then by 

producing neutralizing ions in order to study both the effect of increasing and decreasing 

net charge density.  Adding NaCl produced smoother fibers while neutralizing charge 

created more beads, thus, showing that net charge density and bead formation are 

inversely related. 

In addition to viscosity, net charge density and surface tension, Deitzel et al. 

16discovered a coincidence that suggests it may be possible to control bead defects by 

monitoring spinning current.  In the electrospray process various wet initiation modes 

occur.  They are accompanied by a step-wise increase in the measured current as the 

voltage is increased smoothly.  Deitzel et al. concluded that changes in fiber morphology 

for electrospun fibers may correlate to changes in slope of the current as a function of 

voltage.  PEO fibers electrospun at an initiating voltage of 9.0 kV contained a high bead 

density whereas fibers spun with an initiating voltage of 5.5 kV were mainly straight and 

bead free.  At 7.0 kV there is both a change in slope and the onset of bead formation; thus 
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leading to the conclusion that it may be possible to control bead formation through the 

spinning current. 

 The most important ambient parameter to affect the morphology of electrospun 

fibers is humidity.  The magnitude of the effect of humidity on the fiber morphology 

depends greatly on the solvent used.  Baumgarten used an acrylic resin in DMF,17 while 

Yang et al used poly(ethylene oxide) in water, and water/ethanol mixes4 and Casper et al 

used polystyrene in tetrahydrofuran.18  All three saw significant changes in morphology 

with change in relative humidity.  However, because of the different solvents and 

different polymers used, the results were rather different. 

 Baumgarten typically used a spinning atmosphere of air with a relative humidity 

between 30 and 40% to electrospin fibers from a 12.5 wt % solution of acrylic resin in 

DMF.  However, when the relative humidity was reduced to less than 5 % spinning could 

only be carried out for 1-2 minutes because the solution at the tip of the capillary dried up.  

When the relative humidity was greater than 60%, Baumgarten discovered that the 

solution tangled before reaching the grounded collector because it did not dry properly.17 

 Yang et al had similar results.  In their experiment, Yang et al electrospun a 4 

weight percent solution of 500,000 average molecular weight poly(ethylene oxide) using 

water and ethanol/water solutions as the solvent.  At 70% relative humidity, solutions 

with 1:3 and 1:1 water/ethanol ratios formed mostly bead-free fibers.  A 3:1 water to 

ethanol ratio formed mostly beads with only incipient fibers.  Solutions made from pure 

de-ionized water did not form fibers.  The product consisted of blobs of polymer with 
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some fiber-like interconnections.  However, when the relative humidity was reduced to 

48%, the aqueous PEO solution produced mostly uniform fibers with only a moderate 

number of beads.  No results for relative humidity lower than 48% were given4. 

 When polystyrene, polycarbonate and poly(methyl methacrylate) are dissolved in 

volatile solvents and electrospun in a humid environment pores have been found.  These 

pores increase the surface area, which is important in filtration, and can be used as a 

cradle for enzymes or for capturing nanoparticles.  Therefore, Casper et al studied the 

correlation between humidity and fiber morphology.  A 35 wt % solution of 190,000 

g/mol polystyrene with a polydispersity index of 3.0 was dissolved in tetrahydrofuran and 

electrospun under five humidity ranges: <25%, 31-38%, 40-45%, 50-59% and 60-72%.  

When the humidity was below 25% the fibers were smooth and pore-less.  As the 

humidity increased to the 31-38% range small, round pores were formed with their 

density increasing in the 40-45% range.  When the relative humidity was between 50 and 

59% the smaller pores began to coalesce into larger, non-uniform pores.  The 60-72% 

range gave similar results with even larger pores.  18 

 Therefore, humidity can create both positive and negative results with many 

polymer solutions.  In solutions in which water is the solvent it is especially important to 

control the relative humidity. 

 Some applications are best served by blending an electrospinnable polymer with 

another polymer, metals, viruses, bacteria etc.  Sometimes, the template polymer is later 

removed from the system.  Stoiljkovic et al used poly(vinyl alcohol) as a template to 
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carry latex particles through the electrospinning process.  The PVA was then removed 

from the electrospun fibers via water extraction, thus leaving a “fiber” of latex particles 

held together by van der Waal’s forces.19  Lim et al blended dispersions of silica particles 

with polyacrylimide (PAM), poly(ethylene oxide) (PEO) and  poly(acrylonitrile) (PAN), 

respectively.  Blends of the silica dispersions and PAM and PEO were electrospun in 

water-based systems, while PAN was dissolved in DMF.  The silica/PAM solution 

produced silica particles embedded in the polyacrylimide, silica/PEO solutions formed 

loosely packed silica assemblies and the silica/PAN solution created non uniform 

assemblies as the result of poor interaction between the poly(acrylonitrile) and silica.20  

Nanofibers of TiO2 were successfully created by Nuansing et al. using polyvinyl 

pyrrolidone (PVP) as a template which was later removed by calcination.21  PVP was also 

used a polymer template by Lee and Belcher22who needed a water-based system to 

maintain the structure and infection capability of the M13 viruses they incorporated into 

PVP nanofibers.  One fiber example of electrospinning with the use of a template is 

Gensheimer et al.’s incorporation of living bacteria into  electrospun poly(ethylene oxide ) 

fibers.23  Thus, template polymers can be used to incorporate non-polymer objects into 

electrospun nanofibers for a wide range of applications including biological/biomedical 

applications. 
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2.2 Potential Uses  

2.2.1 Drug Delivery 

In recent years, great advancements have been made in pharmaceutical research. 

However, many bioactive drugs have specific biological and physiochemical properties 

which not only cause dangerous side affects if administered through conventional means, 

but may in fact loose their effectiveness.2  Therefore, in recent decades pharmaceutical 

research has focused on drug delivery systems which target a specific site.  This not only 

increases the effectiveness of the drug, but also helps limit the side effects.  

Nanotechnology has played a significant part in this process. Several nano-platforms for 

drug delivery are employed.  Among them are polymeric nanoparticles, lipid 

nanosystems, self-assembling nanosystems, hydrogels and nanofibers 2, 24, 25. Here the 

focus is on polymers used in electrospinning nanofibers for drug delivery and their 

suitability for both the electrospinning process and controlled drug release.  

Three possible methods of incorporating drugs into nanofibers exist: 1) modifying 

the nanofiber surface after electrospinning, 2) mixing the polymer and pharmaceutical 

prior to electrospinning, thus creating a blended fiber and 3) using a co-axial 

electrospinning system to create nanofibers with a core-shell structure.2  A schematic for 

a co-axial electrospinning set-up is shown in figure 2.2.  Because many bioactive 

medicines are damaged by organic solvents, blending the polymer and the drug dope 

limits the polymer choices to water soluble polymers.  Modifying the surface after 

electrospinning and using a co-axial set-up on the other hand both allow for a wider range 
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of polymers to be used.  However, if one is trying to choose a polymer for the broadest 

range of applications, then a water soluble polymer is the best choice, not only because of 

the broadest scope of drug incorporation methods, but also because solvents are difficult 

to remove from the fiber mats and may lead to toxicity issues.26  The most commonly 

used water soluble polymers are poly(vinyl alcohol) (PVA), poly(caprolactone) (PCL), 

and poly(ethylene oxide) (PEO).  Another example of water soluble polymers being 

researched for use in drug delivery applications is a blend of poly(acrylic acid) (PAA) 

and Poly(allylamine hydrochloride) (PAH).  Water solubility is not the only factor that 

must be taken into consideration.  Other factors are biocompatibility, drug release 

mechanism, ease of drug release and ability to electrospin. 
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Figure 2.2 Schematic of co-axial electrospinning set-up 

A poly(acrylic acid) and poly(allylamine hydrochloride) blend was chosen by 

Chunder et al because they are polyelectrolytes containing negatively charged 
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carboxylate groups (on the PAA) which can bind with positively charged drugs.  Because 

PAA has a pKA of approximately 6.4 its degree of ionization is pH dependent.  This 

means that the drug release can be controlled by the pH, and has already been 

successfully demonstrated in polymer films.  Unfortunately PAA and PAH are oppositely 

charged.  Mixing similar molecular weight polyelectrolytes of opposite charge forms a 

non-water soluble complex.  Therefore, electrospinng a PAA/PAH blend using water as 

the solvent requires a pH of about 2.1 to protonate the PAA and prevent the ions from 

complexing.  At a pH of 2.5 Chunder et al found that insoluble precipitates formed.  In 

addition they were unable to electrospin fibers from a 1:1 mixture.  Not only does the low 

pH requirement eliminate at least some drugs from being incorporated a blended 

polymer/drug system, but the method of drug delivery prevents the use of co-axially 

electrospinning from being used as the drug incorporation method.25  Therefore, while a 

poly(acrylic acid) and poly(allylamine hydrochloride) mixture can be successfully used to 

create nanofiber mats for controlled drug delivery, its structure makes the electrospinning 

process more complicated, and limits the methods of drug incorporation to surface 

modification.    

Zhang et al were able to successfully produce PVA fiber mats loaded with either 

aspirin or bovine serum albumin (BSA), A protein used to simulate the proteins of 

bioactive drugs.2, 26  Although high concentrations of either drug affected the fiber 

morphology this is an effect of the additive rather than a property of the polymer.  PVA 



 
15

nanofibers successfully released the drugs, though the higher surface area resulted in a 

faster release rate than from PVA film.26   

Through the use of gelatin, a natural biodegradable polymer derived from 

collagen, Yang et al demonstrated a method of using PVA for pH controlled drug release.  

Like PAA, gelatin also contains carboxyl groups as well as amino groups, which impart 

pH sensitivity.  However because PVA is not an electrolyte there is no required 

protonation like in the PAA/PAH system and electrospinning of a PVA/gelatin system is 

much simpler.27 

Another excellent polymer for drug delivery nanofibers is poly(caprolactone) 

(PCL).  PCL and its degradation products are non-toxic 24.  Poly(caprolactone)  is also 

biodegradable.  Because it is water soluble the first two methods of incorporating drugs 

should not be a problem and Feng et al also showed that the third method, co-axial 

spinning is also feasible.  Feng et al created core-shell structured nanofibers by using a 

spinneret with two co-axial capillary tubes.  The outer tube contained the PCL while 

bovine serum albumin was in the inner tubes.  A bi-component jet and subsequently bi-

component fibers were formed (figure 2.2).  Transmission electron microscopy and 

Fourier transform infrared spectroscopy were used to confirm that core-shell structured 

fibers were formed.  Release kinetics showed that unlike many other drug doped 

nanofibers, the PCL-BSA core-shell fibers did not exhibit burst release, but rather gradual 

release for approximately twenty days.  Use of human dermal fibroblasts accelerated the 

BSA release, most likely as the result of degradative enzymes the cells secrete.2 
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Controlled drug release in general, and the use of polymer nanofiber mats in 

specific is a fascinating, but very new topic.  As a result it is difficult to determine the 

most suitable polymers.  One can conclude that water soluble polymers are most likely 

the best candidates because they do not require the use of potentially toxic solvents which 

can also degrade the sensitive medicines for which they are being used as a delivery 

system.  Among them, the most promising appear to be poly(vinyl alcohol) and 

poly(caprolactone) with the biodegradability of the latter making it especially promising.  

However other water soluble polymers like poly(ethylene oxide) should not be ruled out 

until they have been fully investigated.  While, co-axial electrospinning appears to be the 

most useful method of introducing the drug into the nonwoven fiber mat, surface 

modification and blending of the polymer and drug dope should not be excluded.  Most 

likely there will not be one polymer or indoctrination method that is best suited for all 

purposes, but rather a number of different methods and materials that are best depending 

on the end use (specifically the portion of the body being targeted).  As a result solvent 

dissolved polymers may also still find some use, even if it is limited.  Finally, 

incorporating water dispersible polymers into soluble backbones, that can then be used as 

a delivery system (not necessarily for medicinal purposes), may also expand the field of 

possible materials used.   

2.2.2 Aerosol Filtration 

One of the most widely developed applications of electrospinning is filtration, 

especially aerosol filtration.  Aerosols are small solid and liquid particles that are 
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suspended in air.  They can be removed by particulate filters, but not sorbents which are 

used to collect vapors and gases.  The efficiency of a particulate filter depends on the size 

of the particles, the type of filter and the operating conditions.  Particulate air filters can 

be classified into two groups: mechanical and electrostatic.  Electrostatic filters depend 

on charged fibers to increase the collection efficiency for a given pressure drop.  

However, over time electrostatic filters may lose charge and therefore efficiency.  In 

addition exposure to chemical aerosols or high relative humidity may also cause the loss 

of charge.  The four collection mechanisms, inertial impaction, interception, diffusion, 

and electrostatic attraction, are illustrated in figure 2.3.  Inertial impaction and 

interception are the dominant mechanisms for particles greater that 0.2 microns.  The 

former occurs when the inertia of a particle in an air stream passing around fiber causes 

the particle to collide with the fiber.  Interception is also the result of a particle colliding 

with a fiber, but the particle’s size rather than its inertia is responsible for the particle’s 

collision with the fiber.  Diffusion, or random motion causes particles to contact a fiber 

and is the dominant capture mechanism for particles small than 0.2 microns.  The final 

method of capture is electrostatic attraction.  As mentioned before, as a filter 

classification, electrostatic attraction results from the particle being attracted to charged 

fibers in the filter.  Electrostatic attraction is not a significant capture mechanism for 

mechanical filters.28 
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Figure 2.3: Filtration mechanisms28 

In the early stages of a new filter, particles are captured deep within the filter and 

have essentially no impact on the pressure drop across the filter.  As loading continues 

the particles begin to accumulate, with captured particles serving as collection sites for 

additional particles thus contributing to both the collection efficiency and pressure drop.   

Accumulated particles form branching tree-like figures known as dendrites.  With the 

formation and growth of dendrites the pressure drop begins to accelerate.  Finally the 

dendrites grow together and complete cake formation is reached.  At this point the rate of 

pressure drop reaches its maximum.  From this point on, pressure drop is a linear function 

of particle deposit and the filter is usually replaced.29 
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According to Filatov et al there are six parameters which affect the capture 

effectiveness of a filter:  thickness of the filtering layer, particle diameter and capture 

mechanism, filtration rate, pressure and temperature of the gas being filtered and fiber 

diameter.  As the filtration rate is increased the diffusion particle capture decreases.  

Interception, however is independent of filtration rate.  Decreasing the gas pressure 

across the filter leads to a reduction in the pressure drop and an increase in capture 

efficiency, but is not always feasible.  The effectiveness of aerosol particulate capture 

increases with decreasing fiber diameter, but the pressure drop increases.30  Thus, it is 

important to optimize each parameter to achieve the most effect filtration for the specific 

application. 

Recently a number of studies have been conducted on using electrospinning to 

create nanofibers and membranes for use in filtration.  Gopal et al created a membrane by 

electrospinning fifteen weight percent polyvinylidene fluoride.  To improve on the 

inherently weak nature of electrospun fibers the as-spun nanofibrous membrane was heat 

treated at 145 oC for eighteen hours.  The final average fiber diameter was 380 nm while 

the detected pore size was between 4.0 and 10.6 microns.  The electrospun nanofibrous 

membrane (ENM) was found capable of effectively removing micro-particles between 5 

and 10 microns without damaging the membrane.  However, when 1 micron sized 

particles were tested the highest separation (98%) was obtained, but the ENM became 

permanently fouled.  Further analysis determined that caking was occurring and like 
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traditional filtration caking was increasing the efficiency, but decreasing the lifetime of 

the membrane. 31 

The small fiber size and small pore sizes produced in electrospinning cause 

electrospun fiber mats to behavior more similarly to a membrane than a fabric.  

Electrospun membranes have been found to have a resistance to flow similar to that of 

microporous polytetrafluoroethylene membranes used in protective clothing. 32  Analysis 

shows that the jet instability strongly influences the extent of fiber crossing which affects 

the pore size distribution, interconnectivity, porosity and permeability of electrospun 

filtering media.  Therefore, Barharte et al. studied these properties in relation to the 

following electrospinning process parameters: electric field strength, speed of the 

collector, and tip-to-collector distance.  They found that with the exception of extremely 

high electric current, increasing the electric current led to a reduction in the pore size and 

permeability.  As the rotational speed of the collector was increased, the fibers became 

increasingly aligned in the direction of rotation.  Therefore, optimizing the rotational 

speed of the collector controls the pore size distribution.  At a distance less than 0.08 m 

inadequate drying of the jet occurred and a densely packed rather than porous nanofiber 

membrane resulted.  Increasing the distance to between 0.10m and 0.16m did not affect 

the average fiber diameter of the electrospun nanofibers, but at a distance greater than 

0.13m the nanofibers were unevenly deposited on the collector.33 
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2.3 Ionomers 

Polymers comprised of up to 10-15 mole percent of an ionic species are termed 

ionomers.  Ionomers are different from polyelectrolytes in that a polyelectrolyte generally 

contains one ionic group per repeat unit whereas ionomers contain far less.  As a result 

polyelectrolytes are soluble in water, but ionomers are not.   Addition of ionic content to 

a nonionic polymer primarily affects the melt and solution viscosities, glass transition 

temperature, and the relaxation time and is often done to create or improve water 

dispersibility of the polymer.  The solution behavior of an ionomer depends on the type 

of solvent.  In polar solvents, ionomers will demonstrate polyelectrolyte behavior where 

the fixed ions and the counter ions undergo electrostatic interactions which result in the 

viscosity being significantly higher than it would be for an uncharged molecule.  This is a 

common occurrence among polyelectrolytes and is known as the electroviscous effect.  In 

polyelectrolytes the addition of  0.1M of a neutral salt will render this effect negligible.  

In non-polar or low-polarity solvents ionomers exhibit aggregation behavior as a result of 

dipolar attractions between the ion pairs and the low-polarity solvent.6, 34-37 

Depending on the ion content, dielectric constant and other environmental factors, 

ionomers with a relatively low number of ionic groups form two types of aggregates: 

multiplets and ionic clusters.  Multiplets, which dominate at low ion content level, are 

formed by the tight packing of a small number of ion pairs.  Ionic clusters dominate at ion 

content levels above the critical ion level and consist of both ion pairs and hydrocarbon 
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chains aggregating together.  The existence of ion clusters, their extent and size are 

believed to be the most essential factor modifying a polymer’s physical properties.37 

 Ionomers can be divided into two classes based on molecular structure: random 

and telechelic.  Random ionomers have ionic groups scattered randomly along the 

polymer backbone and typically range from less than 1 mole percent to greater than 10 

mole percent.  Telechelic ionomers have ionic groups only on either one end 

(monotelechelic) or both ends (ditelechelic). Because of their easily defined structure, 

and typically lower molecular weight telechelic ionomers have been used as simple 

model systems for more complex random ionomers.  6, 7  

 In general, as the shear rate increases the viscosity of a polymer solution 

decreases.  This behavior is known as shear thinning and is the result of the polymer 

chains disentangling, stretching and orienting under the effect of the flow of the field.  

Some polymer solutions, however, undergo shear-thickening or dilatancy.  As the shear 

rate increases, the viscosity increases, until a maximum is reached, then the viscosity 

begins to decrease with additional increase in shear rate.  Dilatancy has been reported for 

suspensions, and various types of polymer solutions including ionomers.  Ionomer 

solutions in fact can possess viscosities several orders of magnitude larger than their non-

ionic polymer precursors.38 Witten and Cohen explained the unusual shear-thickening 

behavior of ionomers in terms of chain elongation in the direction of flow and the 

formation of interchain associations.  They concluded that as the solution viscosity 

increases the relaxation time for the clusters increases.  This in turn produces more 
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elongation which leads to higher viscosity which then increases the relaxation time 

thereby creating a positive feedback cycle.  In order for shear thickening to occur the 

polymer must be in solution in a solvent good for the whole chain just above 

concentration at which the chain overlap becomes appreciable (c*).  If the concentration 

is too far above c* then the viscosity becomes large without shear and cross-linking is so 

great that a weak gel forms.39 

 Several studies using light scattering have been conducted on sulfonated 

polystyrenes, the most common class of ionomers.  Lantman et al studied used a 

combination of static and quasi-elastic light scattering to study sulfonated polystyrenes 

over a narrow molecular weight distribution containing less than 10 mol % ionic groups.  

First, they studied the solution viscosity as a function of sulfonation level in a highly 

polar non-aqueous media, dimethylformamide (DMF).  They found that, at a constant 

molecular weight, the electroviscous effect is proportional to the sulfonation level.  Next, 

Lantman et al used light scattering to examine the optical constant as a function of 

concentration.  Normally a plot of this data would be linear.  However, they found that 

with as little as a 0.50 mol % sulfonation, linearity was lost.  This indicated 

polyelectrolyte behavior.  By studying the effect of valency they were also able to 

conclude that chain expansion is the result of charge repulsion.  Finally, it is important to 

point out two observations Lantman et al made with regards to aggregation.  First, as 

sulfonation is increased the effective size of the aggregates increases several fold and 

second, that the aggregates can be “broken up” by dilution.40 



 
24

In another example, Zhou et al used static and dynamic light scattering to study 

the solution behavior of sulfonated polystyrene b-poly(tert-butylstyrene) samples with 5.8 

and 12.0 mol % sulfonation dissolved in N,N-dimethylacetamide.  The determined that 

there are two major contributing factors to the unusual behavior of ionomers in dilute 

solution: 1) the sulfonated styrene portions of the polymer chain repel each other, but are 

attracted to the solvent and 2) the poly(tert-butyl styrene portion exhibits a temperature 

dependent aggregation behavior.  However, no theoretical models to explain this 

behavior exist and they concluded that further work is needed.41 

Finally Boris and Colby compare rheology of sulfonated polystyrene solutions 

with accepted theories for non-ionic polymers in solution.  While, their work uses a 92% 

sulfonated sodium salt of sulfonated polystyrene (NaPSS)42 which would be a 

polyelectrolyte rather than an ionomer, it is important to note here because in polar 

solvents, ionomers behave very similarly to polyelectrolytes. 

First, Boris and Colby plotted apparent viscosity as a function of shear rate for 

salt-free aqueous solutions of polystyrene sulfonate  and observed a dramatic shear-

thinning effect (figure 2.4).  The effect of solvent viscosity was removed by plotting the 

specific viscosity.  Experimental data indicated that in the dilute region, residual salt 

screens the electrostatic interaction.  Boris and Colby found that for the dilute solution 

the concentration dependence predicted for semi-dilute polyelectrolytes at the high salt 

limit holds true, but they do not know why.42 
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Next, the viscosity of NaPSS with added salt was studied. The addition of salt 

reduced the shear thinning effect and as more salt was added the viscosity moved further 

and further from the no-salt values as the concentration increased progressively.  

Similarities between the viscosities for the salt-free solutions and the solutions with  

10-5M NaCl added indicate that there is a residual salt concentration of approximately  

10-5M.42 
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Figure 2.4 Shear rate dependence of apparent viscosity for NaPSS solutions with no 
added salt (from reference 42) 

 

Finally Boris and Colby examined the relaxation time for the NaPSS solutions.  

While the terminal relaxation time in the semi-dilute unentangled region increases as the 

concentration decreases and is therefore in qualitative agreement with scaling theory, the 

concentration dependence is much stronger than predicted.  Thus, they concluded that 

neither the maximum observed at very low concentrations nor the steep increase in 

relaxation time observed at very high concentrations are described by current theories.  
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Therefore, the entanglement of polyelectrolytes is very different from non-ionic polymer 

solutions.42 
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3. Materials and Procedure 

3.1 Materials 

 EastONE®, a water dispersible, sulfonated, co-PET, was obtained from Eastman 

Chemical Company in three average molecular weights: 18,000 g/mol, 22,000 g/mol and 

25,000 g/mol.  EastONE® is made from the polymerization of three monomer units, 

ethylene glycol and sulfonated isophthalic and unsulfonated terephthalic acid.  The 

structures of each monomer unit are given in figure 3.1.  EastONE® contains 

approximately 7.9 mole percent sulfonated isophthalic acid.   

 

O
OH

O
OH
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OH

O
OH

 

OH OH  

Figure 3.1 Structures of a) terephthalic acid. b) sulfonated isophthalic acid and c) 
ethylene glycol 

 

 Samples of each molecular weight were sent to Atlantic Microlabs for sulfur 

analysis.  The results are given in table 3.1. The average weight percent of sulfur was 

1.27%.  Dividing 1.27 by the molecular weight of sulfur gave 0.0397 moles of sulfur and 

therefore 0.0397 moles of sulfonated isophthalic acid per repeat unit.  Because glycol and 

a.

b. 

c. 
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terephthalic acid react in a 1:1 ratio, for every 1 repeat unit there are 0.5 moles of glycol, 

0.0397 moles of sulfonated isophthalic acid and 0.4603 moles of unsulfonated 

terephthalic acid.  Dividing moles of sulfonated isophthalic acid by total moles of  

isophthalic and terephthalic acids yields a mole percent of ionic content of 7.9%.  Thus, 

about 1 in 13 repeat units contain a sulfite ion and its associated sodium counter ion. 

Table 3.1 Sulfur content by weight percent 

Molecular Weight Weight % Sulfur 
(replicate 1) 

Weight % Sulfur 
(replicate 2) 

Average Weight % 

18,000 g/mol 1.27 1.25 1.26 
22,000 g/mol 1.30 1.27 1.285 
25,000 g/mol 1.29 1.24 1.265 

  

In addition to EastONE® two water soluble polymers were also used.  

Poly(ethylene oxide) (PEO) (figure 3.2) with an average molecular weight of 900,000 

g/mol was obtained from Scientific Polymer products.  PEO was dissolved in deionized 

water and room temperature with stirring for about 12 hours to create a three weight 

percent solution.  A 9 weight percent solution of Poly(vinyl alcohol) (PVA) (figure 3.3) 

was made by dissolving PVA procured from Elmarco in deionized water  at 100 oC for 

several hours. 

O
On

 

 

Figure 3.2: Chemical structure of poly(ethylene oxide) 
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Figure 3.3 Chemical structure of poly(vinyl alcohol) 

3.2 Electrospinning Equipment 

 While a traditional electrospinning set-up as illustrated in figure 2.1 was borrowed 

from another lab for a handful of the electrospinning attempts, the NanospiderTM, a 

commercial, lab-scale, machine produced by Elmarco, was used for the bulk of the 

electrospinning.  The NanospiderTM (figure 3.4) uses a basin with a spinning electrode 

rather than the syringe, needle and syringe pump used in a traditional set-up.  In addition, 

the NanospiderTM collects the electrospun fibers on a nonwoven substrate which moves at 

an adjustable speed just below the grounded wire or grounded plate (choice determined 

by conducting nature of the substrate used).  The distance between the basin and the 

substrate can be adjusted as needed. 
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Figure 3.4 NanospiderTM 
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3.3 Experimental Procedure  

3.3.1 Characterization 

EastONE® was dispersed into deionized water by heating the water to 70 oC prior 

to adding the polymer and then stirring until dispersed, usually about 2 hours.  Stock 

solutions of 40, 30 and 15 weight percent were made for the 18,000, 22,000 and 25,000 

g/mol samples respectively.  These solutions were chosen because they were the highest 

concentrations which would fully disperse in deionized water.  The dispersions had a 

rather turbid appearance with a yellowish hue.  As the concentration of the dispersion 

decreased the color moved from yellow toward white. 

 Each stock solution was diluted with deionized water as given in table 3.2 and the 

viscosity was measured as a function of shear rate using an Anton Paar MCR 301 

rheometer with a parallel plate measuring system.  The samples were pre-sheared for 30 

seconds and rested for 50 seconds prior to data sampling.  Ionomers in polar solvents 

exhibit an electroviscous effect which causes an increase in the observed viscosity.43  The 

addition of 0.1M salt can negate this effect.36  However, 0.1 M NaCl caused the polymer 

to precipitate out of solution.  Therefore, the viscosity as a function of shear rate, for each 

solution, was measured with 0.05M NaCl and 0.03M Na2SO4.  The effect of temperature 

was measured 20 oC to 30 oC in 5 degree increments.  The 18,000 and 22,000 average 

molecular weight samples were also diluted to 15 weight percent in order to compare 

their flow curve with that of the 15,000 average molecular weight sample. 
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Table 3.2 Concentrations used to generate flow curves 

Molecular Weight Stock Solution 
Concentration 

(wt. %) 

Concentration after 
1st dilution (wt. %) 

Concentration after 
2nd dilution (wt. %) 

18,000 g/mol 40% 35% 30% 
22,000 g/mol 30% 25% 20% 
25,000 g/mol 15% 10% 5% 

  

Conductivity, surface tension and turbidity were also measured.  Conductivity 

was measured using an Orion 162 Conductivity/ Salinity/ Temperature Meter.  A Fisher 

Surface Tensiometer model 20 with a Du Noy ring was used to determine the surface 

tension of the samples and blends.  Turbidity measurements were made using a Hach 

2001N Turbidimeter. 

3.3.2 Electrospinning 

Next, attempts were made to electrospin EastONE® using both the NanospiderTM 

and a traditional electrospinning set-up. Despite adjusting the tip to target distance 

between approximately 5 and 20 cm, the voltage up to 82 kV, and the solution 

concentration, all attempts were unsuccessful.  Template polymers were then used.  Stock 

solutions of the 18,000 g/mol and the 22,000 g/mol solutions of EastONE® were blended 

by volume with 3% PEO to create the blends described in table 3.3.  These blends were 

then electrospun in the NanospiderTM under the conditions given in table 3.3. 
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Table 3.3 Solution and spinning parameters for EastONE®/PEO blends 

Sample ID Molecular 
Weight E1 

(g/mol) 

Weight 
Percent E1 

Average 
Relative 

Humidity 

Height 
(cm) 

Voltage 
(kV) 

Weight 
Percent 

PEO 
107-02 18,000 1% 52% 16 50 2% 
107-03 18,000 2% 55% 16 50 2% 
107-04 18,000 5% 53% 16 50 2% 
107-05a 18,000 8% 49% 16 50 2% 
107-05b 18,000 8% 46% 15 50 2% 
107-05c 18,000 8% 49% 14 50 2% 
107-05d 18,000 8% 49% 16 50 2% 
107-05e 18,000 8% 47% 17 50 2% 
107-06 18,000 10% 48% 17 50 2% 
117-02 22,000 1% 46% 16 50 2% 
117-03 22,000 5% 44% 16 50 2% 
117-04 22,000 8% 46% 16 50 2% 

 

Varying weight percents of 18,000 MW EastONE® were added to a 9% PVA 

stock solution and then electrospun according to the parameters listed in table 3.4.  Table 

3.3 gives the average relative humidity in the NanospiderTM, but in Table 3.4 the relative 

humidity is in terms of ambient humidity in the lab.  This is due to an unavoidable change 

in the dehumidifier.  After electrospinning the 1, 10 and 12 weight percent samples were 

heat treated for 1 hour at 75 oC. 
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Table 3.4 Solution and spinning parameters for EastONE®/PVA blends 

Sample ID Molecular 
Weight E1 

(g/mol) 

Weight 
Percent E1 

Average 
Relative 

Humidity 

Height 
(cm) 

Voltage 
(kV) 

Weight 
Percent 
PVA 

125-08 18,000 1% 41% 13 80 9% 
125-09 18,000 2% 41% 12 82 9% 
125-10 18,000 5% 42% 12 82 9% 
125-11 18,000 8% 42% 12 82 9% 
125-12 18,000 10% 42% 12 82 9% 
125-13 18,000 12% 50% 12 82 9% 

 

3.3.3 Evaluation of Electrospun Mats 

 Electrospun samples were evaluated by using either a Hitachi S-3200 Variable 

Pressure Scanning Electron Microscope or a JEOL 6400F Field Emission Scanning 

Electron Microscope, depending on machine availability.  To reduce charging a pathway 

from the substrate to the stage surface was painted with carbon paint prior to sputter 

coating with a gold/palladium mix.  An accelerating voltage of 5.0 kV and a beam current 

of 35mA were used.  Images were then captured and the fiber diameters determined using 

4pi’s Revolution TM software. 

3.3.4 Heat Treating of Nanofiber mats 

 In order to determine the feasibility of creating membranes from the electrospun 

nanofiber mats made from these blended polymer systems, the nanofiber mats were heat 

treated above the glass transition temperature of the EastONE®.  Each sample was heat 

treated at approximately 75 oC for one hour.  Results were then evaluated using a 

scanning electron microscope. 
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3.3.5 Other Water Dispersible Polymers 

 In addition to EastONE®, another water dispersible polymer was blended with 

PEO and PVA, respectively for comparison purposes.  Omnapel 60110 is a dispersed 

acrylic binder, with a glass transition temperature of -21 oC, produced by Omnova 

Solutions.  First, it was electrospun in the NanospiderTM blended with PEO in a 50:50 

ratio of the weight of the acrylic dispersion as received to the weight of a 3% solution of 

the PEO.  Next, it was electrospun using a PVA template.  Two and ten percents of the 

acrylic dispersion on weight of the solution were blended with 9% PVA on weight of the 

solution.  The results were assessed using a scanning electron microscope. 
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4. Results and Discussion 

4.1 EastONE® Solution Rheology 

4.1.1 Viscosity as a Function of Molecular Weight 

 Much work has been done studying sulfonated polystyrene as an example 

ionomer system.  In these studies at low concentration sulfonated polystyrene exhibited 

low viscosity, lower than that of the starting polystyrene.  As the concentration was 

increased the viscosity increased greatly due to the prevailing of inter-chain associations 

as opposed to the intra-chain associations which prevailed at low viscosity.  Sulfonated 

polystyrene and other ionomers have been observed to phase separate upon dilution in 

hydrocarbon solvents.43  EastONE® appears to exhibit similar behavior.  Since 

polyethylene terephthalate is not water soluble it is not possible to compare the flow 

curves shown in figures 4.1, 4.2 and 4.3 with that of PET, but a similar scenario is likely.  

In addition, dilution of solutions of EastONE® appeared to show some phase separation. 

 As can be seen in figures 4.1, 4.2 and 4.3 for each of the three average molecular 

weights used, the solution viscosity of EastONE® in deionized water had an especially 

strong concentration dependence.  Figure 4.3 contains two flow curves for the 15% 

solution to illustrate the reproducibility of the results.  Run one and Run two are almost 

identical, indicating high reproducibility. 
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Figure 4.1 Flow curves for 18,000 MW EastONE ®
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Figure 4.2 Flow curves for 22,000 MW EastONE®
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Figure 4.3 Flow curves for 25,000 MW EastONE® 
 

Each of the samples was run at the highest weight percent that would disperse in 

water and two additional concentrations each 5 weight percent lower.  For comparison 

purposes the 18,000 and 22,000 molecular weight samples were also run at 15 weight 

percent.  Figure 4.4 compares all three samples of EastONE® at 15 weight %.  It is 

important to point out the results for the 18,000 molecular weight sample.  The viscosity 
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of the 18,000 MW sample is shown as below that of water.  While, the actual curve is 

very choppy and is most likely the result of being below the functional range of the 

viscometer, the drop in viscosity is very significant.  According to Hodgson and Amis at 

very dilute concentrations of salt-free polyelectrolyte solutions several complications 

arise.  Among these are 1) the autodissociation of water becomes nonneglible, 2) 

contributions from ionic impurities in either the water or the sample become significant 

and 3) the dissolution of carbon dioxide from the air produces carbonate ions in aqueous 

solutions.44  Yamanaka et al. compared viscosity measurements for poly(styrene 

sulfonate) solutions exposed to room air and those conducted under nitrogen and found 

that the viscosity was reduced by about 30% for the samples measured in room air. 45  

When salt was added to the system more expected viscosity measurements were seen 

(figure 4.5).  Thus, it appears that at least one of the aforementioned complications 

occurred. 
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Figure 4.4 Comparison of molecular weights at 15 wt. % 
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Figure 4.5 Effect of salt on the viscosity of 18,000 MW EastONE® at 15 wt. % 
 
 
4.1.2 Polyelectrolyte Effect 

 Polyelectrolytes and ionomers in polar solvents exhibit an electroviscous effect or 

polyelectrolyte effect where the observed viscosity is increased by inter-chain 

interactions. 36 Figures 4.6-4.8 illustrate this effect for EastONE®. The electroviscous 
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effect can be rendered negligible by the addition of 0.1M of a salt, typically NaCl.  

However, EastONE® is very sensitive to ions.  The addition of 0.1M NaCl caused the 

polymer to precipitate.  Therefore, 0.05M NaCl and 0.033M sodium sulfate were used 

instead.  While it is unclear if the salt completely negated the polyelectrolyte effect, it had 

a definite effect upon the viscosity of each dispersion.  Different molar quantities of the 

two salts were used in order to produce equal numbers of moles of ions in solution.  In 

each case, sodium chloride had a greater effect upon the viscosity, confirming Krieger’s 

assertion that the reduction is the same for electrolytes of equivalent concentration 

regardless of valency.46 
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Figure 4.6 Effect of salt on the viscosity of 18,000 MW EastONE® 
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Figure 4.7 Effect of salt on viscosity of 22,000 MW EastONE®
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Figure 4.8 Effect of salt on viscosity of 25,000 MW EastONE® 
 
4.1.3 Viscosity as a Function of Temperature 
  

EastONE® shows unusual viscosity behavior as a function of temperature.  At 

18,000 g/mol viscosity decreased with increasing temperature, but for the 25,000 g/mol 

solution the viscosity was essentially the same at 20 and 25 oC, but significantly lower at 

15 oC (figures 4.9 and 4.10). Lundberg observed some unusual temperature behavior for 



 
48

sulfonated ionomers.  In his study of sulfonated ethylene-propylene-diene terpolymer 

(containing 55%ethylene, 40% propylene and 5% ethylidene norborene) in mixed 

solvents (90% xylene/10% hexanol) Lundberg noted that at low polymer concentrations 

the viscosity decreased with increasing temperature.  At higher concentrations the 

viscosity remained mostly constant of increased over a temperature range of 60-120oC.47 

While, this behavior is quite different from that observed in the current work, Lundberg 

also found that changing the alcohol concentration changed the profiles of the 

temperature-viscosity curves.47  Thus, showing the strong effect of solvent on how 

temperature affects the viscosity of ionomers.  Since these EastONE® solutions are more 

accurately described as dispersions, the difference in the effect of temperature on 

viscosity at different molecular weights is most likely the result of the polymer not 

actually being dissolved.  
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Figure 4.9 Effect of temperature on viscosity of 18,000 MW EastONE® 
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Figure 4.10. Effect of temperature on viscosity of 25,000 MW EastONE® 
 
4.1.4 Turbidity 

 Diluting samples of each molecular weight of EastONE® resulted in an increase 

in turbidity.  Figure 4.11 shows not only that as the dispersions were diluted the turbidity 

increases, but also that as the solution was diluted more it had greater turbidity than 

solutions of the same concentration that were less diluted.  Most likely this is the result of 
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the process of diluting the sample causing a phase separation rather than making a 

uniform sample. 

 

 

Figure 4.11 Turbidity as a function of concentration 
 for each molecular weight of EastONE® 
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4.2 Electrospinning EastONE® 

4.2.1 Solution Parameters 

 In addition to measuring the viscosity of the EastONE® dispersions, the surface 

tension and conductivity were also measured.  If the surface tension of a solution is too 

high then the electric field generated will not be great enough to overcome them and the 

solution will not electrospin.  Likewise, the conductivity must be enough.  Low 

conductivity problems are often remedied by the inclusion of an electrolyte into the 

polymer solution.  However, as shown in figures 4.12 and 4.13 the surface tension of the 

EastONE® is not overly high and the conductivity is more than sufficient.  Thus, 

confirming that EastONE® will not electrospin because it is dispersed and therefore does 

not have the necessary chain entanglement. 

 
Figure 4.12 Surface tension of 18,000 MW EastONE® 
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Figure 4.13 Conductivity as a function of concentration for EastONE® 
 
4.2.2 Evaluation of Electrospinnability 
 

Attempting to electrospin EastONE® in the NanospiderTM showed no results.  

Because the NanospiderTM uses the electric current to carry the polymer jets upward to 

the grounded plate located above the trough containing the polymer solution if the 

solution does not meet the requirements for electrospinning no dripping or spraying is 
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observed, unlike when a traditional set-up is used.  Using a traditional electrospinning 

set-up to try to electrospin EastONE® resulted in electrospraying of drops of the 

EastONE® dispersion.  However, after a time during each attempt to electrospin 

EastONE® in a traditional electrospinning set-up, the needle clogged.  Mostly likely this 

is the result of the cluster formation that is the result of EastONE® being an ionomer 

rather than because it is a dispersion.  The particles in the dispersion should be small 

enough not to clog a large gage needle.  Finally, it was not possible to obtain any SEM 

images of the electrosprayed EastONE® because it had absolutely no adhesion to the 

aluminum foil.  Attempting to remove the aluminum foil from the grounded plate caused 

the EastONE® droplets to fall off the aluminum foil. 

According to McKee et al, at the critical chain entanglement concentration, 

beaded nanofibers can be created via electrospinning.  In order to electrospin defect-free 

nanofibers, 2-2.5 times the critical chain entanglement is required.5  EastONE®’s  

electrospraying when using a traditional set-up and it’s lack of result in the 

NanospiderTM indicate that it is in fact not dissolved, but at least mostly dispersed. 

4.3 Blend Rheology 

 The results of section 4.2 revealed the difficulties of electrospinning EastONE®.  

Therefore, the use of a or template was evaluated.  A template polymer is a second 

polymer that is used with substances that do meet the requirements, most commonly that 

of critical chain entanglement, to electrospin on their own.  First, poly(ethylene oxide) 

(PEO) was used as the template. Figure 4.14 shows the surface tension for 3 wt.% PEO 
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and each of the 18,000 MW EastONE®/PEO blends.  The similarity in the surface 

tension for these blends which did electrospin and the pure EastONE® dispersion which 

did not electrospin further confirms that surface tension was not the factor preventing 

EastONE® from electrospinning.   

 

Figure 4.14 Surface tension of 18,000 MW EastONE® blended with 3 wt. % PEO 
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Figure 4.15 Flow curves for 18,000 MW EastONE® blended with 2 wt. % PEO 
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Figure 4.16 Flow curves for 25,000 MW EastONE® 
blended with 2 wt. % PEO 

 

The viscosities of 18,000 g/mol and 25,000 g/mol EastONE® blended with 2 

weight percent PEO were measured (figures 4.15 and 4.16).  For each case, the viscosity 

of the blends were much higher than the viscosity of the 2 weight percent poly(ethylene 

oxide) alone.  However, the blended samples successfully electrospun with a viscosity 
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higher than many of the unblended EastONE® samples tried.  Again, indicating that 

EastONE® cannot be electrospun without the use of a template polymer due to its lack of 

chain entanglements. 

Next, EastONE® was blended with poly(vinyl alcohol) (PVA).  As with the 

rheology for EastONE® blended with PEO, EastONE®/PVA blends also show the 

blended solutions having a significantly higher viscosity than the template polymer alone 

(figure 4.17).  As the viscosity of the blend increased, the ability to electrospin decreased.  

A maximum of 12 percent on weight of the solution was found for being able to 

electrospin EastONE®(18,000 g/mol)/PVA blends.  At 12 weight percent the solution did 

not form nearly as many jets as its less viscous counterparts.  Beyond 12% the solution 

was exceedingly viscous and would not electrospin.  Attempts to dilute it and then spin 

(therefore with a lower weight percent of both EastONE® and PVA) also failed.  

Therefore, while chain entanglements preventing electrospinning homo-solutions of 

EastONE®, excessive viscosity can also render blended solutions unable to be 

electrospun. 
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Figure 4.17 Flow curves for 18,000 MW EastONE® blended with 9 wt. % PVA 

4.4 Electrospinning EastONE® with Water Soluble Template Polymers 

4.4.1 Effect of Template Polymer 

  Electrospinning EastONE® blended with PEO resulted mostly in beaded 

structures with incipient fibers (figures 4.18 a-c).  In some spots large, several micron 

wide blobs and balls formed.  Attempts to optimize the PEO resulted mostly in films 
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rather than fibers (figure 4.19).  Despite PEO being widely used in electrospinning, 

conversations with a researcher from Elmarco indicate that PEO cannot be electrospun in 

the NanospiderTM.48 Therefore, poly(ethylene oxide) was replaced by poly(vinyl alcohol) 

as the water soluble template.  A 9 wt. % Poly(vinyl alcohol) solution electrospun at a 

height of 13 centimeters with a voltage of 75.2 kV produced uniform nonwoven webs 

(figure 4.20)   Figure 4.21 a-f shows 18,000 MW EastONE® electrospun at 1, 2, 5, 8, 10 

and 12 weight percents with 9 weight percent PVA used as the template.  Electrospinning 

blends of EastONE® with PVA created uniform mats seen not only on at high 

magnification, but unlike blends of EastONE® and PEO, low magnification images also 

show good uniform coverage (figure 4.22 a-b). 

 
 

Figure 4.18a Sample 107-05a (8 wt.% 18,000 MW E1, 2 wt. % PEO) 
at 2000x magnification 
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Figure 4.18b Sample 107-06 (10 wt. % 18,000 MW E1, 2 wt.% PEO) 
at 2,000x magnification 

 

 
Figure 4.18c Sample 117-04 (8 wt. % 22,000 MW E1, 2 wt. % PEO) 

at 2,500x magnification 
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Figure 4.19 Example of a film created by electrospinning 3 wt.% PEO 

in the NanospiderTM. 
 

 
Figure 4.20 9 wt. % PVA at 5000x magnification 
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Figure 4.21a Sample 125-08 (1 wt. % 18,000 MW E1, 9 wt. % PVA) 

at 5,000x magnification 
 

 
Figure 4.21b Sample 125-09 (2 wt. % 18,000 MW E1, 9 wt. % PVA) 

at 5,000x magnification 
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Figure 4.21c Sample 125-10 (5 wt. % 18,000 MW E1, 9 wt. % PVA) 

at 5,000x magnification 
 

 
Figure 4.21d Sample 125-11 (8 wt. % 18,000 MW E1, 9 wt. % PVA) 

at 5,000x magnification 
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Figure 4.21e Sample 125-12 (10 wt. % 18,000 MW E1, 9 wt. % PVA) 

at 5,000x magnification 
 

 
Figure 4.21f Sample 125-13 (12 wt. % 18,000 MW E1, 9 wt. % PVA) 

at 5,000x magnification 
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Figure 4.22a EastONE®/PEO Blend (Sample 117-04) at 150x magnification 

 

 
Figure 4.22b EastONE®/PVA Blend (Sample 125-08) at 450x magnification 
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4.4.2 Effect of Concentration 

While there was some distribution in fiber diameter it appears not to have been 

affected by the concentration of EastONE® used. Samples made from a blend of 1 wt.% 

EastONE® (18,000 g/mol) (sample ID 125-08) had an average fiber diameter of 163 nm 

and samples from a 12% blend (sample ID 125-13) had an average fiber diameter of 177 

nm.  Sample 125-12 (10% EastONE®) had the highest average fiber diameter at 234 nm.  

But it also had a significantly larger standard deviation than the other samples.  Within, 

the standard deviations, each sample can be considered to have equivalent fiber diameters.    

Average fiber diameters and their standard deviations are given in table 4.1. 

Table 4.1 Average fiber diameters for nanofibers created from 
electrospinning EastONE®/PVA blends 

 

Sample ID Average Fiber Diameter Standard Deviation 

125-08 163 nm 43.7 

125-09 199 nm 62.9 

125-10 176 nm 71.1 

125-11 168 nm 49.4 

125-12 234 nm 87.6 

125-13 177 nm 36.8 
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4.4.3 Effect of Molecular Weight 

 Based upon results of electrospinning 18,000 g/mol and 25,000 g/mol EastONE® 

with poly(ethylene oxide), molecular weight does not appear to have a significant effect 

on the final product.  Because higher molecular weight samples of EastONE® cannot be 

dispersed at concentrations as high as those of lower molecular weight samples it would 

not be possible to obtain as high a percent of EastONE® in the resulting fiber when using 

higher molecular weight samples as compared to lower molecular weight samples.  

Depending on future applications it might be useful to compare samples of different 

molecular weight EastONE® blended with Poly(vinyl alcohol). 

4.5 Membrane Formation 

4.5.1 Heat Treating of Nanofiber Mats 

 Since filtration is one of the most important applications for electrospinning, 

membrane formation was also examined.  EastONE®/PEO and EastONE®/PVA blends 

were heat treated to examine the feasibility of creating a membrane by heat treated 

blended nanofibers above the glass transition temperature of the EastONE®, but below 

the glass transition temperature of the template polymer and below the melting 

temperature of both.  Initial results looked promising.  Heat treating EastONE®/PEO 

blends resulted in a definitive change in structure (figure 4.23).  However, results with 

PVA are less decisive.  The 1 weight percent sample (125-08) appeared to be affected by 

heat treating (figure 4.24), but none of the other samples were.  More work is needed to 

determine whether or not this is a viable option for membrane formation. 
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a. Untreated         b. Heat Treated 

Figure 4.23 Effect of heat treating on a blend of 20.0 wt.% E1 with 1.5 wt. % PEO 
(1,500x magnification) 

               
a. Untreated       b. Heat Treated 

Figure 4.24 Effect of heat treating on Sample 125-08 (1 wt. % E1, 9 wt. % PVA) 
(15,000x magnification) 

 
4.5.2 Use of Low Tg Acrylics 

 Preliminary attempts to create membranes from water dispersible acrylics with a 

glass transition temperature below room temperature were made.  Figure 4.25 shows the 

results of electrospinning the acrylic blended with PEO.  The two polymers were blended 

50:50 by weight of solution with PEO being a 3 weight percent solution and the acrylic 

having been received in an unknown weight percent dispersion.  Figure 4.25 shows the 

results of blending 10 weight percent of the acrylic with 9 weight percent PVA.  Further 
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work would need to be done to determine if membranes can be made directly be 

electrospinning the acrylics above their Tg and therefore not needing to heat treat. 

 
Figure 4.25 Results of electrospinning acrylic blended with PEO 
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Figure 4.26 Results of electrospinning acrylic blended with PVA 
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5. Conclusions 

5.1 Summary 

 In order to increase the number of polymer that can be used in water-based 

systems the aim of this research was to develop a method of electrospinning water 

dispersible polymers.  However as a result of the lack of chain entanglements in a 

dispersion a template polymer must be used.  Over the course of this work, two polymers 

were examined as potential templates: poly(ethylene oxide) and poly(vinyl alcohol), 

predominantly for electrospinning a sulfonated co-polyester containing approximately 7.9 

mole percent sulfur. 

  While, PEO has been successfully used in many electrospinning examples, it 

does not work using the NanospiderTM.  Meanwhile, due to the cluster formation typical 

of ionomers, the sulfonated co-polyester cannot be electrospun in a traditional 

electrospinning set-up because it clogs the needle.  Therefore, electrospinning water 

dispersible co-polyester in a water-based system requires the use of a non-capillary based 

electrospinning design and a template polymer.    

Poly(vinyl alcohol) was successfully used as a template polymer for 

electrospinning sulfonated co-polyester.  A scanning electron microscope was used to 

confirm that uniform fiber mats with an average fiber diameter around 170-200 nm. 

In addition the solution properties of the sulfonated co-polyester at different 

molecular weights were studied.  Viscosity results indicate that it is in fact an ionomer.  



 
73

Salt can be used to decrease the electroviscous effect, but the concentration of salt 

recommended in literature to negate the effect causes the polymer to precipitate.   

5.2 Recommendations for Future Work 

 Additional work is needed to determine whether a low glass transition 

temperature polymer can either be heat-set or electrospun below its glass transition 

temperature to create a membrane.  Likewise, because electrospun webs have no integrity 

research on composite structures including laminating a second substrate on top of the 

nanofiber layer in order to give it strength for its potential applications should be 

conducted. 
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