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ABSTRACT 

Tlectrospinning uses high \oltage elecliic field to produce high surface area fibers 

in the nanometer range. Pohmeric nanofibers were prepared by the electrospinning 

process imd were chaiacterized using Scanning Electron Microscopy (SEM) and Atomic 

Force Microscop> (.VFM). A study on the relationship between process parameters and 

fiber characteristics was undertaken. The dependence of fiber morphology on the solvent 

\olatility and collector substrate characteristics was critically analyzed. Results on the 

self assembling nature of the charged fibers over different collector substrates were 

obtained and reported in the thesis. Defect free nanofiber webs with high specific surface 

area and low porosities suitable enough to be used as adsorptive filtration membranes 

were prepared. Polyurethane nanofibers were used as nano metal oxide catalyst carriers 

by successfully impregnating the catalyst in a single-step electrospinning process. 

Aerosol filtration abilities of nanofiber membranes were tested and the results are 

presented. 
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CHAPTl'R 1 

OB.IT:CTIVT; AND MOTIVATION 

Nanotechnology has shown astounding prospects and progress in recent years and 

it is \ iewed as a high-end tool for numerous technological advancements. The objective 

of this thesis research is to explore the possibility of using nanotechnology to create high 

perfonnance nanomaterials that will contribute to homeland security and national 

defense. More specificalh. the aim of the research is to produce high surface area 

pohmeric nanofibers with enhanced reactivity for decontamination of chemical and 

biological toxins. These self-decontaminating nanofiber webs will also work as high 

efficiency filtration membranes, which provides enhanced protection against aerosolized 

toxic agents. Nanostructured materials with their high surface to volume ratio, light 

weight, smaller size and nanoporosity can do wonders in both protection and detection of 

chemical, biological, radiological and explosive (CBRE) agents. Due to the growing 

asymmetric terrorist threats, personnel protective systems require new high performance 

materials for effective and improved countermeasures. The process for producing 

polymeric nanofibers and the effect of process parameters over its structure and 

morphology has been critically analyzed. Imparting reactivity to the nanofibers provides 

destructive adsorption and neutralization capabilities towards chemical and biological 

toxins. Research work reported in this thesis has exploited the electrospinning 

nanotechnology to develop high performance nanofiber webs that have advanced 

applications. 



The moti\alion to this thesis research has been the on going development in the 

field of nanotechnolog\ and the interesting properties of nanoslriictures. The Department 

of Energy's Basic 1-nergy Sciences Group has cited nanoscience as an important direction 

for the "Basic Research Needs to Counter Terrorism." The potential of nanomaterials 

such as nanofibers, nanotuhcs, nanoparticles, etc., creates avenues for unimaginable 

development in the field of medicine, semiconductors, sensor technology, micro and nano 

fluidics, catalysis, filtration, fuel cells and storage systems. Nanotechnology offers the 

advantage of increased sensiti\it>, selectivity and response time. Current protective gears 

and decontamination wipes uses activated carbon for adsorption of toxic chemicals. 

Carbon based protection system works predominantly by physisorption and the adsorbed 

toxins are retained inside the micropores without being destroyed. It also faces challenges 

from biological aerosols like spores, bacteria, virus, etc., and other aerosolized chemical 

toxins. 

Polymeric fibers with sizes varying from submicron to nanometer range can be 

tailor made with the required porosity and used as novel carrier materials for entrapping 

nano and microstructured catalytic and reactive materials. Catalyst embedded nanofiber 

substrates will effectively perform the dual role of aerosol filtration and destructive 

chemisorption of chemical and biological toxins. T1O2 embedded nanowebs can be 

utilized as photocatalytic coatings for self-sterilization and biofiltration applications. 

This motivation and the enormous potential of nanofiber materials have led the 

thesis author to cany out research on the electrospirming of a few polymer fibers. Results 



obtained will lead to furthering the current understanding of electrospinning of 

nanofibers. 



CIIAPTT:R2 

1 TTT;RATURERT:VII;W 

2.1 Introduction 

Production of s>nthelic filaments using electrostatic forces has been known for 

more than one hundred \ears. The process of spinning fibers with the help of electrostatic 

forces is known as electrospinning. It has been shown recently that electrospirming 

process is capable of producing fibers in the submicron range (1). Electrospirming has 

gained much attention in the last decade not only due to its versatility in spirming a wide 

variety of pohmeric fibers but also due to its consistency in producing fibers in 

submicron range. In fiber science related literature, fibers with diameters below 100 nm 

are generally classified as nanofibers (2). These fibers with smaller pores and higher 

surface area than regular fibers have enormous applications in nanocatalysis, tissue 

scaffolds, protective clothing, filtration and optical electronics. 

Electrospirming process uses high voltage electric field to produce electrically 

charged jets from polymer solution or melts, which on drying by means of evaporation of 

the solvent produces nanofibers. The highly charged fibers are field directed towards the 

oppositively charged collector, which can be a fiat surface or a rotating drum to collect 

the fibers. In normal conventional spinning techniques, the fiber is subjected to a group of 

tensile, gravitational, aerodynamic, rheological and inertial forces (3). In electrospinning, 

the spinning of fibers is achieved primarily by the tensile forces created in the axial 
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direction ofthe flow olthe polymer by the induced charges in the presence of an electric 

field. 

2.2 History of Electrospinning 

The origin of electrospinning as a \ iable fiber spinning technique can be traced 

back to early 1930s. In 1934, Tormhals patented his first invention relating to the process 

and the apparatus for producing artificial filaments using electric charges (4). Though the 

method of producing artificial threads using electric field has been experimented for a 

long time, it had not gained importance until Formhals invention due to some technical 

difficulties in earlier spirming methods such as fiber drying and collection. Formhals 

spinning process consists of a movable thread collecting device to collect the threads in a 

stretched condition like that of a spirming drum in the conventional spinning. Formhals 

process was capable of producing threads aligned parallel on to the receiving device in 

such a way that it can be unwound continuously. In his first patent, Formhals reported the 

spinning of cellulose acetate fibers using acetone as the solvent (4). 

The first spinning method adopted by Formhals had some technical 

disadvantages. It was difficult to completely dry the fibers after spirming due to the short 

distance between the spinning and collection zones, which resulted in less aggregated 

web structure. In a subsequent patent, Formhals refined his earlier approach to overcome 

the aforementioned drawbacks (5). In the refined process, the distance between the 

feeding nozzle and the fiber collecting device was altered to give more drying time for 

the electrospun fibers. Subsequently in 1940, Formhals patented another method for 



producing composite fiber webs from multiple polymer and fiber substrates by 

electrostatically spinning polymer fibers on a moving base substrate (6). 

In the 1960s fundamental studies on the jet forming process were initiated by 

Taylor (7). In 1969, Ta> lor studied the shape ofthe polymer droplet produced at the tip of 

the needle w hen an electric field is applied and showed that it is a cone and the jets are 

ejected from the vertices ofthe cone (7). This conical shape of the jet was later referred 

b> other researchers as "Ta>ior Cone" in subsequent literatures. By a detailed 

examination of different \iscous fluids, Taylor determined that an angle of 49.3 degrees 

is required to balance the surface tension of the polymer with the electrostatic forces. The 

conical shape of the jet is important because it defines the onset of the extensional 

velocity gradients in the fiber forming process (8). 

In subsequent years, focus shifted to study the structural morphology of 

nanofibers. Researchers w ere occupied with the structural characterization of fibers and 

the understanding of the relationships between the structural features and process 

parameters. Wide-angle X-ray diffraction (WAXD), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and differential scanning calorimetry 

(DSC) have been used by researchers to characterize electrospun nanofibers. In 1971, 

Baumgarten reported the electrospinning of acrylic microfibers whose diameters ranged 

from 500-1100 nm (9). Baumgarten determined the spinability limits of polyacrylonitrile/ 

dimethylformamide (PAN/DMF) solution and observed a specific dependence of fiber 

diameter on the viscosity ofthe solution. He showed that the diameter ofthe jet reached a 

minimum value after an initial increase in the applied field and then became much larger 
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with increasing electric fields. Larrondo and Mandley produced polyethylene and 

polypropylene fibers from the melt, which were found to be relatively larger in diameter 

tiien solvent spun fibers (10, 11). They studied the relationship between the fiber 

diameter and melt temperature and showed that the diameter decreased with the 

increasing melt temperature. .\cct>rding to them, fiber diameter reduced by 50% when the 

applied voltage doubled showing the significance of applied voltage on the fiber 

characteristics. 

In 1987, Ha>ati ct al. studied the effects of electric field, experimental conditions 

and the factors affecting the fiber stability and atomization. They concluded that the 

liquid conducti\ ity plays a major role in the electrostatic disruption ofthe liquid surfaces. 

Results showed that highly conducting fluids with increasing applied voltage produced 

highly unstable streams that whipped around in different directions. Relatively stable jets 

were produced with semi conducting and insulating liquids such as paraffinic oil (12). 

Results also showed that unstable jets produce fibers with broader diameter distribution. 

After a hiatus of a decade or so, a major upsurge in research on electiospirming 

took place due to the increased knowledge on the application potential of nanofibers in 

different areas such as high efficiency filter media, protective clothing, catalyst substrates 

and adsorbent materials. Research on nanofibers gained momentum due to the work of 

Doshi and Renneker (1). Doshi and Reneker studied the characteristics of polyethylene 

oxide (PEO) nanofibers by varying the solution concentration and applied electric 

potential (1). Jet diameters were measured as a function of distance from the apex ofthe 

cone and they observed that the jet diameter decreases with the increase in distance. They 



found that the PTO solution with viscosity less than 800 centipoise (cP) was too dilute to 

form a stable jet and solutions with \ iscosily more than 4000 cl* were too thick to form 

fibers. 

Jaeger ci al. studied the thinning of fibers as the extrusion progressed in 

PEO water electrospun fibers and observed that the diameter ofthe flowing jet decreased 

to 19 ixm in traxeling 1 cm trom the orifice, 11 fim after traveling 2 cm and 9 \im after 3.5 

cm (13). Their experiment showed that solutions with conductivities in the range of 1000-

1500 îs.cm"' heated up the jet due to the electric current in the order of 1-3 |iA. Deitzel et 

al. showed that an increase in the applied voltage changes the shape of the surface from 

which the jet originates and the shape change has been correlated to the increase in the 

bead defects (14). They tried to control the deposition of fibers by using a multiple field 

electrospinning apparatus that provided additional field of similar polairity on the jets 

(15). 

Warner et al. (16) and Moses et al. (17-18) pursued a rigorous work on the 

experimental characterization and evaluation of the fluid instabilities, which are crucial 

for the understanding ofthe electrospinning process. Shin et al. designed a new apparatus 

that could give enough control over the experimental parameters in order to quantify the 

electrohydrodynamics ofthe process (19). Spivak and Dzenis showed that the Ostwalt-

deWaele power law could be applied to the electrospinning process (20). Gibson et al. 

studied the transport properties of electrospun fiber mats and they have concluded that 

nanofiber layers give very less resistance to the moisture vapor diffusional transport (21). 



2.-̂  Ivlcctrospinning "Theory and Process 

Tlectrospinning is a unique approach using electrostatic forces to produce fine 

fibers. T'lectiostalic precipitators and pesticide sprayers are some of the well known 

applications that work similar to the electrospinning technique. Fiber production using 

electrostatic forces has in\ oked glare and attention due to its potential to form fine fibers. 

Electrospun fibers ha\e small pore size and high surface area. There is also evidence of 

sizable static charges in electrospun fibers that could be effectively handled to produce 

three-dimensional structures (22). 

According to the authors of this article, electrospinning is a process by which a 

polymer solution or melt can be spun into smaller diameter fibers using a high potential 

electric field. This generic description is appropriate as it covers a wide range of fibers 

with submicron diameters that are normally produced by electrospinning. Based on 

earlier research results, it is evident that the average diameter of electrospun fibers ranges 

from 100 nm-500 nm. In textile and fiber science related scientific literature, fibers with 

diameters in the range 100 nm -500 nm are generally referred to as nanofibers. The 

advantages of electrospinning process are its technical simplicity and its easy 

adaptability. The apparatus used for electrospinning is simple in construction which 

consists of a high voltage electric source with positive or negative polarity, a syringe 

pump with capillaries or tubes to carry the solution from the syringe or pipette to the 

spinnerette and a conducting collector like aluminum. The collector can be made of any 

shape according to the requirements like flat plate, rotating drum, etc. The schematic of 

the eletctrospinning process is shown in Figure 2.1. Many previous researchers have used 



the apparatus similar to the one given in T'igure 2.1 with modifications depending on 

process conditions to spin a wide \ariel\ of fine fibers. 

Symvfte MiU)o5bci J 
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Figure 2.1: Schematic ofthe Electrospinning Setup 

Polymer solution or the melt that has to be spun is forced through a syringe pump 

to form a pendant drop ofthe polymer at the tip ofthe capillary. High voltage potential is 

applied to the polymer solution inside the syringe through an immersed electrode thereby 

inducing free charges into the polymer solution. These charged ions move in response to 

the applied electric field towards the electrode of opposite polarity thereby transferring 

tensile forces to the polymer liquid (3). At the tip of the capillary, the pendant 

hemispherical polymer drop takes a cone like projection in the presence of an electric 

field. And, when the applied potential reaches a critical value required to overcome the 

surface tension ofthe liquid, a jet of liquid is ejected from the cone tip (7). 

10 



Most charge caniers in organic solvents and polymers have lower mobilities and 

hence tiie charge is expected to nunc through the liquid for larger distances only if given 

enough time. After the initiation from the cone, the jet undergoes a chaotic motion or 

bending instability and is field directed towards the oppositively charged collector, which 

collects the charged fibers (23). As the jet travels through the atmosphere, the solvent 

evaporates lca\ ing behind a dr> fiber on the collecting device. For low viscosity 

solutions, the jet breaks up into droplets while for high viscosity solutions it travels to the 

collector as fiber jets (14) 

2.3.1 Jet Initiation 

The behavior of electrically driven jets, the shape of the jet originating surface 

and the jet instability are some of the critical areas in electrospinning process that 

requires ftjrther research. Rayleigh (24) and Zeleny (25) gave the initial insight into the 

study of the behavior of liquid jets later followed by Taylor (7). Taylor showed that a 

cortical shaped surface referred to as Taylor cone with an angle of 49.3° is formed when a 

critical potential is reached to disturb the equilibrium of the droplet at the tip of the 

capillary, i.e., the initiating surface. When a high potential is applied to the solution, 

electrical forces and the surface tension help in creating a protrusion wherein the charges 

accumulate. The high charge per unit area at the protrusion pulls the solution further to 

form a conical shape which on further increase in the potential initiates the 

electrospinning process by jetting (3). In a recent study Yarin et al. have shown that the 

Taylor cone corresponds only to a specific self-similar solution and there exists another 
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shape corresponding to nonself-similar solutions (26). Taylor's work proposed a 

spheroidal approximation ofthe initiating droplet shape, while Yarin el al. considered a 

family of nonself-similar solutions for the hyperboloidal shapes of electrified liquid 

bodies and concluded that a cone sharper than that ofthe Taylor can precede the initiation 

of the jet. It has been shown both experimentally and theoretically that a liquid surface on 

application of a critical electric potential forms a conical shape with an angle of 33.5° that 

is less than the typical 'Ta\ lor cone angle of 49.3"(26). The importance of the jet 

originating surface has been discussed by Cloupeau and Prunet-Foch (27) and Grace and 

Marijnissen (28). Different shapes ofthe jet initiation have been associated with varying 

degrees of instability along the path of the jet (27). 

2.3.2 Bending Instability 

The jet ejected from the apex ofthe cone continues to thin down along the path of 

its travel towards the collector and the jetting mode has been termed as 

electrohydrodynamic cone-jet (27). The charges in the jet accelerate the polymer solution 

in the direction of the electric field towards the collector thereby closing the electrical 

circuit. The jet while moving towards the collector undergoes a chaotic motion or 

bending instability as suggested by Yarin et al. due to the repulsive forces originating 

from the charged ions within the electrospinning jet (26). The bending instability was 

originally thought to be occurring by a single jet splitting into multiple thin fiber 

filaments due to radial charge repulsion, which was termed as splaying (1). Doshi and 

Renneker argued that as the fiber diameter decreases due to the simultaneous stretching 
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of the jet and the evaporation o\' the solvent, the increased charge density splits the jet 

into smaller jets. This splitting is expected to occur repeatedly resulting in smaller 

diameter fibers (1). 

However, recent obser\ations suggest that the rapid growth of a nonaxisymmetric 

or whipping instabilit> causes the stretching and bending of the jets (29). Wamer et al. 

and Shin ct al. ha\e used high-speed photography (with exposure times down to 1 

millisecond) to confinn that the unstable region of the jet which appears as an inverted 

cone suggesting multiple splitting is in reality a single rapidly whipping jet (16, 29). They 

suggest tiiat the whipping phenomena occur so fast that the jet appears to be splitting into 

smaller fiber jets resulting in ultra fine fibers. 

A steady state model of the jets using nonlinear power law constitutive equations 

(Oswald-deWaele model (30, 31)) was developed by Spivak et al. (32). Reneker and his 

coworkers have contributed significantly for reasoning the instability behavior and 

developed a mathematical viscoelastic model for the rectilinear electrified jet. In their 

work they have mathematically modeled the jet path, trajectory and velocity of jet, area 

reduction ratio and the longitudinal strain ofthe jets (33). They have observed the onset 

of jetting instability from the vertex of envelope cone by imaging with a lens of focal 

length 86 mm and an T number of 1.0. The image produced by this lens was observed 

on an electronic camera with exposure time of 0.0125 ms and recording speed of 2000 

frames/sec (33). According to Reneker et al., a smooth surface with a slight curvature 

suddenly develops an array of bends, on elongation the array of bends becomes a series 

of spiraling loops with growing diameters and as the perimeter of the loop increases, the 
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jets forming the loop start thinning. They inferred that many cycles of instability repeat to 

form nanofibers (33). 

Shin a al. (2 )̂) in their attempt to model the instability behavior of electrically 

forced jets stressed the competition between dilTerent types of instabilities that could 

occur due to the interactions between the charged ions and the electric field. These 

instabilities were shown to \ar\ along the path depending upon the fluid parameters and 

the operating conditions (2^)). The work showcased the possibility of three types of 

instabilities: (I) the classical Ra>leigh mode (axisymmetric) instability; (2) electric field 

induced axis> mmetric conducting mode; and (3) whipping conducting mode instabilities. 

In order to have a better understanding ofthe different instability modes, it is necessary to 

precisely model the process. Shin et al. have presented an approach to model the stability 

of jets as a fiinction of fluid properties like viscosity, conductivity and process variables 

like applied electric field and flow rate. They observed that the whipping mode instability 

is dominant with high charge density in the jets while the axisymmetric instability 

dominates at lower charge density. The physical mechanisms of the instability and the 

development of asymptotic approximations for modeling the instability behavior were 

discussed elsewhere in detail (17, 18). Fridrikh et al. re-examined the equations of motion 

derived earlier (17, 18) for creating a model to derive the ultimate diameter of the jets by 

accounting for the nonlinear instability of the jets at the final stage of whipping (34). 

Their model assumes the charged fluid jet as Newtonian fluid and an empirical model of 

the terminal diameter of the whipping jet has been derived as a function of flow rate, 

electric current and surface tension ofthe fluid. The model predicted 10 fold variations 
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in fiber diameter for vaiNing flow rate and this 2/3 scaling was experimentally verified 

for varying concentrations of polycaprolactone (P(M,) solution (34). 

2.4 T'lectrospinnint: Technolou> and 1 Iqilipment: Current Scenario 

There ha\e been substantial amount of research carried out on the fundamental 

aspects of electrospinning. The major issue that is yet to be resolved is the scaling-up of 

the process for commercialization. The academic and research community join hands in 

taking the predominimtly lab-scale technology to the commercial level. It is well known 

that setting up a lab size electrospinning equipment is simple and less cumbersome task. 

Electrospinning apparatus is simple in construction and there have been no significant 

changes in the last decade in the equipment design and the setup for the production of 

nanofibers. Research groups have improvised the basic electrospirming setup to suit their 

experimental needs and conditions. Wamer et al. have designed a new parallel plate setup 

for effectively controlling the operating variables in order to quantify the 

electrohydrodynamics of the process (16). The parallel plate design is expected to 

overcome the problem of nonuniform electric field experienced in the point-plate 

configuration. Jaeger et al have used a two electrode setup by placing an additional ring 

electrode in front of the capillary in order to reduce the effect of the electrostatic field at 

the tip and to avoid corona discharges (13). It has been stipulated that by using the two 

electrode setiip, a more stable field can be established between the ring electrode and the 

collector thereby avoiding the effect of changing shape at the capillaty tip over the 

electric field. 
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Productivity enhancement for commercializing the electrsopinning process is 

under active research with emphasis on multiple spinneret designs and alternative 

experimental setup for feed charging. llowe\er, there is still a debate on the potential of 

scaling up this technology for commercialization. This is an important issue, which the 

government agencies, academia and industry should pay attention to for further growth 

and development of the field. There are only a few technology companies engaged in 

research and dev elopment on nanofibers. There is hardly any information available in the 

public domain on the mass production of nanofibers for different applications. Espin 

Technologies, a nanofiber technology company is involved in developing a proprietary 

high speed device that could effectively overcome the traditional drawbacks of low 

output and high production cost (35). Donaldson filtration has its own patented process 

setup for making tens of thousands of square meters of electrospun nanofiber filter media 

(36). From the available published literature and the current state of understanding ofthe 

electrospinning process, it is likely that commercial scaling up of the electrospinning 

process can only be achieved by more fundamental understanding of the process and 

better control of the instability behaviour of the jets that determine the diameter of the 

fibers. In addition, there needs to be an active participation between government 

agencies, industry and academia for scaling-up the process. With greater enthusiasm 

among the interested parties, programs that are in place such as Grants Oppurttmities for 

Academic Liason with Industry of the NSF and SBIR programs can be of assistance for 

technology transfer and commercialization. 
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2.5 Spinninti of Polymeric Nanofibers 

Research activih on the electrospinning of nanofibers has been successful in 

spinning submicron range fibers from different polymeric solutions and melts. Although 

a plethora of literature is a\ailable on the structure and morphological properties of 

polymeric nanofibers, there is \er> little information in the public domain on the 

electrohvdrodynamics ofthe electrospinning process. Polymers with attractive chemical, 

mechanical and electrical properties like high conductivity, high chemical resistance, 

high tensile strength hav e been spun into ultrafine fibers by the electrospinning process 

and their application potential in areas like filtration, optical fibers, drug delivery system, 

tissue scaffolds and protective textiles have been examined (14, 21). Some of the 

polymers attempted to-date for electrospirming and their corresponding literature are 

tabulated in Table 2.1 for a quick and cursory review. 
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Table 2.1: Electrospun Pohniers and Corresponding Literature 

S.No 
1 

T 

4 

1 

5 

Polymer 
Cellulose acetate 

.'\crvlic resin (̂ )6"o 
acrylonitrile) 

a) Pohethvlene oxide 
b) Poh V inv 1 alcohol 
c) Cellulose acetate 

a) Poh (2-hydroxy 
ethyl methacrylate) 

b) Polystyrene 

c) Poly (ether amide) 

Polyethylene oxide 
(PEO) 

Solvent 
Acetone 

DMT 

a) Water/ chloroform 
b) Water 
c) Acetone 

a)Formic acid and 
Ethanol 

b)Dimethyl 
Formamide and 
Diethyl 
Formamide 

c) Hexa fluoro 
2- propanol 

Water 

Comments 
Formhals attempted the 
electrospinning of cellulose 
acetate fibers in 1934 (4). 
Baumgarten spun acrylic 
fibers and studied the effect of 
polymer flow rate and 
viscosity on fiber diameter in 
1971 (9). The fibers were less 
than I pm in diameter. 
Jaeger et al. studied the 
morphological characteristics 
of electrospun polymeric 
fibers in the diameter range of 
200-800 nm (13). 

Koomphongse et al. spun 
different fibers and reported 
flat ribbon like structures and 
branched fibers (37). The 
electrospun fibers were 
between 1 -3 |im in diameter. 

Doshi and Reneker have 
experimented with the 
spirming of PEO fibers from 
aqueous solutions and studied 
the relationship between 
process and solution 
parameters on fiber 
characteristics (1). 
Electrospun fibers were about 
0.05 to 5 microns in diameter 
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Table 2.1: Continued 

S.No 
6 

7 

8 

9 

10 

Polymer 
Polyethylene 
terephthalate 

Poh aniline PTO blends 

Poh ether urethane 

Poly-L-lactide (PLLA), 
Polycarbonate (PC), 
Polyvinylcarbazole 

Polystyrene 

Sohent 
Mixture of 
dichloromethane and 
trilluoroacclic acid 

Chloroform 

Dimethyl acetamide 

Dichloromethane 

Tetrahydrofuran 
(THF) 

Comments 
Reneker and Chun 
demonstrated the spinning of 
polyethylene terephthalate 
fibers of 300 nm in diameter 
with cylindrical structures (3). 
Norris et al. produced fine 
fibers with desired 
conductivity by using 
Polyaniline/PEO polymeric 
blends (38). The fiber 
diameters were in the range of 
950 nm to 2.1 \im. 
Wilkes observed the 
dependence of fiber diameter 
distribution and the 
occurrence of beaded 
structures on the flow rate and 
applied electric potential (39). 
Fibers from 148 nm to 5 ^m 
were obtained by Wilkes. 
Bognitzki et al. examined the 
relationship between the 
volatility of solvents used and 
the pore structure of fibers. 
They inferred that the 
solidification of fibers is 
controlled by the onset of 
glass transition or by the onset 
of crystallization (40). 
MacDiarmid et al. have 
electrospun polystyrene using 
THF as a solvent to produce 
nanofibers with a minimum 
diameter of 16 nm and an 
average diameter of 30.5 nm. 
They observed higher 
temperature in fibers due to 
higher conductivity (2). 
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Table 2.1: Continued 

S.No 
11 

Polymer 
Polybenziniidazole 
(PBl) 

Solvent 
N,N-Dimethyl 
Acetamide (DMAc) 

Comments 
Kim and Reneker electrospun 
aromatic heterocyclic PBl 
polymer by electrospinning 
and produced birefringent 
fibers of approximately 300 
nm in diameter (41). 

Nylon 6 and Nylon 6 + 
montmorillonite (NTS) 

1,1.1,3.3.3-hexa 
tluoro-2-Propanol 
(HFlP)andDMF 

13 a) Polyethylene oxide 
(PEO) 

b) Polycarbonate (PC) 

c) Polyurethane (PU) 

a) Isopropyl 
alcohol (IPA) 

b) DMF and 
THF 

c) DMF 

Fong ct al. experimented the 
spinning of NLS with HFIP 
and DMF and observed 
cylindrical fibers along with 
some ribbon shaped fibers 
with thickness of 100-200 nm 
and width of -lO^im (42). 
They attributed that even 
though electrospinning should 
produce great chain 
alignment, rapid solvent 
removal inhibits perfect 
crystallites in the electrospun 
fibers (42). 

Tsai et al. developed 
nonwoven fibers of PEO, PC, 
PU by various fiber charging 
methods like electrostatic 
spinning, corona charging and 
tribocharging and inferred that 
electrospun fibers have higher 
filtration efficiency than other 
nonwoven webs. PU and PC 
were found to have higher 
charge retention capacities 
than electrospun PEO fibers 
(43). Fibers with diameter of 
0.1 to 0.5 î m were produced. 

20 



Table 2.1: Continued 

S.No 
14. 

15 

16 

Polymer 
Poh \ inv 1 chloride 

Polyurethane 

Polycaprolactone 

Siihent 
TllF, DMF 

DMT 

Acetone 

Comments 
Lee ci al. studied the effect of 
volume ratio of mixed 
solvents on the structure and 
morphology of electrospun 
fibers (44). 

Demir et al. prepared 
polyurethane urea copolymer 
solution in DMF and observed 
that the average fiber diameter 
(AFD) increases with the 
solution concentration as 
given by AFD= (Conc.)^(45). 
A trimodal distribution of the 
fiber diameter has been 
observed with fiber diameter 
varying from 7 nm to 1.5 |am 
(45). 

Reneker et al. studied the 
onset of the bending 
instability during spinning and 
observed the formation of a 
closed single and double loop 
fiber structure called as 
'Gariand' (46). This garland 
structure has been observed in 
other copolymers like 
vinylidene fluoride, tetra 
fluoroethylene and 
polyethyloazoline (46). The 
fiber diameter varied from 1 
|am to 1.5 jam. 
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Table 2.1: (."ontinued 

S.No 
17 

18 

19 

20 

Polymer 
Styrene-Butadiene-
Styrene (SBS) triblock 
copohnier 

Poh-L-Lactide 

Poly(methyl 
methacrylate-random) 
PMMA-r-T.AN 

Polyethylene-co-vinyl 
acetate (PEVA), Poly 
lactic acid (PLA) and 
blend of PEVA and 
PLA. 

Siihent 
75% TllT and 25% 
DMF 

Dichloromethane 

Mixed solvent of 
Toluene and DMF 

Chloroform 

Comments 
long and Reneker examined 
the morphology of fibers with 
respect to micro phase 
separation and experimented 
with annealing for 
accelerating the ordering 
process and stress relaxation 
(47). The electrospun fibers 
were around 100 nm in 
diameter. 
Zeng Jun et al. electrospun 
PLA fibers and observed the 
cylindrical morphology of 
fibers with diameters ranging 
from 800 nm-2400 nm (48). 
Dietzel et al. produced 
electrospun fiber mats with 
specific surface chemistry 
from random copolymers of 
PMMA-r-TAN. They have 
demonstrated that the atomic 
concentration of fluorine at 
the surface of electrospun 
fibers were twice the amount 
seen in bulk materials (49). 
The fiber diameter was in the 
range of 2 ^m to 300 nm. 
Kenawy et al. studied the 
potential of electrospim fiber 
mats as drug delivery system 
for the release of tetiacycline 
hydrochloride (SO). 
Electrospun PEVA + PLA 
blended fibers were 1- 3 nm 
in diameter while the PLA 
fibers were around 3- 6 pm. 
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Table 2.1: Continued 

21 

T-> 

23 

Poly (p-phenylene 
terephthalamide) 
(PPTA) (Kevlar 
40" from Dupont) 

Pohethvlene 
terephthalate (PET), 
Pohethv lene 
naphthalate (PEN) 

Silk like polymer with 
fibronectin 
functionality (SLPF) 

05-98 wt% Sulphuric 
acid 

Formic acid / 
hexafluoro 
isopropanol 

Srinivasan and Reneker 
examined the crystal structure 
and morphology of the 
electrospun Kevlar fibers (51). 
Fibers from 40 nm to a few 
hundreds of nanometers were 
produced. 
Kim and Lee investigated the 
thermal properties of 
electrospun PET and PEN 
fibers made from melts (52) 

Buchko et al. used 
electrospinning technique to 
create biocompatible thin 
films for their use in 
implantable devices. They 
studied the morphological 
characteristics with regard to 
the changes in process and 
solution parameters (8). 

23 



2.5.1 Structure and Morphology oi' Polymeric Nanofibers 

Nanofibers have attracted the attention of researches due its pronounced micro 

and nano structural characteristics that enable the development of sophisticated materials 

that have ad\anced applications. More importantly, high surface area, small pore sizes, 

and the possibility o\' producing three-dimensional structures have increased the interest 

in nanofibers. As theoretical studies on the electrospinning process has been conducted 

bv various groups (17-19. 23. 26, 29, 33-34) for a while to understand the electrospinning 

process, there have been some simultaneous efforts to characterize the structure and 

morphologv of nanofibers as a function of process parameters and material 

characteristics. 

The production of nanofibers by electrospinning process is influenced both by the 

electrostatic forces and the viscoelastic behavior of the polymer. Process pareimeters like 

solution feed rate, applied voltage, nozzle-collector distance, spinning environment and 

material properties like solution concentration, viscosity, surface tension, conductivity 

and solvent vapor pressure influence the structure and properties of electrospun 

nanofibers. Significant work has been done in characterizing the fibers as a fimction of 

these process and material parameters that are elaborated in the following sections ofthe 

paper. 

2.5.2 Process Parameters and Fiber Morphologv 

A detailed account is provided on the earlier works that deal with the effects of 

individual process parameters that influence the structure and morphology of nanofibers. 
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2.5.2.1 Applied Voltage 

Various instabilitv modes that occur during the fiber forming process are expected 

to occur by the combined effect of both the electrostatic field and the material properties 

of tiie polymer. It has been suggested that the onset of different modes of instabilities in 

tiie electrospinning process depends on the shape of the Jet initiating surface and the 

degree of iiistabilit.\ which effectively produces changes in the fiber morphology (14). In 

electrospinning, the charge transport due to the applied voltage is mainly due to the flow 

of tiie polymer jet towards the collector and the increase or decrease in the current is 

attributed to tiie mass flow of the polymer from the nozzle tip. Deitzel et al. have inferred 

that the change in the spinning current is related to the change in the instability mode 

(14). They experimentally showed that an increase in applied voltage causes a change in 

the shape of the jet initiating point and hence the structure and morphology of fibers. 

Experimentation on PEO/water system has shown an increase in the spinning current 

with an increase in the voltage (14). It was also observed that for the PEO/water system, 

the fiber morphology changed from a defect free fibers at an initiating voltage of S.SKV 

to a highly beaded structure at a voltage of 9.0KV (14). The occurrence of beaded 

morphology has been correlated to a steep increase in the spinning current, which 

contiols the bead formation in the electrospirming process. Beaded structure reduces the 

surface area, which ultimately influences the filtration abilities of nanofibers. 

Earlier in 1971, Baumgarten while carrying out experiments with acrylic fibers 

observed an increase in fiber length of approximately twice with small changes in fiber 

diameter with an increase in applied voltage (9). Megelski et al. investigated the voltage 
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dependence on the fiber diamelcr using polystyrene (PS). The PS fiber size decreased 

from about 20|.im to lO^m with an increase in voltage from SKV to 12KV; while there 

was no significant change observed in the pore si/e distribution (53). These results 

concur with the interpretation of Buchko ci al. (8) who observed a decrease in the fiber 

diameter witii an increase in the applied field while spinning silk like polymer fiber with 

fibronectin functionalitv (SLPF). Generally, it has been accepted that an increase in the 

applied voltage increases the deposition rate due to higher mass flow from the needle tip. 

Jaeger et al. used a two-electrode setup for electrospinning by introducing a ring 

electrode in between the nozzle and the collector (13). The ring electrode was set at the 

same potential as the electrode immersed in the polymer solution. This setup was thought 

to produce a field-free space at the nozzle tip to avoid changes in the shape of the jet 

initiating surface due to varied potential (13). Though this setup reduces the unstable jet 

behavior at the initiation stage, bending instability is still dominant at later stages of the 

process causing an uneven chaotic motion of the jet before depositing itself as a 

nonwov en matrix on the collector. Deitzel et al. experimented with a new electrospirming 

apparatus by introducing eight copper rings in series in between the nozzle and the 

collector for dampening the bending instability (15). The nozzle and the ring set were 

subjected to different potentials (ring set at a lower potential) of poshive polarity while 

the collector was subjected to a negative polarity. The idea behind this setup was to 

change the shape ofthe macroscopic electric field from the jet initiation to the collection 

target in such a way that the field lines converge to a centre line above the collection 

target by the applied potential to the ring electrodes. The authors suggested that the 
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bending instability ofthe fibers was dampened by the effect ofthe converging field lines 

producing straight jets (15). Controlled deposition helps to produce specific deposition 

patterns and also yarn like fibers. Deitzel cl al. investigated the spinning of PEO in 

aqueous solution using multiple electric fields, which resulted in fibers depositing over a 

reduced area due to the dampening o\' bending instability. The multiple field technique 

was also shown to produce fibers o[' lesser diameter than the conventional electrospinning 

method (15). 

2.5.2.2 Needle-Collector Distance 

Structure and morphology of electrospun fibers could be easily affected by the 

nozzle to collector distance because of its dependence on the deposition time, evaporation 

rate and whipping or instability interval. Buchko et al. examined the morphological 

changes in the SLPF and nylon electrospun fibers with variations in the distance between 

the nozzle and the collector screen. They showed that regardless of the concentration of 

the solution, lesser nozzle-collector distance produces wet fibers and beaded structures. 

SLPF fiber morphology changed from round to flat with a decrease in the nozzle 

collector distance from 2cm to 0.5cm (8). This result delineates the effect ofthe nozzle 

collector distance on the fiber morphology. The work also showed that aqueous polymer 

solutions require more distance for dry fiber formation than systems that use highly 

volatile organic solvents (8). Megelski et al. observed the bead formation in the 

electrospun PS fibers on reducing the nozzle to collector distance while preserving the 

ribbon shaped morphology with a decrease in the nozzle to collector distance (53). 

27 



2.5.2.3 Polymer 1 low Rate 

The flow rate ofthe polymer from the s>rnige is an important process parameter 

as it influences the jet \ elocit\ and the material transfer rate. In the case of PS fibers, 

Megelski ct al. observed that the fiber diameter and the pore diameter increased with an 

increase in the poh nier flow rate (53). As the flow rate increased, fibers had pronounced 

beaded morphologies and the mean pore size increased from 90 to ISOnm (53). 

2.5.2.4 Spinning Env ironment 

The env irormiental conditions around the spinneret like the surrounding air, its 

relativ e humidity (RH). vacuum conditions, surrounding gas etc. could influence the fiber 

structme and morphology of electrospun fibers. Baumgarden observed that acrylic fibers 

spim in an atmosphere of relative humidity more than 60% do not dry properly and get 

entangled on the surface ofthe collector (9). The breakdovm voltage ofthe atmospheric 

gases is said to influence the charge retaining capacity ofthe fibers (9). Srinivasarao et al. 

proposed a new mechanism for the pore formation by evaporative cooling called as 

"breathe figures" (54). Breathe figures occur on the fiber surfaces due to the imprints of 

condensed moisture droplets caused by the evaporative cooling of moisture in the air 

surroimding the spinneret. Megelski et al. investigated the pore characteristics of the PS 

fibers at varied RH and emphasized the importance of phase separation mechanisms in 

explaining the pore formation of electrospun fibers (53). 
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2.5.3 Solution Panmieters and Tiber Morphology 

2.5.3.1 Solution Concentration 

Solution concentration decides the limiting boundaries for the formation of 

electrospun fibers due to \ariations in the viscosity and surface tension (14). Low 

concentration solution forms droplets due to the influence of surface tension while higher 

concentration prohibits the fiber formation due to higher viscosity. Previously published 

literatures have documented the difficulties in electrospinning polymers like PEO (14), 

PAN (34). PDLA (55) in certain concentration levels. By increasing the concentration of 

poh stv rene solution, the fiber diameter increased and the pore size reduced to a narrow 

distribution (53). In the case of PEO/water system, a bimodal distribution in fiber 

diameter was observed at higher concentrations (14). In the PEO system, Dietzel et al. 

related the average fiber diameter and the solution concentration by a power law 

relationship (15). Dietzel et al. interpreted the variations in the fiber diameter and 

morphology to the shape of the jet-originating surface, which concurred with the 

observations of Zong et al. (55). Undulating morphologies in fibers were attributed to the 

delayed drying and the stress relaxation behavior of the fibers at lower concentrations 

(55). As is evident from the discussions, the concentration of the polymer solution 

influences the spinning of fibers and controls the fiber structure and morphology. 

2.5.3.2 Solution Conductivity 

Polymers are mostly conductive with a few exceptions of dielectric materials and 

the charged ions in the polymer solution are highly influential in jet formation. The ions 
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increase the charge carrying capacit> of the jet thereby subjecting it to higher tension 

with the applied electric field. Baumgarden showed that the jet radius varied inversely as 

cube root ofthe electrical coiulucti\it> ofthe .solution (9). Zong et al. demonstrated the 

etTect of ions bv adding ionic salt on the morphology and diameter of electrospun fibers 

(55). They found that PDl A fibers with the addition of ionic salts like KH2PO4, 

NaH:P04 and NaCM produced headless fibers with relatively smaller diameters ranging 

from 200 to 1000 nm (55). 

2.5.3.3 Volatility of Solvent 

As electrospinning invohes rapid solvent evaporation and phase separations due 

to jet thinning, solvent vapor pressure critically determines the evaporation rate and the 

drying time. Solvent volatility plays a major role in the formation of nanostructures by 

influencing the phase separation process. Bognitzki et al. found that the use of highly 

volatile solvents like dichloromethane yielded PLLA fibers with pore sizes of lOOnm in 

width and 250nm in length along the fiber axis (40). Lee et al. evaluated the effect of 

volume ratio of the solvent on the fiber diameter and morphology of electrospun PVC 

fibers (44). Average fiber diameters decreased with an increase in the amoimt of DMF in 

the THF/DMF mixed solvent. Lee et al. found the electrolytic nature of the solvent as an 

important parameter in electrospinning (44). Megelski et al. studied the characteristics of 

electrospun fibers with respect to the physical properties of solvents. The influence of 

vapor pressure was evident when PS fibers spun with different THF/DMF combinations 
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resulted in micro and nanostructure morphologies at higher solvent volatility and a much-

diminished niicrostruclure at Ktwer \olatility (53). 

2.6 Properties of Nanofibers 

.As briefed in the introductor\ section of the paper, a major upsurge in the 

research on nanofibers has taken place most recently due to its high surface area and 

nanostructure surface morphologies that enable a myriad of advanced applications. 

Nanofibers have been reported to have marked differences in their thermal, mechanical 

properties compared to regular fibers and bulk polymers. 

2.6.1 Thermal Properties 

There are a few published reports on the thermal properties of nanostructured 

materials. Thermal analysis has been carried out on a number of electrospim polymeric 

materials to understand the relationship between nanostructure and thermal properties. 

DSC studies have indicated that electrospun PLLA fibers have lower crystallinity, glass 

tiansition temperature (Tg), and melting temperature (Tm) than semicrystalline PLLA 

resins (55). Zong et al. attributed the decrease in the Tg to the large surface to volume 

ratio of nanofibers with air as the plasticizer. The high evaporation rate followed by rapid 

solidification at the final stages of electrospinning is expected to be the reason for the low 

ctystalinity. The Tg and the peak crystallization temperature (Tc) of the electrospun 

polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) decreased 

significantly, while the heat of crystalline melting increased (52). The decrease in Tg and 
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Tm, and the increase in the heat of melting were attributed to the increase in the segmental 

mobility. The melting temperature oi' the PIT and PEN electrospun fibers remained 

almost constant without an> significant \ariations compared to that of regular fiber form. 

PEO nanofibers ha\e shown a Kn\er melting temperature and heat of fusion than the PEO 

powder, which is attributed to the poor crNstallinity ol the electrospun fibers (14). The 

crysliUlinitv of the PI 1 .\ fibers were observed to be completely retarded by the 

electrospinning and the W .\XD patterns ofthe electrospun PLLA fibers confirmed highly 

oriented fibers (55). This decrease in crystallinity has been shown to be a general 

phenomenon and has been observed in poly (meta-phenylene isophthalamide), poly 

(glycolide) and poh acrylonitrile. Deitzel et al. inferred that PEO nanofibers retained the 

same cry stal structure as PEO powders while there is a clear indication of reduced 

crystalline order in nanofibers (14). Bognitzki et al. concluded with the help of a DSC 

thermogram that the degree of crystalinity of electrospun PLLA fibers was in the order of 

40% (56). 

Thermal degradation of PET and PEN before and after electrospinning was 

analyzed by Kim and Lee using the TGA thermogram and they found that on 

eletrospinning the intrinsic viscosities of both PET and PEN reduced significantiy (52). 

The thermal degradation and hence the decrease in intrinsic viscosities (i.e., decrease of 

molecular weight) were postulated to be the reasons for the decrease in Tg and Tc caused 

by reduced entanglements (52). 
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2.6.2 Mechanical Properties 

Electrospun libers ha\e nanostructured surface morphologies with tiny pores that 

influence the mechanical properties like tensile strength. Young's modulus, etc. Gibson et 

al. have foimd that there is no significant change in the Young's modulus of electrospun 

Pellethane themioplastic elastomers. When compared with cast films, electrospun 

elastomers have shown a 40% reduction in the peak tensile strength and 60% reduction in 

elongation at maximum applied stress (57). The decrease in the tensile strength has also 

been reported bv Buchko ct al. with SLPF fibers (8). Nanofiber reinforced polymer 

composites have shown highly enhanced mechanical properties than the unfilled or 

carbon/glass fiber filled composites. Young's modulus of a nanofiber composite has been 

found to be ten fold greater than the pure Styrene-Butadiene rubber (58). As is evident, 

there is less information available on the mechanical properties of nanofibers and 

nanofiber composites. Research on the mechanical properties of nanofibers and its 

composites from a v ariety of polymers is essential for a greater understanding on the 

contributions of nanofiber to the mechanical and performance related cheu-acteristic of 

nanofiber composites. 

2.7 Applications of Nanofibers 

Nanomaterials have been attracting the attention of global materials research these 

days primarily due to their enhanced properties required for application in specific areas 

like catalysis, filtration, NEMS, nanocomposites, nanofibrous structures, tissue scaffolds, 

drug delivery systems, protective textiles, storage cells for hydrogen fuel cells, etc. A 
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brief discussion on some ofthe applications of nanofibers and related nano materials is 

discussed in this section. 

2.7.1 Carbon and Cuaphilic Nnnriiibers 

Carbon nanofibers are finding enormous applications in unconventional energy 

sources and storage cells due to their enhanced conductivity and high aspect ratio. Their 

mechanical properties enable them to be used as fillers in composites that find 

applications in s>nthetic and rubber industries (59). In polymer composites, carbon 

nanofibers are more preferred than fiberglass fillers due to their increased tensile strength 

at reduced weight (60). Ma ct al. studied the morphology and the mechanical properties 

of poly ethv lene terphthalate (PET) resins compounded with carbon nanofibers (CNF) 

(61). The compressive and torsional properties ofthe composites increased up to 50% 

compared to the normal PET fiber, while its tensile modulus showed only moderate 

improvement (61). 

2.7.2 Tissue Scaffolds and Drug Delivery 

Nanofibers with high surface area and porosity have enormous scope for 

applications in engineering mechanically stable and biologically functional tissue 

scaffolds. The tissue scaffolding material must be selected carefully to insure its 

biocompatibility with the body cells. The biocompatibility depends on the surface 

chemistty ofthe scaffolds, which is influenced by the material properties (63). Biological 

signals from growth factors, extracellular matrix (ECM) and the surrounding cells 
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regulate the biological functions and the \CM molecules surround the cells to give the 

necessarv mechanical support (63). Natural polymers of type 1 and type 111 collagen are 

the primary structural elements ofthe TC'M in many native tissues (64). The high surface 

to volume ratio ofthe nanofiber pio\ides more room for cell attachment than the regular 

fibers (63). The dimensions o\^ these engineered scaffolds were in the same scale with 

tiiose ofthe natural TCM Poly (D. L-lactide-co-glycolide) (PLGA), the commonly used 

biodegradable polymer in tissue engineering when electrospun produced highly suitable 

tissue scaffolds that hav e high porosity, pore diameter and pore volume (63). The high 

porosity of the electrospun nanofiber scaffolds provides enough space for the cell 

accommodation and an easv passage for nutrient intake and metabolic waste exchange. 

Mechanical properties like the modulus of elasticity and strain at failure are important for 

the application of electrospun nanofibers as tissue scaffolds (65). The material properties 

can be suitably tailored by varying the fiber orientation and solution concentration (65). 

Matthews et al. used type 1 collagen from calfskin and type I and type III collagen from 

human placenta for spinning collagen nanofibers (64). These electrospun collagen fibrils 

closely resembled the structural and biological properties of natural polymer tissues. 

Culturing aortic muscle cells on these electrospun collagen microfibrils produced 

scaffolds with densely populated smooth muscle cells. The muscle cells were seen deeply 

meshed within the electrospun collagen (64). Huang et al. electrospun Collagen/PEO 

nanofiber mats and studied its potential for applications in wound healing and tissue 

engineering (66, 67). Uniform fibers with diameter ranging from 100- 150 nm were 
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produced. The superior mechanical properties ofthe collagen nanofibers were attributed 

to the high intermolecular interaction between the Pl'O and collagen component (67). 

Nanofiber mats due to their high functional characteristic finds application as 

drug carriers for the drug deliverv s\stem (50). Controlled delivery of drugs at a defined 

rate over a definite period of treatment is possible with biocompatible delivery matrices 

of either biodegradable or non-biodegradable polymers. Kenawy et al. investigated the 

drug deliverv potential of electrospun polymers by spinning poly (ethylene-co-vinyl 

acetate) (PEN.A) and poh lactic acid with ethanol and tetracycline hydrochloride as 

model drug (50). The release of tetracycline from the electrospun mats were found much 

greater tiian from the cast films. They observed that the electrospun PEVA and 50/50 

PLA/PEVA mats ga\e very smooth release of tetracycline over a period of 5 days (SO). 

These observations stress the importance and application of electrospun fiber mats in 

controlled drug deliv ery systems and other biomedical applications. 

2.7.3 Catalytic Nanofibers 

Chemical reactions employing enzyme catalysts are important in chemical 

processes due to their high selectivity and mild reaction conditions (68). Immobilized 

enzymes are used largely due to easiness of catalyst separation, enzyme stability and then 

availability for cominuous operations. The efficiency of these immobilized enzymes 

depends mainly on the pore structure and difftision limitations ofthe substrate material. 

Nanomaterials are of recent interest as catalyst substrates due to there large surface area 

per unit mass and the feasibility for high catalyst loading (68). Nanofibrous catalysts 
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could substitute catah tic nanoparticles inorder to overcome the limitations of catalyst 

reco\er> (68). Jia ct al. prepared bioacli\e |iolystyrene (PS) nanofibers by chemical 

attachment of a-chymoirvpsin on PS and obser\ed high catalytic activity with improved 

enzyme stabilit> o\er other forms of immobilized enzymes (68). 

Tibrous catah sts offer ad\antages like feasibility of adapting to any geometry and 

low resistance to the flow of liquids and gases (69). Though catalyst loading and 

mechanical properties limit the usage of fibrous catalysts, the advent of nanofibrous 

materials as catah tic substrates could easily alter the scope of its application. The activity 

of the catalyst supported on a substrate depends on its large active surface area. 

Nonporous substrates can be coated with a high surface area material like nanofibers to 

increase the surface area thereby enhancing reactivity (69). Carbon nanofiber supports 

loaded with iron particles have shown high conversion of hydrocarbons in comparison 

with activ e carbon and y-alumina (70). It has been shown that the intrinsic catalyst effect 

is more pronounced when loaded in smaller diameter fibers (70). 

2.7.4 Filtration 

Polymeric nanofibers have been used in air filtration applications for more than a 

decade (71). Due to poor mechanical properties of thin nano webs they were laid over a 

substrate suitable enough to be made in to a filtration medium. The small fiber diameters 

causes slip flow at the fiber surfaces causing an increase in the interception and inertial 

impaction efficiencies of these composite filter media (71). The enhanced filtration 
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efticiency at the .same pressure drop is possible with fibers having diameters less than 

0.5 micron (71). 

The potential for using nanofiber membranes on protective substrates as a 

filtering medium is highh promising. Knowing that the essential properties of protective 

clothing are high moisture \apor transport, increased fabric breathability and enhanced 

toxic chemical resistance, electrospun nanofiber membranes have been found to be good 

candidates for these applications (62). The highly porous electrospun membrane surfaces 

help in moisture vapor transmission. Gibson et al. have analyzed the possibility of using 

thin nanofiber lavers over the conventionally used nonwoven filtration media for 

protective clothing (72). Pohurethane and nylon 6 nanoweb coatings were applied over 

open cell foams and carbon beads and tested for air flow resistance. They concluded that 

airflow resistance, filtration efficiency and the pore sizes of nonwoven filter media could 

be easily altered by coating with the light weight electrospun nanofibers (72). Doshi et al. 

of espin technologies, a nanofiber startup company, evaluated composites of nanofibers 

with spunbound and meltblown fabrics for filtration characteristics (74). The novel 

nanofiber composite membranes have shown very high increase in the filtration 

efficiencies (74). Researchers at General motors, the automobile giant, are working on 

the nanofibers for its scratch/wear resistance, low temperature ductility, low flammability 

and recycle ability in composites applications (75). 

Nanofibers also find applications in aerospace and semiconductor industries. 

Piezoelectric polymers were electrospun and investigated for its applicability as a 

component on the wings of the micro-air vehicles (73). Poly (Vinylidene fluoride) 
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[PVDF] and ((^-CN) APB-ODPA, a piezoelectric polyamide were electrospun at NASA 

Langley Research Center and morphologies of the fibers were evaluated for various 

experimental conditions (73). Gibson ci al. prepared conductive membrane coatings 

using carbon nanotubes by electrospinning process. Carbon nanotubes (CNT) were 

dispersed in the pol\mer solution and electrospun to form nanotube encapsulated 

conductive pohnier fiber. CNTs boost the conductivity of dielectric materials like 

pohurethane to form organic nanofiber electrodes with applicability in conductive 

coatings, flexible photovoltaic cells and wearable solar power cells (76). 

.As is e\ident from the aforementioned brief discussion on the applications of 

nano materials, the potential oi nanostructured materials in advanced applications is 

unlimited. Researchers are making constant efforts to exploit the high surface area and 

porosity properties to dev elop value added and sophisticated high tech materials. 

2.8 Conclusions 

Nanoscience is one of the few growing scientific fields of this decade that is 

enjoying broad based support from the government and industries. The ability to 

manipulate individual molecules and understanding their characteristics at atomic levels 

has made this field very promising. Electronics and semiconductor industries have been 

hamesing the potential of nanotechnology to a major extent. Other fields such as 

biomedical, polymer and fiber science are yet to realize the full potential of 

nanotechnology. To enable the exploitation of nanotechnology in fiber and polymer 

science disciplines, a timely and in-depth review of research is essential. Government 
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agencies and non-goxernmental agencies have given high priority to both the 

fundimiental and applied nanoscience reseaich actixilies. As elaborated in this literature 

re\iew, nanofibers ha\e applications in many different fields such as protective textiles, 

filtration, drug deli\eiy. etc. The production of nanofibers is still in the laboratory level, 

and it is extrenieh important to make efforts for scaled-up commercialization. 

2.9 References 

1. Doshi. .1.; Reneker, D. 11. "Electrospinning Process and Application of 
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3.1 Introduction 

Materials with dimensions below 100 nm are standardized as nanomaterials (1). 

Some ofthe latest attractions in this high performance sector are nanofibers, single wall 

nanotubes (SWNT), nanoparticles, etc. Technical textiles are the latest innovation in the 

fiber industrv with the advent of pol\'meric nanofibers. Different processes like 

electrospinning. meltblovving and spunbonding technologies could create polymeric 

fibers of submicron diameter. Of the different viable techniques, electrospinning is the 

only well established process for producing fibers consistently in the submicron range. 

Electrospinning is known for decades and it uses high voltage electric field to produce 

fibers in the nanometer range. When a threshold voltage is applied to the polymer 

solution, electrostatic forces overcome the surface tension of pendant droplet to form 

nanofibers. Formhals in the 1930s patented his invention of creating synthetic fibers 

using electrostatic forces (2, 3, 4). Taylor et al. studied the fundamentals of fiber forming 

process with importance to the shape of the fiber-initiating surface, later known as 

"Taylor Cone" (5). Though this technology has been experimented for decades, it has 

received greater attraction in the last five years due to the growing importance on the 

nanomaterials and its properties. Doshi and Reneker were successful in electrospinning 

different polymers below submicron range (6). They studied the effects of different 

process parameters like solution concentration, applied voltage, needle tip-collector 
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distance, solution condiicti\it> and spinning environment. A detailed account on the 

theory of electrospinning and dilTerent polymers electrospun were elaborated by Subbiah 

et al. (7). The high surface area polymeric nanofibers find applications in protective 

membranes, filtration, tissue scaffolds, controlled drug delivery systems, fuel cells, 

catah tic substrates and high perfoimance textiles. 

3,2 Electrospinning I'rocess and its Characteristics 

Electrospinning is a unique approach using electrostatic forces to produce fine 

fibers. The apparatus used for electrospinning is simple in construction that consists of a 

high voltage electric source with positive or negative polarity, a syringe pump with 

capillaries or tubes to carry the solution from the syringe or pipette to the spinnerette and 

a conducting collector. The collector can be made of any shape according to the 

requirements like flat plate, rotating drum, etc. The schematic of the electrospinning 

process and an introduction to the theory on the electrospinning process has been 

elaborated in the previous chapter. 

Electric conductivitv varies for different polymers and the ion concentration in the 

polymer solution also depends on the solvent and its properties. Applying an external 

electric field on a homogenized polymer solution will allow the ions in the solution to 

move towards the electrode of opposite polarity. Positive ions will move towards the 

negative electrode while the negative ions move towards the positive electrode. Applying 

a positive electric field to the polymer solution, the ions with positive charge will get 

aggregated on the surface of the pendant droplet to reach the collector, which is the 
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negative elecfrode at a lower potential. Due to the forces created by the excess charges 

accumulating on the drop surface, the pendant drop gets distorted to form droplets or thin 

jets depending upon the viscosity of the solution. Cloupeau and Prunet-Foch discussed 

the different possible dripping modes in the electrospraying of liquids (8). The current 

carried by the ejected jets varies with the conductivity ofthe liquid. 

Renneker et al. have carried research to understand and quantify the instabilities 

experienced by the jet due to the applied electrostatic forces. Fridrikh et al. modeled the 

whipping instability of the jet both in linear and nonlinear regions to quantify the ultimate 

fiber diameter (9). The equation of motion of the jet is given as follows (9), 

2 s ^ 

(1) (2) (3) 

1: Effect of external electric field acting on the jets surface charge 

2: Normal Stiess due to bending 

3: Surface charge repulsion 

where 

/ and 4 are unit vectors tangential and normal to the centerline of the jet; 

X - R/h isthe dimensionless wavelength ofthe instability; 

£ 

y is the surface tension, h is the jet diameter and R is the radius of curvature. 
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£ is the dielectric constant ofthe external medium and the fluid was considered to be 

Newtonian, neglecting the elastic effects caused by the drying of the jet. 

After significant approximations, the equation for terminal diameter (h,) was shown to be 

//, = 
I O 2 

V /- ;r(21n/-3)^ 

where 

/ is the volume charge densitv 

O is the flowiate ofthe solution. 

The model predicted the terminal diameter of electrospun polycaprolactone (PCL) fibers 

shifted from the experimental values only by a factor of two while for polyethylene 

oxide, an accuracy of about 10% was achieved (9). 

Electrospun fibers undergo instabilities due to the repulsive forces of the 

accumulated electric charges to form a nonwoven like random deposition on the surface 

ofthe collector. Researchers like Deitzel et al. (10), Theron et al. (11), and Jaeger et al. 

(12) have worked in controlling the fiber deposition pattern and orientation in order to 

produce straight aligned fibers. They have devised techniques to dampen the bending 

instabilities with the help of additional electric field and Theron et al. have studied the 

alignment of nanofibers on a rotated wheel like bobbin. There is a plethora of literature 

on the changes in structure and morphology of electrospun nanofibers with variations in 

process parameters. To the thesis author's, there have been very few observations and 

findings on the self-assembling nature of the charge carrying nanofibers. Other than the 

studies on morphological and structural changes in polyurethane nanofibers, observations 
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and findings of self-assembling nanofibers are also presented in this chapter. There has 

been no literature e\ idence ou the influence of collector substrates in nanofiber alignment 

and orientations and this thesis work has eiuleavored to address these interesting and 

important issues. 

3,3 Txperimental 

3,3,1 Materials and Method 

Electrospinning setup consists of a high voltage power source (Gamma High 

Voltage Research, ES30P-5\\. 30KV, 166|aA), ultra precision syringe pump (Harvard 

.Apparatus, PHD 2000 Infuse'Withdraw, 0.0001 ^l/min - 220.82 ml/min), positive and 

negative electrodes, grounded conductive collector screen, and syringes with syringe 

needles (18G and 22G). S>ringes from 0.5 fil to 140 ml can also be used with the syringe 

pump. .Aluminum foil was used as the collector screen. 

Polyethylene oxide (PEO) (Molecular Weight: 400,000) was obtained from Sigma 

Aldrich in powder form. This material was dissolved in the HPLC grade water purchased 

from Aldrich to form a homogeneous polymer solution required for electrospinning. 

Pellethane, thermoplastic polyurethane (TPU) sample was obtained from Dow 

Chemicals. Tetrahydroftiran (THF) 99.7% and Dimethylformamide (DMF) 99.8% A.CS 

reagent were the solvents selected for dissolving polyurethane and purchased from Sigma 

Aldrich. The chemicals were used as received without further purification. The laboratory 

experimental set up is shown in Figure 3.1. 
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The honiogeneoush dissohed polMiier solution was taken in the glass syringe 

and mounted on the s> ringe pump. I'ighteen gauge and 22 gauge stainless steel needle 

tips trom Harvvard apparatus were used. The positive electrode from the high voltage 

source was connected to the s\ ringe needle tip by means of an alligator clip. The negative 

terminal ofthe power source and the collector screen were grounded. The experimental 

set up was similar for all the studies on process parameter changes like varying voltage, 

needle tip-collector distance and sohent volatility. 

Figure 3.1: Laboratory Setup ofthe Electrospinning Apparatus 

The structure and morphology of nanofibers were characterized using Scanning 

Electron Microscopy (SEM) (Hitachi S570) and Atomic Force Microscopy (AFM). 

Sample preparation for the SEM characterization requires the use of sputter coater 

(Technics Hummer V Sputter Coater). Samples to be analyzed were placed over a carbon 

tape on an aluminum pedestal and sputter coated with gold - platinum alloy to a thickness 

of 200A°-300A°. Surface morphology of the nanofiber samples was characterized using 
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tiie AFM images. The liber diameter was measured from the electron micrograph using 

ImageJ (Freeware version 1,31) sotiware, 

Nanofibers were collected on different colledor screens to understand the effects 

of collector substrates on the morpholog\ and orientation of nanofibers. Activated 

Carbon Fabric (ACT from American Kynol Inc, Kynol ACC-507-15), Single 

Needlepunched Cotton fabric (60gsm). 100% Polyester (SR-4.5 (0.005"), SR-27.0 

(0.032") from Crane Nonwo\ens) and Rough-powder incorporated ACF from 

Purification Products w ere used for the study. 

3.4 Results and Discussions 

The indigenoush assembled electrospinning apparatus was inhially tested for its 

capacity to produce nanofibers with Polyethylene Oxide (PEO) solution. PEO, which is a 

conductive pohmer, could be electrospun easily and there is a plethora of literature 

available in the public domain ofthe electrospinning of PEO. Ten wt% PEO in water was 

a highly viscous solution and it was electrospun at a flowrate of SO pl/min. The critical 

voltage required to overcome the surface tension was slightly above 5 KV and continuous 

stable jets were formed only above 7 KV. Doshi and Renekker (6) and Deitzel et al. (13) 

have worked extensively in characterizing the morphology of PEO fibers for relative 

changes in process parameters. By increasing the applied voltage, the deposition rate 

increased with increase in the velocity of fiber jets. The fiber cloud caused by multiple 

splitting and whipping at a small distance from the needle tip was not easily visible in the 

electrospinning of PEO solution. This may be due to the faster occurrence of splaying 
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and whipping process. The highl> conducti\e nature of Pl'O and water could be the 

reason for the electrospinning of PTO fibers without bead delects, SEM images of 

electrospun PTO fibers are shown in Tigure 3,2, PTX) fibers with diameter in the range of 

100-200 nm were successfull\ electrospun. 

Figure 3.2: SEM Images of PEO Nanofibers Created by Electrospinning (1180x, 5900x) 

3.4.1 Polyurethane Nanofibers 

Polyurethane (PU) dissolves equally well in tetrahydrofuran (THF) and 

dimethyformamide (DMF) solvents. THF is a highly volatile solvent (Bp: 66°C; 

Vp: 129mm of Hg i7i20"C) with low dielectric constant (7.6 @ 25°C) and dipole moment 

(1.7D). In comparison, dimethylformamide has lower vapor pressure (2.6mm of Hg 

@20°C, Bp: 153°C) and higher dielectric constant (36.7 @25°C). Electrospinning of 
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polyuretiiane witii THF gave highly unstable fiber jets that moved in all directions. At 

lower flov^ates, due to the high volatility of the solvent, the polymer solution dried and 

clogged at tiie needle tip. With increased flow rate and voltage, fiber jets started 

emanating from tiie stainless needle tip at around 6.0KV. Due to the instability caused by 

the high evaporation rate of solvent, fibers formed had bigger diameter with pronounced 

bead defects. Meanwhile, polyuretiiane elecfrospun with DMF produced droplets with 

little fibers at 10wt% concentration. Figure 3.3 shows the electron micrograph of 

electiospun PU with THF and DMF. As is evident from the results solvents play a major 

role in the formation of defect free fibers in the nanometer range. In order to utilize the 

higher vapor pressure of THF and the polyelectrolyte behavior of DMF, mixed solvents 

were prepared and its effect on the morphology ofthe nanofiber was studied. 
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a) b) 

Figure }.}: SEM Images of Polyurethane Fibers a) PU Electrospun with DMF 
(Magnification: 2490x) b) PU Electrospun with THF (Magnification: 250x) 

3,4,2 Parameter Tuning ofthe Electrospinning Process 

3,4,2,1 Solvent Effect 

Structure and morphology of the fibers produced by electrospinning process 

depends on the process parameters such as applied voltage, needle tip to collector 

distance, solution concentration, conductivity and solvent volatility. Other parameters 

like needle tip or capillary diameter, surrounding gas stream, conductivity ofthe collector 

screen, etc. could influence the fiber morphology and orientation. The solvent effect on 

the morphology of polyurethane nanofibers was characterized by preparing PU solutions 

in different ratios of 20/80, 40/60, 60/40, 80/20 THF/DMF (v/v). The volatility of the 

56 



mixed sohent increases in abo\e gi\en order and the corresponding change in the 

morphology of electrospun fibers are shown in Figure 3,4, 
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Figure 3.4: Change in the Morphology of Electrospun PU Fibers due to the Solvent 
Effect and the Corresponding Fiber Diameter Distribution (Magnification: 3000x) 
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Though 20/80 solvent produced a narrow distiibution of fibers with diameter in 

tiie 100-300 nm range, it also produced droplets and wet fibers. Similarly the 80/20 

solvent system produced fibers with more bead defects. The surface tension and the 

viscosity of tiie polymer solution play an important role in the fiber formation. Lower 

surface tension of tiie spinning solution facilitates defect free fiber formation (14). Lee et 

al. have reported tiie surfiice tension profile of THF/DMF mixed solvent system (14). 

60/40 THF/DMF mixture has tiie lowest surface tension and the relative decrease in bead 

defects is evident in figure 3.4. Solvent volatility also plays a major role in the formation 

of nanostioictured pores on the surface ofthe fibers. No pores are visible on the surface of 

the polyurethane nanofiber at this level of magnification. 

3.4.2.2 Voltage and Distance Effect 

Applied electric field is the most important parameter in the electrospinning 

process due to its direct hnpact on the dynamics of fluid flow. The changes in the applied 

voltage influence the shape of the pendant droplet at the needle tip, its surface charge, 

dripping rate, velocity of the flowing fluid and hence the fiber structure and morphology. 

Similarly, the needle tip to collector distance is also a major factor in determining the 

time available for fiber drying and the space available for splaying and whipping of fibers 

to take place. The effects of varying voltage and needle to collector distance were studied 

individually by keeping other parameters constant. Figures 3.5 and 3.6 show respectively, 

the changes in fiber morphology and diameter distribution for varying needle to collector 
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distance. STM images and the diameter distribution of fibers electrospun at different 

voltages are gi\en in iMgure 3.7 
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Figure 3.5: Changes in the Morphology of Fibers for Varying Needle tip to Collector 
Distance (Magnification: lOOOx) 
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Figure 3.7: SEM Images of PU Nanofibers and their Fiber Diameter Distribution for 
Changes in Applied Voltage (Magnification: 3500x) 
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Ihe conductivitv ofthe polymer solution and the ion concentrations significantiy 

influence the diameter of fibers and the occurrence of bead delects. Electrospinning of 

noii-conducti\e polymers are possible by the addition of ionic salts like LiCl, KCl, etc. 

and other condiicti\e substances like graphite, carbon particles, carbon nanotubes, etc. In 

this tiiesis work for electrospinning reactixe nanoHbers, few drops of acetic acid were 

added to the MgO nanoparticle dispersed pohurethane solution. By electrospinning this 

polymer solution, fibers with diameter as small as 28 nm were produced. 

3.4.2.3 Collector -Substrate Effect 

Though the effect of different processing variables on the structure and 

morphology of electrospun nanofibers had been studied by various research groups, there 

has been verv little information on the effect of residual charges on fiber orientation. The 

presence of residual electric charges on electrospun fibers could result in self-assembling 

webs or structures that hav e three-dimensional configurations. Limited trials have shown 

the formation of self-assembled honeycomb patterns in electrospun fibers. In this case, 

the solution used was pohurethane and the collector was a highly conductive aluminum 

foil. The scanning electron micrograph ofthe honeycomb pattern is given in Figure 3.8. 

High magnification images reveal that the bead defects along the fiber length arrange 

themselves in such a configuration to form these patterns. Deitzel et al. have eariier 

observed a similar formation of honeycomb pattern when electrospinning over a substrate 

cloth backed by an aluminum screen (13). 
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Figure 3.8: SEM Images of Electrospun Polyurethane Fibers Forming a Selfassembled 
Honeycomb Pattern on the Aluminum Foil Collector Screen (Magnification: 250x) 

The self-assembling of electrospun fibers in to an organized 3D pattem could 

happen due to the residual charges on the fibers. It is not clear at this point whether the 

fibers are getting deposited in the form of a honeycomb structure or it is the post 

organization ofthe charged fibers. A similar type of pattem formation was noticed when 

electrospinning polyurethane ov er an activated carbon fabric with the aluminum foil at 

the background (Figure 3.9). 
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Figure 3.9: SEM Images of Honeycomb Pattem Formation Over an Activated Carbon 
Fabric Substrate (Electrospun with 10wt% PU solution @ 18cm distance, SKV, 220 
needle tip. Image .Magnification: 250x) 

In order to completely understand the pattem formation and to reproduce 3D 

structures, a sv stematic approach is required. Such an endeavor is beyond the scope of 

this thesis. The charge retention capacity ofthe electrospun fibers should depend on the 

dielectric properties (mainl> the dielectric constant) of the polymer, conductivity of the 

collector screen and the spinning atmosphere. Polyurethane at 10wt% concentration with 

60/40 THF/DMF (v/v) mixed solvent was electrospun at 20KV and 18cm distance over 

different substrates with varying electrical conductivity. Hayati et al. have shown that in 

the electrospraying process the residual charge to mass ratio increases with voltage and 

decreases with flowrate (15). Higher voltage was chosen to have more residual charges 

on the fibers being collected on the collector substrate. 

64 



a) b) 

••« Ittrv ! f M " " i H o . 

c) 

*.^'.. ,v-**. 

d) e) f) 

Figure 3,10: SEM Images of Polyurethane Nanofibers Electrospun Over Different 
Substrates (Magnification: 250x) a) Thin Polyester Mat; b) Thick Polyester Mat; c) 
Activated Carbon Fabric (ACF); d) Needlepunched Cotton; e) the Self Aligned fibers; 
and f) Rough Powder Impregnated ACF 
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Polyester nonwoven mats of two different thicknesses with an aluminum foil 

background were used as the collector screen. No visible difference in the fiber 

deposition pattem was observed. Similarly there was no indication of pattem formation 

when electiospun over an ACF substrate without the aluminum foil. The deposition on 

tiie rough powder impregnated ACF surface although did not form honeycomb patterns 

showed a marked difference from other structures. Preliminary results suggested that the 

surface roughness ofthe collector substrate should play a key role in fiber collection and 

pattem formation. Honeycomb structures almost similar to earlier observations were 

formed when the electiospun fibers were collected on a dry cotton substrate. Interestingly 

there were no beads on the self-assembled fibers and this negates the earlier theories of 

pattem formation due to high charge retention in the beads. The fiber deposition pattem 

on different substiates is shown in Figure 3.10. The charged fibers tries to move towards 

the conducting surface and this behavior can be utilized to create straighter aligned fibers. 

The fibers collected over a metallic square mesh are shown in Figure 3.11. The fibers 

were seen aligned straight on the sides of the square mesh while forming a nonwoven 

pattem on the rest ofthe areas. 
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a) b) 

Figure 3,11: SEM Images of Polyurethane Fibers Collected Over a Metallic Square Mesh 
a) Irregular Orientation (Magnification: 2500x); b) Straight Aligned Fibers 
(Magnification: 1500x) 

Similarh. the fibers collected over the highly insulating glass collector showed 

3D patterns with resemblance to the honeycomb stmcture (Figure 3.12). The charges 

carried over bv the electrospun fibers are retained for a longer time when collected on an 

insulting surface. The slower is the charge dissipation, the greater is the possibility for the 

residual like charges on the fibers to repel each other, forming patterns and 3D structures. 

However, it is not really clear whether the fibers were deposited in the form of patterns or 

it is the post alignment happening on the collected fibers. 
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Figure 3,12: SEM Images of PU Fibers Collected Over a Glass Slide (Electrospun at 
10wi% PU with M) 40 THF/DMF (v/v), 18cm, 20KV, 50 ^1/min, Image Magnification-
1000xand2500\) 

The results presented here are from the preliminary studies carried out on the 

development of patterned nanofiber webs. In order to get a more comprehensive 

understanding of self assembled structures, further research has to be carried out focusing 

primarih on the charge retention capacity of the collector substrates and the role of 

honeycomb shape in the charge dissipation. 

3.5 Conclusion 

In this chapter a new phenomenon of "self assembling" nature has been 

elaborated. Such a phenomenon opens up a myriad of new applications and opportunities 

for electrospun nanofibers. Self-assembled nanowebs can fiinction as highly efficient 

filters. The effect of solvent volatility, applied voltage, needle collector distance and 
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collector subsfrates on the structure and morphology of polyurethane nanofibers were 

investigated. The influence of solvent volatility on the fiber diameter and the bead 

formation has been delineated in this chapter. Further research is needed to understand 

tiie influence of conductivity and electrolytic behavior ofthe polymer-solvem system in 

electiospinning. The analysis and the study on the formation of honeycomb pattems 

during electiospinning is an interesting phenomenon that needs further exploration. 
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CHAPTER 4 

REACTIVE NANOFIBERS 

4.1 Introduction 

Fibrous catalysts have advantages such as flexibility, packing suitability into any 

geometry and low catalyst loss due to carryover. Other than these advantages they have 

low resistance to the flow of liquids and gases in comparison to the powdered or 

granulated form (I). Immobilized catalysts on fibrous supports have lesser diffusion 

resistance due to the shorter diffrising distance for the reactants. Fibrous substrates have 

higher surface area and smaller pore sizes which are an essential requirement for catalyst 

supports to have higher loading and lower mass transfer resistance. The main 

disadvantage of fibrous catalyst is its mechanical properties that limit its usage in high 

pressure and high flowrate applications. Carbon fibers, glass fibers, and metallic wires 

are some ofthe catalyst supports used extensively and nanofibers are the latest addition to 

the list. Nanofibers are high surface area fibers with diameters well below 100 nm. The 

smaller is the fiber diameter, lower is the resistance for the reactants to diffuse inside the 

fibrous support for reaching the active sites of the catalyst. Intensive research work is 

underway in the area of catalyst substrates for producing high specific surface area 

materials suitable for higher catalyst loading. 

Nanofibers can be produced by various methods such as decomposition of 

selected hydrocarbons over metal catalysts, electrospinning of polymer solutions, etc. In 

the catalytically grown process, the hydrocarbons are dissociatively chemisorbed at the 
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metal surface and tiie carbon atoms diffuse through the particle to precipitate at a crystal-

face to form carbon nanofibers (2). Nanofibers produced by this method are 5-100 pm in 

lengtii and the diameter ranged from 5-1000 nm (2). Though nanofibers produced by this 

metiiod have exceptional properties required for application in catalysis, hydrogen 

storage and semiconductor industiies, it is highly expensive and commercialization of 

tills process is more in a primitive stage. Electrospinning is the only available process for 

producing continuous nanofibers from different polymers in the range of 30 to 2000 nm. 

Polymeric nanofibers with diameters as low as 30 nm have been produced and 

electrospinning process provides more possibilities for varying the stmcture and 

morphology of electrospun fibers. 

Enzymes, the biocatalysts for many number of chemical and biological reactions 

require suitable immobilization substrates for catalyst recycling and for maintaining 

stability over a period of time. Nonporous carrier substrates have minimum diffusional 

limitations with lower catalyst loadability while porous materials achieve higher enzyme 

loading and limited by greater diffusion resistance (3). Attachment ofthe catalysts on the 

carrier surface would facilitate an easy reaction path for the reactants with greater number 

of exposed active sites. In recent times, nanotechnology has produced new high surface 

area materials like nanoparticles, nanofibers, carbon nanotubes, etc., suitable enough for 

application as catalyst substrates. The high surface area of these materials is 

advantageous in substrate functionalization and catalyst attachment as more number of 

fimctional groups could be attached to its surface. In this thesis activity, a single step 

approach has been adopted to create self decontaminating reactive nanofibers. Highly 
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reactive decontamination catalysts were impregnated on the polyurethane nanofibers to 

form reactive and semipermeable substrates lor protection against chemical and 

biological agents. 

4.2 Nanocrvstalline Metal Oxides 

Nanocrystalline metal oxides exhibit extraordinary physical and chemical 

properties than their bulkier forms witii potential for application as catalysts and catalyst 

supports, destmction of chemical warfare agents, paints and coatings, adsorbent for toxic 

gases and nanocomposites. Nanocrystalline earth oxides have shown high rate of 

adsorption with gases like sulfiar dioxide, hydrogen halides, nitrogen oxide, 

organophosphoms compounds and some polar organic compounds (4). The unique 

capacity of the namoparticles has been attributed to its enhanced surface area and the 

presence of increased surface reactive sites (4). The unusual polyhedral crystal shape 

provides higher ratio of edge/comer surface sites which is more reactive towards the 

incoming adsorbate. Metal oxide aerogels are low bulk density materials (as low as 0.1 

g/cm'') with very large surface area and pore volume. Utamapanya et al. have prepared 

nanoscale MgO with high surface areas of 1000 m /̂g using a modified autoclave aerogel 

method (5). 

4.2.1 Destmctive Chemical Adsorbent 

Nano metal oxides like MgO, CaO and AI2O3 adsorbs polar organics such as 

aldehydes, alcohols and ketones at more higher capacities outperforming tiie 
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conventional adsorbents like activated carbon and others (6). Koper et al. have patented 

tiie destiuctive sorption capacity of finely divided nano metal oxide adsorbents like MgO, 

CaO, Ti02, Zr02, FeO, ZnO and its mixtures towards biological and chemical 

contaminants (7). They have demonstrated the method for destroying target compounds 

like hvdrocarbons, halogenated hydroctu-bons, diethyl-4-nitrophenylphosphate 

(Paraoxon). 2-chloroetiiyl etiiyl sulfide (2-CEES), dimethyl-4-nitrophenylphosphate 

(DMMP), bacteria such as Bacillus Cereus, Bacillus Globigii, fimgi and vimses (7). 

Klabunde et al. in their work on metal oxides have found their destmctive adsorption 

abilities of organophosphoms reagents at room temperature and ambient conditions 

(6, 8). The aerogel prepared (AP) MgO possessed very high surface area of 400-600 m /̂g 

and its crystallite size was less than 4 nm. Paraoxon, the stimulant for chemical warfare 

agent VX got completely adsorbed in to AP-MgO when, even the highly adsorbing 

activated carbon showed comparatively lesser adsorption (6). The main difference being 

the dissociative adsorption (i.e., chemisorption) property of MgO in comparison with 

only the surface physisorption seen in activated carbons. Klabunde et al. showed that this 

destmctive process involves cleavage of P-0 and P-F bonds and immobilization of the 

resultant products (6). 

Titanium dioxide (Ti02), a known photocatalyst has also shown greater biocidal 

properties in the destmction of biological toxins when used in the nanocrystalline form. 

Ti02 when exposed to the shorter wavelength of the visible light (UV region) creates 

electron hole pair with greater oxidation potential. The free radicals produced are good 

oxidizers of organic compounds to simpler substances. This photo catalytic property of 
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Ti02 is utilized in self sterilization and sanitation, pigments and coatings, deodorizing 

and air purification, sunscreens and photocatalytic filter applications. The Defense 

Advanced Research Projects Agency (DARPA) as part of its immune building program 

was actively involved in the fabrication and testing of Ti02 coated microfibrous 

electix)static filters. NASA has been interested in tiie newly improved air filtration device, 

AiroCide TiO: for its efficiency in killing air borne pathogens and spores (9). 

Photocatalytic filter are seen as a viable solution for antibioterrorism and emergency 

preparedness plans. 

4.3 Polvoxometalate Catalysts 

Polyoxometalate (POM) H5PV2M010O40 catalysts are newly developed materials 

known for ambient temperature aerobic oxidation of acetaldehyde, formaldehyde, 

hydrogen sulfide, methyl mercaptan, ammonia and others (10). POMs catalyze both 

homogeneous and heterogeneous reactions and could operate in bulk as well as supported 

forms. Gall et al. have systematically studied the catalytic ability of POMs in the 

oxidation of dialkyl sulfides, a mustard analogue (chemical warfare surrogate) (11). 

Polyoxometalates are immobilized in powders and different fabric structures like 

activated carbon, Smoklin cloth (a self-deodorizing cloth from Asahi Chemical Industry 

Co, Japan), nylon, etc., to understand the decontamination ability of the immobilized 

catalyst (10, 11). POM impregnated carbon powders and fibers have shown higher 

conversion rate in the oxidation of mustard and HD analogues. 
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4.4 Reactive Self-detoxifvinp Nanofiber Sub.strates 

Immobilization of catalytic capability over the high surface area polymeric 

nanofibers creates highly efficient self-decontaminating substrates. The destmctive 

ability of catalyst materials like polyoxometalate, nano metal oxides, etc., gets enhanced 

when tiiey are impregnated in reaction friendly substrates with lower mass transfer 

resistance. Due to tiie known advantages such as greater surface area, smaller fiber 

diameter and higher porosity, nanofiber substrates can serve as better candidates for 

attaching decontamination reactive materials. Drew et al, have fabricated a metal oxide 

coated nanofiber by solution deposition of thin Ti02 and Sn02 coatings on the 

electrospun fiber membrane (12). Electrospun polyacrylonitrile membranes were dipped 

in the metal oxide precursor solutions to form metal oxide coated nanofibers. In another 

approach, Dan and Younan have directly electiospun titanium oxide precursors along 

with the polymer solution, followed by calcination to form polycrystalline nanofibers 

with anatase Ti02 (13). Gibson et al. created conductive membrane coatings by 

impregnating carbon nanotubes in the electrospun membranes (14). Carbon nanotubes 

were dispersed in the non-conductive polyurethane dissolved in dimethylformamide and 

later electrospun. The US Army has been actively involved in the research on self-

decontaminating protective membranes and its researchers have shown interest in the 

impregnation of catalytic activity to the membrane substrates (15, 16). In this chapter, 

single step electrospinning process has been followed to develop reactive nanofiber webs. 
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4.5 Experimental 

Pelletiiane. Thermoplastic Polyurethane (TPU) sample was received from Dow 

Chemicals. Dimetiiylformamide (DMF, 99.8% A.c.s reagent) and tetrahydroftiran (THF, 

99.7%, UV. HPLC grade) were purchased from Aldrich chemicals. Nano metal oxides 

like MgO and TiOj were purchased from Nanoscalematerials Inc. Nanoactive 

Magnesium oxide (specific surface >230 mVg and crystallite size < 8nm); Nanoactive 

Magnesium Oxide Plus (specific surface area > 600 m /̂g and crystallite size < 4nm) and 

Nanoactive Titanium Dioxide (Specific surface area > 500 m^/g) were used as received. 

Pellethane, poh-urethane from Dow was chosen in preparing the catalytic nanofibers as it 

forms fine fibers by electrospinning in comparison to other commercially available 

polyurethanes like Estane. This observation has been confirmed by Gibson et al. (14). 

Polyurethane was dissolved at room temperature in the 60/40 (v/v) THF/DMF 

solvent using a magnetic stirrer. Once a homogeneous mixture was formed, measured 

quantities of nano metal oxide were added. In 10 wt% solution of polyurethane 3 wt% of 

metal oxide was added and dispersed for a minimum of 1 hour. The electrospinning setup 

as described in the previous chapter was used for the development of reactive nanofibers. 

Nanocrystalline magnesium oxide and titanium oxide dispersed polyurethane solution 

were electrospun individually at different process conditions with the knowledge of 

previous experimental studies on polyurethane. Zinc oxide, an important earth oxide used 

in catalytic processes, at submicron diameters was also dispersed in tiie polyurethane 

solution for electiospinning. 
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Characterization of the reactive nanofibers was done using SEM (S-570, Hitachi) 

and AFM. The fiber geometiy, morphology, position of the nanoparticles on the fibers, 

etc. can be revealed by these characterizing tools. Wide Angle X-ray Diffraction (XRD) 

and Transmission Electron Microscopy (TT:M) could help in further characterization of 

the impregnated catalyst. 

4.6 Results and Discussions 

The nano metal oxide dispersed polyurethane was electrospinnable with the same 

ease as like that of the polyurethane solution. Due to the presence of nanoparticles, fiber 

morphologies were different with the presence of bead stmctures in comparison to the 

electrospinning of polyurethane at similar conditions. Nanoparticles create discontinuities 

at the fiber initiating surface and could be the reason for the presence of more beaded 

stmctures. Nano titanium oxide dispersed polyurethane formed better nanofibers than its 

counterpart MgO. This difference could be attributed to the better electrical properties of 

T1O2. The crystallite size ofthe dispersed metal oxides is in the range of 4 nm to 10 nm 

and hence there presence on the fiber surface was not clearly visible in the SEM images. 

The metal oxide impregnated polyurethane nanofibers are in the diameter range of 100 

nm to 300 nm. TEM imaging could help in effectively ascertaining the poshion of 

nanoparticles on the fiber. The SEM images of the nanoparticle impregnated 

polyuretiiane nanofibers are given in Figures 4.1, 4.3 and 4.4. Surface topography ofthe 

MgO impregnated nanofiber was scanned through AFM and shown in Figure 4.2. 
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Figure 4,1: SI-M Images of Nano MgO Impregnated Reactive Catalytic Nanofibers 
(Magnification: 4000x, lOOOOx) 
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Figure 4,2: AFM Image ofthe MgO Impregnated Reactive Nanofiber 
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Figure 4.3: SEM Images of Nano Ti02 Impregnated Polyurethane Nanofibers 
(Magnification: 3500x, lOOOOx) 
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Figure 4.4: SEM Images of ZnO (Micron sized particles) Impregnated Nanofiber 
(Magnification: 250x, 9900x, 5000x) 
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Titanium dioxide witii refractive index (RI) greater than that of diamond scatters 

light at all wavelengtiis. The presence of Ti02 nanoparticles on the surface of the 

electiospun nanofibers is clearly evident from the brightness of the fibers in the SEM 

images (Figure 4.3). Comparing the SEM images of all the reactive nanofibers produced, 

tiie extieme brightness ofthe Ti02 fibers clearly indicates the presence of nano titanium 

dioxide on tiie fiber surface. The above observation gives credit for the novelty of the 

process in creating catalyst impregnated nanofibers on the surface. The position of the 

catalyst on tiie fiber surface was ftirther ascertained by dispersing micron sized ZnO 

particles in tiie electt-ospinnable solution. SEM images (Figure 4.4) showed a clear 

picture of the presence of ZnO catalyst on the fiber surface. The increase in size of the 

dispersed metal oxides correspondingly increased the diameter ofthe electrospun fibers. 

4.7 Future Work and Recommendations 

It is recommended to use an annular nozzle for electrospinning nanofibers with 

nanoparticles impregnated on their surface. The electrospinning method adopted in this 

thesis work for creating reactive nanofibers disperses nanoparticles in the polymer 

solution before electiospinning. This method produced fibers with nanoparticles 

hnpregnated both inside and outside of the electrospun nanofibers. Annular nozzle 

design will be helpftil in creating nanofibers coated with particles at the surface. As is 

evident from the limited trials on the electrospinning of reactive nanofibers, the single 

step electrospinrung process is adequately suitable to develop destmctive adsorbent 

nanofibers. Functionalizing polymers for covalently attaching the inorganic metal oxide 
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particles is another area to explore. A thorough investigation is necessary to understand 

the dispersion of nanoparticles in the electrospun webs. This endeavor by itself will form 

the subject matter for another thesis. 

4.8 Conclusions 

Reactive nanofibers with impregnated metal oxide catalysts were successftilly 

prepared by a single step electiospinning process. Nanocatalysts are most likely to be 

present all along the fiber length and the newly proposed electrospinning nozzle design 

can create reactive nanofibers with surface catalyst coatings. These reactive nanofibers 

can be best utilized for protection against chemical and biological toxins. The high 

surface area polymeric nanowebs suitably impregnated with destructive catalysts can 

effectively fimction as high efficiency filters and membrane coatings in protective 

substrates. 
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CHAPTER 5 

AEROSOL FILTRATION STUDIES 

5.1. Introduction 

Contaminants are normally present in the form of solids, liquids and gases. The 

size range of these contaminants varies from 0.001 |.im to 100 (im and aerosols are 

generally sized from 0.005 pm to 5 pm. Filtration is of two types: (1) surface filtration 

and (2) depth filtration. Surface filtration works predominantly by direct interception of 

particles, where particles larger than the pore sizes of the filter medium are intercepted at 

the surt'ace. In depth filtration, the filtration path is longer and provides greater 

possibilities of direct interception and particle retention. The inertia of the particles may 

generate adsorptive surface forces (1). Larger particles get filtered at the surface while 

smaller particles are retained at consecutive layers. This type of filtration is helpful when 

the particle size of the contaminants is widely distributed. The fibrous filtering medium 

works well for the depth filtration due to its numerous tortuous passages created by the 

intermixed, intertwined fibers. Mostly used fibrous filters are made of cellulose, cotton, 

rayon, polypropylene and micro glass fibers. Efficiencies of the fibrous filter media 

depends largely on the fiber diameter. The smaller is the fiber diameter, the smaller is the 

pore size and the flow path and hence better the filtration efficiency. 
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5.2. Filtration Theory 

Air filler media are made of different types of materials like woven and 

nonwoven fabrics, glass fibers, cellulose fibers, foam, etc. The mechanism of particle 

interception varies fiom filter to filter depending on the material properties of the filter 

media. The general mechanisms that are known to happen during filtration are 

interception, inertial impaction, Brownian diffusion and gravity settling (Figure 5.1) (2). 

Interception, impaction and gravity settling are predominant for particles of diameter 

greater than 1 micron while the diffusion mechanism dominates for particles in the 

0.1 /im range (2). Filter behavior is divided in to two phases namely the stationary phase 

and the non stationary phase (3). In the initial stationary phase, particles are captured 

without change in the penetration efficiency and pressure drop across the filter over a 

period of time. During the second nonstationary phase, particle build up produces 

changes in pressure drop. The overall efficiency (E) of the filter is given by the ratio of 

the number of particles collected to the number of particles fed through the filter medium 

and is given by 

E='^^^ (5.1) 

where n̂  is the concentration upstream and ni is the concentration downstream of the 

filter. The penetration, P= 1-E can also be defined as: 

7i\\.-a)d J 
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where a is the filter solidity, h is the filter medium thickness, df is the diameter of the 

fiber and i] is the filter efficiency, 

5.2.1. Interception 

Direct interception of the suspended particulates in gases occurs when the 

particles come in to the contact range of a fiber and get attracted to it. Particles in the 

diameter range of 1 to 5 microns follow streamline motion around the fiber and get 

attracted to the fibers (2). Krish and Stechkina have given the single fiber collection 

efficiency due to direct interception (E r) as (4): 

£ .= ' ^ ' ' 
2Ku 

d 
where R = —^ 

dr 

2\n{l + R)-l + a + 
I Y. cc \ a 

1 + /? i-^-f(i^«) (l-«)i?-
Ku{\ + R) 

(5.3) 

dp is the diameter of the particle 

Kuwabara Hydrodynamic factor,Ku = -^\na-^ + a 
1. 3 a ' 

5.2.2 Impaction 

This mechanism works for coarser particles, where due to the inertial effect, 

particles remain in straight lines instead of a streamhne motion, h works primarily by 

direct impaction with the fiber surface and with additional effects due to interception (2). 

The fundamental equation for the filtration efficiency due to impaction was given by Yeh 

and Liu (5). Efficiency due to inertial impaction, Ejis given as: 
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l-^,-

Stk 

(Stk) J 

2ku' 

p Uo 

(5.4) 

I = (29.6- 28«""-)/?- - 27.5R''forR < 0.4 

U„ is the Face velocity (cm/sec) 

a is the Packing Density = fiber volume/ total volume = 1 - Porosity. 

5.2.3. Brownian Diffusion 

This mechanism is predominant when the particle size is of the order of 0.1 

microns. At this micron size, particles tend to traverse randomly in Brownian motion 

instead of taking a streamline or straight line path. The settling velocity of particles below 

O.l pm suspended in still air is much below 0.00006 ft/min (1). The random movement 

enhances the chances of the particle to collide with the fibers and allow it to diffuse 

through the filter medium, where they are retained by the adsorptive forces. This 

phenomenon is predominant more with the dry gas than in high viscous liquids (1). 

The collection efficiency due to diffusion is given by: 

l-a^ 
E,^ 2.581 

KU y 
Pe-"-" (5.5) 

where Peclet number, Pe = —-— 

This equation is valid for 0.005< a < 0.2; 0.1< Uo <200 cm/sec; 0.1 < df< 50 ^lm. 
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a) b) 

Fieure 5.1: Filtration Mechanisms a) Direct Interception; b) Inertial Impaction; 
c) Brownian diffusion; and d) Gravity Settling (2). 

90 



Gravity settling primarily depends on the settling velocity of the suspended particles and 

its buoyancy. This mechanism holds mainly for particles above 50 pm (1). The total 

filtration efficiency will be the sum of the efficiencies due to impaction, interception, 

diffusion and gravity settling. 

E,o,ai = Ed + Er+E| + Eg (5.6) 

Diffusion mechanism dominates until particle sizes are of 0.1 /im and above which 

interception and impaction takes over. The minimum point at which the curves for the 

diffusion and the interception efficiencies intersect is called the most penetrating particle 

size (MPPS). A general filtration profile of multi layered filter is given in Figure 5.2. 

Reducing the size of fiber in the filter media causes the MPPS to shift to smaller sizes 

with simultaneous increase in the filtration efficiency (6). Fibers with diameter in the 

submicron range are known to provide better filtration efficiencies in the interception 

regime. Grafe et al. stresses the importance of considering the effect of slip flow at the 

fiber surface for submicron fibers (7). Knudsen (Kn) number quantifies the importance of 

fiber diameter in the behavior of gas flow around fibers. 

Kn=— (5.7) 

^/ 

where / is the Gas mean free path and 

df is the Diameter of the fiber 

When the fiber size is less than 0.5 microns, and the Knudsen number around 0.25 (the 

mean free path of air at standard conditions is 0.066) slip flow has to be necessarily 

considered (7). During slip flow conditions, the velocity of the flowing fluid at the 
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siirlace oi the liber is not essentially zero and hence PKKIUCCS lower pressure drop and 

enhanced filtration elYiciencv, Due lo the benefit ot slip flow condilions, fiber diameter 

in the range oi 0 2 to 0.3 microns is desired for high elTiciency filtration (7). 
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Figure 5.2: Filtration Efficiency Profile for Multiple Filter Layers (1) 

5.3 Nanofibers in Filtration 

Polymeric nanofibers in submicron range can be produced easily by 

electrospinning process. The process parameters can be fine tuned to produce fibers of 

diameter less than 50 nm. Due to the poor mechanical strength, the possibility of using 

nanofiber webs individually as a filter medium is remote. Nanofiber webs can be laid 

over any substrate, like a conventional filter medium made of polyester, cellulose, glass 
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tabric, carbon fabric etc. The base substrate act like a mechanical support to the nanoweb 

and it should be selected according to the puipose and place of use. Donaldson filtrations 

have designed ultra-web nanofiber filters for air filtration in industrial and defense 

applications (7), Having understood the advantages of submicron fibers in filtration 

applications, electrospinning is the only available method for producing polymeric 

nanofibere in a large scale. Meltblowing (2 to 10 ^m) and spunbonding (15-40 ^m) 

technologies were the other alternative methods to produce smaller diameter fibers. Other 

than the enhanced filtration efficiency, nanofiber medium has shown extended life in on-

road and off-road air filtration applications (7). 

Electrospun membranes are under active research in recent times as membrane 

filters in protective substrates. Protective clothing is expected to have qualities like high 

breathability, wind resistance, enhanced moisture vapor transmission and aerosol 

protection. The schematic of the layer stmcture in a typical protective suit is shown in 

Figure 5.3. The protective material should be highly permeable for body perspiration and 

impenetrable for aerosols and other particulate chemical and biological (CB) agents. Joint 

Service Lightweight Integrated Suit Technology (JSLIST), the latest introduction in US 

military uses fabric enveloped carbon spheres as the adsorbing medium with very less 

aerosol protection abilities. Polymeric membranes are very much effective in selectively 

allowing water molecule transport and protective against organic molecules (8). The high 

surface area, lightweight polymeric nanofibers when coated over the adsorption media 

will enhance its aerosol filtration characteristics. Gibson et al. have studied the aerosol 

filtration (particle size between 1 jtim to 5 /xm) and air flow resistance properties of 
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ion 

nanolibcr coated fabrics under different levels of deformation and coating thickness (9) 

There results indicate that a delormahle elecliospun layer of thickness less than a fiac 

of micron increase aerosol filtration b\ two orders of magnitude (9). 

Moisluiv Vafiur lianspui-t 

Outer Fabric 
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liner 

Skin Suiface 

Bo<lv 

Figure 5,3: Schematic of the Protective Substrate and its Layer Structure 

5.4 Experimental 

Thermoplastic polyurethane (TPU), a highly permeable, chemical resistant and 

moisture vapor transmitting polymer material was received from Dow Chemicals. 

Tetrahydrofuran (THF) and Dimethylformamide (DMF) were received from Aldrich 

chemicals. The chemicals were used as received without further punfication. Activated 

Carbon Fabnc (ACF) (ACC-507-15) was received from American Kynol Inc. with a 

specific surface area of 1500 m'^/g. The ACF fabric used is a typical adsorption medium 

used in decontamination substrates. TSl 8160, an automated filter tester from TSI Inc. has 

been used for aerosol filtration testing. The tester generates monodisperse, submicrometer 
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challenge aerosol using a TSl electrostatic classifier. Dioctyl-phthalate (DOP) was used 

for generating the aerosol. 

Perkin Elmer's PYRIS 1 series, Thermogravimetric Analyzer (TGA) was used for 

the adsorption studies with acetone as the sample gas. Nitrogen gas was saturated with 

acetone and mallathion and then allowed to pass through the sample. The increase in 

weight of the sample due to adsoiption was recorded with the high precession weighing 

balance of TGA. All the samples were tested at similar conditions (30°C; Nitrogen purge: 

40 cc/min; Sample gas: 20 cc/min) 

Polyurethane was dissolved homogeneously in the 60:40 THF: DMF co-solvent 

using a magnetic stirrer. The electrospinning setup uses syringe with 22-gauge stainless 

needle tip. The homogeneously mixed polymer solution was electrospun over the ACF 

substrate fixed on the collector screen. ACF media of six inches diameter was taken for 

coating with the polyurethane nanofibers. Polyurethane solution at 10wt% concentration 

was electrospun at a flow rate of 50/xl/min over the ACF fabric at an applied voltage of 

8 KV and needle-collector distance of 18cms. The optimized process parameters were 

selected based upon the experimental analysis done earlier in developing defect free 

nanofibers. The electrospinning needle tip was moved horizontally and vertically in front 

of the collector screen, placed at the specific distance, to form uniform coating thickness 

over the ACF filter media. 
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5.5 Results and Discussions 

Activated carbon fabrics are high surface area adsoiption mediums generally used 

tor adsorbing toxic gases, water treatment, purification processes and toxic chemical 

decontamination wipes. The enhanced adsorption property of these activated carbon 

tabrics are mainly due to the presence of micropores at the surface. Polyurethane 

nanofibers get easily coated over the ACF fabric due to the highly conductive nature of 

carbon fibers. The scanning electron micrograph of the ACF and the nanofiber coated 

.ACF (ANF) are shown in Figures 5.4 and 5.5, respectively. Bead defects were seen all 

along the fiber length. Though the uniform thickness of the nanofiber coating on the 

surface of the substrate cannot be guaranteed, maximum care was taken to have a 

complete coverage of the ACF with nanofibers. 

According to the filtration theory, the diffusion regime decreases with increasing 

particle size with the domination of interception regime. The MPPS for high efficiency 

filters was normally at 0.3 /xm. High efficiency particulate arrestor (HEPA) filters have 

99.97% particle removal efficiency for 0.3 micron diameter particles. MPPS of the the 

nanofiber coated ACF was found to be 0.1283 micron. The most penetrating particle size 

of nanofiber media was far lesser than that of the commercially available high efficiency 

filters. This observation has also been confirmed by Grafe et al. (6). A comparison of 

filtration efficiency between the nanofiber coated media (ANF) and the normal ACF are 

given in Tables 5.1, 5.2, and 5.3. The filtration efficiency of the nanofiber coated filter 

media was very much higher than the ACF media. Though this is very obvious due to 

presence of fine fiber coatings at the surface, interesting and useful observations of 

96 



nanolihei media was the liecie.isc in MPPS with no giealci dilleience in the pressure 
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liber diameter and the liber defects would provide better icsulls in preparing high 
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Figure 5 4 SEM Images of the Activated Carbon Fabric and the Intermittent Space 
between Individual Fiber (Magnification: 49x, lOOOx) 
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b) 

m 
c) 

Figure 5 5: SEM Images of the Nanofiber Coated ACF a) and b) Polyurethane Nanofiber 
Coatinc' over ACF (Magnification: 83x, 194x); c) Magnified View ofthe Nanofibers 
(.Magnification: 5000x) 
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Table 5.1: Aerosol Filtration Efficiency of Activated Carbon Fi Fabric 

Particle 

Diameter (pm) 

0.029999999 

0.039999999 

0.059999999 

0.090000004 

0.129999995 

0.200000003 

0.280000001 

0.330000013 

0.400000006 

Filtration Efficiency of ACF 

S A M P L E 1 S A M P L E 2 S A M P L E 3 

-2.083088529 

-0.896303937 

3.588730126 

4.320362452 

6.258330238 

1.243761359 

11.05946272 

7.148174969 

3.493690488 

-4.638172738 

1.058568477 

3.637050378 

3.098958226 

2.35080712 

6.120086765 

10.79437367 

6.403647473 

4.97822905 

-2.913809382 

2.216291658 

3.711589145 

4.174105461 

5.201697202 

3.769933212 

10.70017124 

5.863157151 

3.470387438 

Table 5.2: Aerosol Filtration Efficiency of Nanofiber Coated Activated Carbon Fabric 

Particle Diameter 

(pm) 

0.029999999 

0.039999999 

0.059999999 

0.090000004 

0.129999995 

0.200000003 

0.280000001 

0.330000013 

0.400000006 

Filtration Efficiency of Nanofiber Coated ACF (ANF) 

S A M P L E 1 S A M P L E 2 S A M P L E 3 

62.63430736 

53.94649257 

44.62671432 

39.20815161 

39.9906843 

42.35186742 

49.20423574 

51.26403283 

55.21927695 

56.76146965 

49.60579974 

39.21708028 

35.53871489 

36.89452726 

38.69343594 

44.76229746 

46.25051274 

50.15307336 

57.67874024 

54.06467743 

32.42580952 

28.64098613 

29.02240979 

29.82243902 

37.45986233 

38.88877735 

41.19739921 
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Table 5.3: Average Filtration Efficiencies and Standard Deviations 

Particle 

Diameter (nm) 

0.029999999 

0.039999999 

0.059999999 

0.090000004 

0.129999995 

0.200000003 

0.280000001 

0.330000013 

0.400000006 

Filtration Efficiency (Average Values) 

A C F 

-3.211690216 

0.792852066 

3.645789883 

3.86447538 

4.60361152 

3 711260445 

10.85133588 

6.471659864 

3.980768992 

Stdev. 

1.303327884 

1.573218593 

0.061894013 

0.666978382 

2.021253099 

2.438692116 

0.186295764 

0.645203039 

0.863904325 

A N F 

59.02483908 

52..5389899I 

38.75653471 

34.46261754 

35.30254045 

36.95591413 

43.80879851 

45.4677743 

48.85658318 

Stdev. 

3.1593.57888 

2.540904439 

6.1134766 

5.365140789 

5.654783636 

6.442893801 

5.929961797 

6.224648315 

7.10027668 
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Figure 5.6: Comparative Profile of the Filtration Efficiencies between ACF and ANF 

101 



5.6 Ad.soiption StnHipg 

The nanofiber coated activated carbon fabric (ANF) was tested for its adsorption 

capacity with acetone as challenge gas Adsorptive capacity and the initial adsorption rate 

of ACF and ANF were compared to quantify the effect of nanofiber coatings on the 

surface of ACF. Figure 5.7 indicates the adsorption isotherms of acetone over ACF and 

ANF. Results (Table 5.4) ha\c shown that the nanofiber coatings have reduced the initial 

adsorption rate and the effective saturation capacity of the underiying adsorbent. Though 

this reduction is substantial (Figures 5.8 and 5.9), it is outweighed by the added 

functionalities to the base adsorbent such as high aerosol filtration efficiency, self-

decontaminant properties, etc. Optimizing the nanofiber coating thickness will minimize 

the loss in adsorption capacity and rate of adsorption. 

Table 5.4: Adsorption Studies of Acetone in ACF and ANF 

Trial 

1 

2 

3 

4 

Average 

Initial Rate (for 7.5 minutes) 

(% weight increase/ min) 

ACF 

2.895 

3.126 

3.192 

2.721 

2.9835 

ANF 

2.051 

2.343 

1.617 

1.6 

1.90275 

% Weight increase (for 30 min) 

ACF 

23.42 

24.1 

24.9 

23.5 

23.98 

ANF 

19.1 

18.2 

14.5 

17.65 

17.3625 
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Figure 5.7: Adsorption Profile of Acetone in ACF and ANF Recorded Using TGA. 
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Figure 5,8: Comparison of Initial Adsorption Rate between ACF and ANF 

Figure 5,9: Comparison of Adsorption Capacity between ACF and ANF 

5.7 Conclusions 

The nanofiber coated adsorbent tested successfully for their ability to filter 

aerosolized particles. The filtration efficiency was tremendously improved in the 0.1 to 

0.3 micron range by the smaller diameter polymeric nanofibers. The nanofiber coating 

has to be optimized by compromising the filtration efficiency and pressure drop. The 

nanofiber membranes can be effectively applied over the adsorbent layers used in the 
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protective suits for countermeast.ies against chemical and biological agents. Catalyst 

impregnated self-deconlaminating polymeric nanofiber membranes with its pronounced 

aerosol filtering abilities can be a best fit for its utilization in chemical warfare 

countermeasure substrates. 
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CHAPTER 6 

CONCLUSIONS 

In a research effort to produce nanofiber protective substrates this thesis work has 

demonstrated the feasibility of producing nanofibers with diameters in the range of 

30-2000 nm. The structure and moiphology of polyurethane nanofibers were critically 

analyzed for their dependence on process parameters and solvent volatility. The influence 

of collector substrate and the formation of self assembled honeycomb pattems have been 

reported for the first time. Results on the self assembling phenomenon of charge carrying 

electrospun fibers are interesting and provide a new dimension to the electrospinning 

process and the applications of electrospun fibers. Results show that self-decontaminating 

reactive nanofibers when coated over a typical adsorption medium provide greater 

protection against aerosol chemical and biological agents. The thesis study has also 

shown that polyurethane nanofibers with impregnated reactive catalysts when used along 

with an adsorbent medium like carbon spheres or activated carbon fiber forms the best 

protective substrate. 
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