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Preface

The most effective method of producing nanofibres is the technology of producing in the
electrostatic field, which does not require the use of complicated procedures and equipment.
Electrospinning allows to produce 1D nanostructures on an industrial scale in a relatively
easy and quick way. The method of electrospinning shares the most features with classical
technologies in obtaining synthetic fibres that enable forming and generating a stream of
previously dissolved or melted polymer and its coaxial stretching, combined with the transi-
tion of the polymer from a liquid state to a solid state. In view of the large application possi-
bilities of electrospun fibres, electrospinning is enjoying a dynamically growing interest of
scientists, which can be proven by the increasing trend of scientific publications.

This book intends to provide the reader, not only for students but also for professional engi-
neers who are working in the industry as well as for specialists, a comprehensive overview
of the state of the art in new trends, research results, and development of electrospinning
method of polymer and composite nanofibres and their properties. Chapters for this book
have been written by respected and well-known researchers and specialists from different
countries. We hope that after studying this book, the reader will have objective knowledge
about new aspects in the topic concerning one-dimensional nanostructure electrospinning.

Tomasz Tanski, Wiktor Matysiak, and Pawet Jarka
Institute of Engineering Materials and Biomaterials
Silesian University of Technology

Gliwice, Poland
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Introductory Chapter: Electrospinning-smart Nanofiber
Mats
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Additional information is available at the end of the chapter
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1. Introduction

1.1. Electrospinning;: the importance of the method

The available literature describes numerous ways to obtain nanofibers, nanowires or nanorods
based on chemical or physical reactions. All of the materials mentioned, that is, nanofibers,
nanowires and nanorods, belong to the same one-dimensional group of nanomaterials.
Literature reports are not consistent in defining and differentiating these types of materials,
yet it can be generally assumed that nanofibers are structures whose length is much larger
than the fiber diameter (over 100 times).

They are formed in continuous processes (e.g., during the electrospinning process), as a result
of which it is not possible to determine their exact length. Nanowires are considered to be
structures of shorter length, in the order of a few nm to several pm.

Shorter than the length of nanowires, nanorods are the structures with the shortest length
among the above-mentioned one-dimensional nanomaterials. The main methods of produc-
ing one-dimensional nanostructures include template-assisted synthesis, vapor-liquid-solid,
physical vapor deposition, magnetron sputtering system, chemical vapor deposition, zol-gel
method, molecular self-assembly, nanolithography, and electrospinning.

In 2017, over 6000 publications were released worldwide (almost 50% of all publications in the
field of nanotechnology published that year), whose topics covered the scope of production
methods and analysis of the physical properties (including mechanical, electrical and optical),
chemical properties and application possibilities (e.g., in the military, medical or high technol-
ogy sectors) of polymer nanofibers or composite materials produced with their participation
(Figure 1a).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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Figure 1. A chart presenting the number of publications in the field of: (a) production and/or testing of nanofibers in
1997-2017; via Scopus and ScienceDirect (keyword: nanofibers, December 2017); (b) electrospinning methods in the
years 1998-2017; via ScienceDirect (keyword: electrospinning, December 2017).

A wide range of application possibilities of one-dimensional polymer and composite nano-
structures affects the continuous growth of the value of the global market related to products
based on nanofibers, which was worth USD 203.2 million in 2013, and a year later it already
grew up to USD 276.8 million according to the BCC Research report of May 2016.

It is predicted that this market will increase from USD 383.7 million in 2015 to nearly USD 2
billion in 2020, which will correspond to the annual growth rate (CAGR) at a level of as much
as 38.6% between 2015 and 2020.

From the above-mentioned methods, the most effective method of producing polymer and
composite nanofibers is the technology of producing fibers in the electrostatic field, which
does not require the use of complicated procedures and expensive equipment. This type of
process allows to produce one-dimensional polymer and composite nanostructures on an
industrial scale in a relatively easy and quick way. Unlike other techniques for the production
of nanofibers, the electrospinning method has a significant advantage that, in most cases, the
process is carried out at room temperature, and atmospheric pressure. Furthermore, in order
to produce nanofibers, only a properly prepared spinning solution, which is usually prepared
using a solvent suitable for a given polymer and a simple magnetic stirrer, is required. As a
result, it is possible to quickly and cheaply obtain fibrous nanostructures with strictly defined
and controlled morphology, desired chemical composition, and structure. An additional
advantage of this technology is the fact that in the electrospinning process, it is possible to use
most of the polymers known to date in the world, which perfectly illustrates the application
possibilities of the technique of electrospinning from the solution.

The method of electrospinning nanofibers shares the most features with classical technolo-
gies of obtaining synthetic fibers that enable forming and generating a stream of previously
dissolved or melted polymer and its coaxial stretching, combined with the transition of the
polymer from a liquid state to a solid state.
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Although the technique itself is not new, due to the large application possibilities, it is enjoying
a dynamically growing interest of scientists, which can be proved by the increasing trend of sci-
entific publications on the electrospinning method published in the years 1997-2017 (Figure 1b).

The method of obtaining polymer fibers using the electrostatic field was patented for the
first time by the American professional inventor and electrician, John Francis Cooley, in
Great Britain in 1900. In his application, Cooley proposed four technological solutions, which
included a standard nozzle, coaxial nozzles, a model in which the polymer bundle was blown
through the air stream in addition to interaction with the electrostatic field, and a model with
a rotating spinning solution distributor. The next two patent applications, “Apparatus for
electrically dispersing fluids” and “Electrical method of dispersing fluids,” were registered
successively at the US Patent Office in 1902 and 1903. Independently from Cooley, in 1902,
an American physicist, William James Morton, registered a patent in which he described a
method using a funnel as a kind of spinning nozzle, from which a solution based on nitro-
cellulose [CH,(NO,),O,] and diethyl ether C,H, O freely flowed out. The spinning solution
flowing out from the funnel was to interact electrostatically with the anode characterized by a
spherical shape, and then a cobweb-like mass was to be collected onto the rotating reel. At that
time, Morton had already noticed the industrial possibilities of the method of electrospinning
from the solution, claiming that “it may be put to any industrial use.”

In 1920, another American physicist, John Zeleny, published a work in which he described the
behavior of a drop of liquid escaping from the end of a metal capillary under the influence of
an electrical voltage. This publication initiated mathematical attempts to analyze and models
the behavior of a stream of liquid in an electrostatic field. So far, numerous mathematical
models have been developed describing the behavior of the spinning solution bundle in the
electrostatic field during the electrospinning process. However, none of the models described
is accurate enough so that the theoretical results obtained overlap with experimental data.

In the period from 1964 to 1969, a British physicist, Sir Geoffrey Ingram Taylor, carried out sci-
entific work on the conduct of conductive liquids in the electrostatic field. His work describing
the mathematical modeling of the change in the shape of a spinning solution drop coming out
of the nozzle due to the applied potential difference significantly contributed to the develop-
ment of the method of obtaining polymer nanofibers by means of the technique of electros-
pinning from the solution. A characteristic conical shape that a spinning solution drop takes
during the electrospinning process is now known as the so-called Taylor cone. In 1971, Peter K.
Baumgarten conducted research on the production of polymer nanofibers by means of the
method of electrospinning from the solution based on acrylic resin and dimethylformamide.
The analysis of high-speed photography (images taken with very short exposure time) of a
stream of spinning solution in the electrostatic field showed that although the electrospinning
process is observed as a “hazy cloud” resembling a spinning solution bundle on the way
between the nozzle and the collector, only one fiber is formed during the electrospinning
process. Through interaction with the electrostatic field produced between the electrodes, this
fiber moves in a spiral motion and then settles on the surface of the grounded collector in the
form of a fibrous mat. In addition, calculations based on the photographs of the polymer bun-
dle during the electrospinning process showed that the resulting fiber on the section between
the nozzle and the collector probably moves at speed exceeding the speed of sound in the air.

3
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Scientific works in the field of the process of electrospinning polymer nanofibers in the elec-
trostatic field conducted in the 1990s of the twentieth century by research groups under the
direction of an American physicist, Dr. Darrell H. Reneker, have shown that it is possible to
produce fibers from numerous organic polymers. This fact has become the reason for the
dynamic growth of interest in the electrospinning method observed to this day.

During the electrospinning process, an electrostatic field is generated under the influence of
a high voltage of several to several dozens of kilovolts between the nozzle (a metal needle
of a syringe to which the spinning solution is delivered at a constant speed) and a grounded
collector (Figure 2).

The presence of a potential difference between the electrodes due to electrostatic interac-
tions causes the electric charges to be induced on the surface of the spinning solution drop
emerging from the nozzle. A negatively charged collector located under the nozzle causes
the repulsion of negative charges of the solution drop toward the soul, which additionally
attracts them with Coulomb forces due to its positive resultant charge, as a result of which
positive charges are accumulated on the surface of the spinning solution drop emerging from
the nozzle. Under the influence of electrostatic field forces caused by a correspondingly large
potential difference between the electrodes, the drop of solution at the mouth of the nozzle
opening becomes distorted and adopts a conical shape (the so-called Taylor cone), which
is accompanied by the movement of charges carried by a stream of the spinning solution
toward the grounded collector. The outflow of spinning fluid toward the collector is initiated
by exceeding the critical intensity of the electrostatic field, and then a drop of the polymer
solution is stretched to a thin fiber under the influence of field forces. When the diameter of

. Pump with the
High-voltage source spinning solution

Nozzle
Drop of the
solution
Polymer vel

Figure 2. A diagram of a stand for the production of nanofibers containing a picture showing the mouth of the nozzle
and a drop of the polymer solution that forms under the influence of high voltage in the so-called Taylor cone from the
apex, which is followed by a shot of a thin stream of the solution.



Introductory Chapter: Electrospinning-smart Nanofiber Mats
http://dx.doi.org/10.5772/intechopen.77198

the stream decreases, the ratio of the stream surface to its volume increases. The solvent evap-
orates, and the spinning solution solidifies to a form of a polymer fiber, which then settles on
the surface of the conductive collector.

The morphology and properties of polymer nanofibers obtained by means of the electrospin-
ning method are influenced by many factors that can be divided into three main groups:
spinning solution parameters, apparatus parameters, and environmental parameters.

The main parameters resulting from the type of spinning solution used include: solution vis-
cosity, polymer mass concentration relative to the solvent used, the molecular weight of the
polymer used, type of solvent, electrical conductivity, and surface tension of the produced
solution. In addition, the key parameters that have a significant impact on both the mor-
phology and physical properties of the fibers produced are process parameters used during
electrospinning. These parameters include the speed of feeding the spinning solution to the
mouth of the nozzle, the difference in potentials, and the distance between the electrodes, that
is, the nozzle and the collector. These process parameters can be changed during the electro-
spinning process, which makes it possible to control their values in order to obtain a stable
Taylor cone formed from a spinning solution drop at the mouth of the nozzle. In addition, the
process parameters also include apparatus parameters, taking into account the inner diam-
eter, and the length of the nozzle used as well as the type of collector. We can distinguish two
basic types of collectors used during the electrospinning process of nanofibers. They include
flat plate collectors and drum collectors, which rotate at a precisely defined angular speed
during the electrospinning process, thus winding the produced fibers as on a reel. As a result,
nanofibers with a chaotic arrangement are obtained using a flat plate collector, while the use
of a drum collector allows for obtaining nanofibers with a strictly defined orientation and a
parallel arrangement of individual fibers relative to each other. The environmental param-
eters include ambient conditions in which nanofibers are produced, that is, temperature, air
humidity, and atmospheric pressure.
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Tomasz Tanski*, Wiktor Matysiak and Pawet Jarka
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Abstract

The major work of this research work is fabrication and investigation of the surface char-
acteristics of a hydrophilic polycaprolactone (PCL) and superhydrophobic 1H, 1H, 2H,
2H-perfluorodecyltriethoxysilane (PFDTES)-AgNO,-modified PCL fibrous membranes
through the electro spinning technique. The surface properties of the PCL fibrous were
modified from hydrophilic to superhydrophobic by adding (0.05 vol%) PFDTES-AgNO,
solution into a mixed with a solvent of PCL and chloroform. The electrospun PFDTES-
modified PCL fibrous showed a maximum water contact angle (WCA) of 158° due to
increase in surface roughness when compared with the PCL fibrous roughness, having a
maximum WCA of 81° and an average fiber diameter of 400-700 nm.

Keywords: electrospinning, polycaprolactone (PCL), nanofiber, water contact angle
(WCA), superhydrophobic

1. Introduction

The superhydrophobic surface normally states, mixture of the static contact angle more than
150° with a contact angle hysteresis lesser than 5°. It is categorized into two types agreeing
to water rolling angle; an enormously adhesive superhydrophobic surface that permits water
droplets to adhere the surface, even when the surface is turned upside down and less adhesive
superhydrophobic surface with a rolling angle less than 10° [1-3]. Electrospinning has been
keenly exploited as a simple and flexible method for producing ultrathin fibers made of several
materials. Countless advancement had been made in latest years with concern to the theory
for electrospinning and mechanism of the orientation of electrospun fibers [4]. Electrospinning
is an efficient and simple method for fabrication of constant nanofibrous with high surface

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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bumpiness and the surface-to-volume ratio of the driving force of an outward electric field
on polymer solutions or polymer liquefies [5]. Since polymeric structures allow the numerous
everyday applications areas of nanoparticles are as additives to polymers used in the motor-
ized and aerospace division were vehicle parts for lesser weight and greater performance,
packaging including food and biomedical to keep and preserve the reliability of the product
by controlling the obstacle, mechanical, optical and respiration properties, in textiles industries
increases in strength, water resistance, self-cleaning, fade resistance and special care merchan-
dises UV shield, deep dispersion skin cream emulsions. Many of these functionalities can be
exchanged from one use to another. For example, the similar technology used for transparent
UV protective coatings such as sunscreens in personal care products can be used for UV protec-
tion in food packaging, paints, and textiles [6]. Coming together or altering the basic frame with
another component for the electrospinning applications, one can produce modified nanocom-
posite hybrid fibers for the variety of day to day applications. So far, a number of techniques
have been effectively expressed for generating rough surface structures. Among others, elec-
trospinning as a low-cost, continual, scalable nanomanufacturing technique has been widely
engaged for fabricating continuous nanofibers/microfibers of a huge variety of natural and
synthetic polymers, polymer derived carbon, metals, metal oxides and ceramics, etc. [7-12].

There have also been many noteworthy models describing the production of low energy
hydrophobic and superhydrophobic surfaces by electrospinning. Jiang et al. produced super-
hydrophobicity of Fe,O,-filled carbon nanofibers through sintering electrospun [13]. Cao
et al. fabricated a superhydrophobic surface on calcined electrospun SiO, nanofibers using
a tridecafluoro-1,1,2,2- tetrahydrooctyldimethyl-chlorosilane layer [14]. Ma et al. defines
low surface energy fibers produced by electrospinning polystyrene—polydimethylsiloxane
copolymers which were unclean with polystyrene homopolymer. Relatively more content
of low surface energy siloxane polymer caused in fibers with water contact angles of 163°
[15]. Rutledge et al. stated that chemical vapor deposition coating of polytetrafluoroethylene
having superhydrophobic properties [16]. Miyauchi et al. fabricated a biomimetic superhy-
drophobic surface including micro-nanoporous poly styrene microfibers by the use of elec-
trospinning technique [17]. Jiang et al. electrospun polystyrene from DMF/THF to give a fiber
mat with contact angles of 139.1° and went on to spin/spray a dilute solution of polystyrene
to give a film of porous microparticles which gave a water contact angle of 162° [18]. Acatay
et al. used a fluorinated comonomer, present at up to 50 wt% to attain superhydrophobic
surfaces via an electrospinning process using a copolymer of acrylonitrile and a,a-dimethyl
meta-isopropenyl benzyl isocyanate and 50 wt% of a perfluorinated diol [19]. Borner et al.
used a one-step process to produce poly(lactic-co-glycolic acid) nanofiber interconnects with
surfaces improved biofunctional peptides by spinning a homogeneous mixture of PLGA and
a polymer-peptide conjugate [20]. Bianco et al. spun polyamide 6 nanofibers in the occurrence
of fluorinated acridine. They identified that the addition of increasing volumes of the acridine
(2-6 wt%), static contact angles with water on the fibers improved gradually from 62° for
unchanged polyamide to 123° [21]. Considering the fascinating features of superhydropho-
bic surface an attempt is made in the present work to develop a superhydrophobic surface
of polycaprolactone and PFDTES-modified polycaprolactone nanofibrous through an elec-
trospinning technique. The surface characterization studies such as morphological feature,
chemical composition, and water contact angle were analyzed and reported.
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2. Experimental details

The reagents used in the present study were polycaprolactone (PCL), chloroform, 1H, 1H, 2H,
2H-perfluorodecyltriethoxysilane (PFDTES), ethanol and acetone. All other chemicals were of
analytical grade and were used as received purchased from Sigma Aldrich, India.

Electrospinning is a simple and flexible method for producing ultrathin fibers. Altering the
basic frame with another component for electrospinning, can produce modified nanocompos-
ite hybrid fibers for various applications. So far, a number of techniques have been effectively
expressed for generating rough surface structures. Among others, electrospinning is a low-
cost, continual, scalable nanomanufacturing technique and is widely used for fabricating con-
tinuous nanofibers/microfibers of a huge variety of natural and synthetic polymers; polymer
derived carbon, metals, metal oxides and ceramics, etc.

The reagents used in the present study are polycaprolactone (PCL), silver nitrate (AgNO,),
chloroform, ethanol, PFDTES, and acetone. All other chemicals are of analytical grade and
purchased from Sigma Aldrich, India. The photographic and schematic view of electrospin-
ning setup that was used in this preparation method is shown in Figure 1(a) and (b), it consists

(b)
RUARRARARY
Metering
Pump
-~ e |

Figure 1. (a) Photographic view of electrospinning setup and (b) schematic view of electrospinning setup.
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of a high-voltage supplier, grounded target board and a syringe pump. The polymer solution
was flowing through a needle of 1 mm inside diameter. Solutions were prepared by liquefy-
ing the desired amount of polymer (according to concentration) in a solvent (chloroform).
Solutions are prepared in beakers. Glass beaker was protected with aluminum foil and plastic
sheet throughout the process of suspension to prevent solvent evaporation. The process of
liquefying was continued using magnetic stirrer. PFDTES-AgNO,-modified PCL solutions
are prepared in the same way which was followed by the addition of PFDTES.

Initial experiments were carried out to find best conditions for electrospinning PCL and
PFDTES. AgNO, modified PCL fiber membranes were obtained by varying solution concentra-
tion (5-15% W/V), feed rate (5, 10, 15, and 20 ml/h) and voltage (5, 15, and 25 kV). The needle
to tip collector distance (NCD) was 10 cm and a 10 ml syringe fitted with a 0.838 mm inside
diameter and stainless steel needle (Sigma Aldrich) was used. PCL and (0.05% W/V) PFDTES-
AgNO,-modified PCL nanofibers were prepared with electrospinning technique with 10 & 15%
W/V concentration using chloroform as an organic solvent. The applied dc voltage was kept at
10 kV, tip target distance was maintained at 10 cm and the flow rate was kept at 0.01 ml/min.

3. Results and discussion

3.1. Nanofibers by electrospinning

The solvent used for electrospinning plays a vital role in the morphology of the subsequent
electrospun polymer fibers. Nanofibers achieved by electrospinning frequently exhibit beaded
fiber structures, which are significantly influenced by the solution properties. Initially, the
concentration of polymer solution plays a significant role in the formation of beads. At dilute
concentration, mostly beads are produced because of lack of sequence entanglement in poly-
mer solution, beaded fiber structure is generated in the medium concentration. Normally,
beaded fibers have been considered as unwanted or faulty products. Therefore, at a concen-
trated solution the continuous fiber structure, without bead is attained. The morphology
of electrospun PCl fiber membrane and PFDTES-AgNO,-modified PCL fiber membrane is
shown in Figures 2—4. The PCL fibers and PFDTES—AgNO3—modiﬁed PCL fibrous membrane,
having widely distributed fiber diameters, were randomly oriented as a porous membrane.
Furthermore, the fibers exhibited smooth fibers and they have an average fiber diameter of
400-700 nm.

The wettability of prepared substrate was measured, in relations of contact angle, by means
of a Goniometer based on sessile drop technique. A drop size of 5 il was used and the contact
angle measurement was done at six different locations in a sample conserved at room tem-
perature. A water droplet placed on PCL fibrous membrane is shown in Figure 5. The water
droplet was straightaway absorbed by this fibrous membrane.

After PFDTES-AgNO, modification, the PCL fibers membrane still maintained the fiber shape.
Smooth fibers observed from Figure 6(a) and (b) show a water droplet placed on PFDTES-AgNO.-
modified PCI fiber membranes. It can be found that a high surface hydrophobicity WCA lies in
between 150 and 158° of fibrous membranes was obtained after the PFDTES-AgNO, modification.
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Figure 4. Influence of PFDTES-AgNO,-modified PCL solution concentration of 10% W/V observed under SEM.
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Figure 5. Water droplet on PCL fibers membrane.

The PFDTES-AgNO, modification it was proved to be effective to increase the membrane hydro-
phobicity. PFDTES is a well-known low-surface-energy material. From the above results, the
surface coated with PFDTES improves the superhydrophobicity through the formation of micro/
nano metric arrangement and these structures are stable. However, entrapment of air between
the fibrous membranes allows the water drops to roll off the surface with ease.

Surface profilometer top view images (10 x 10 pm) and cross-section profiles of PFDTES-
AgNO,-modified PCL fibers membrane are displayed in Figures 7-9. The electrospun fibrous
membrane shows high surface roughness due to the random deposition of the fibers on the
collector end.

The stability of hydrophobicity nature aimed at PFDTES-AgNO,-modified PCL fiber mem-
branes were deliberate and analyzed under ambient, low 10°C and high temperature 110°C

i R Chist 15T
Chrighe AT Crge A

(b)

Figure 6. (a and b) Water droplet placed on PFDTES-AgNO,-modified PCL membrane.
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Figure 7. PEDTES-AgNO,-modified PCL fibers membrane with roughness value of 1.52 pm.
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Figure 8. PFDTES-AgNO,-modified PCL fibers membrane with roughness value of 1.85 pm.
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Figure 9. PCL fibers roughness value is 0.82 nm.

conditions for 60 days correspondingly. It is resolved from the Figure 10 that for all the given
temperatures, hydrophobicity nature for PFDTES-AgNO,-modified PCL fiber membrane
reduced only by 7°. Based on the discussion, it is understood that the proposed electrospin-
ning is best for developing hydrophobic/superhydrophobic surface. However, after the stabil-
ity tests at various temperatures it is observed flaking or pops on the top layer of nanofibers.
Unfortunately the fibers flake out with the simplest touch or with simple air pressure, and
results in dust over the system.
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Figure 10. Superhydrophobic nature of PFDTES-AgNO,-modified PCL fibers after durability test.

4. Conclusion

The hydrophilic and superhydrophobic fibrous membranes were fabricated by electrospinning
using polycaprolactone (PCL) and 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (PFDTES)-
modified polycaprolactone. Surface roughness of the PFDTES-modified polycaprolactone nano-
fibers was controlled using a variety of chloroform solvent mixtures. The addition of PFDTES to
the solvent mixture affected the surface morphology of polycaprolactone fibrous and enhanced
the WCA of the polycaprolactone fibrous without altering the smoothness of fibers. The electros-
pun PFDTES-modified polycaprolactone fibrous showed a maximum water contact angle (WCA)
of 154° due to increase in surface roughness when compare with the polycaprolactone fibrous
roughness, which showed a maximum WCA of 81° and an average fiber diameter of 400-700 nm.

4.1. Drawbacks

¢ Although electrospinning coating technique achieved enhancement in heat transfer, their dura-
bility still needs to be improved to prevent observed flaking or pops after the heat transfer tests.

* Polymer coatings with higher stability on substrates have larger thickness. It involves in larger
thermal resistance of the substrate, hence heat transfer characterizes values were not reported.
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Abstract

Electrospunnanofibers have found myriad of applications from separation science to clinical
translation. Electrospunnanofiber scaffolds have the benefits of unique properties such as
high surface area to volume ratio, interfibrous pore sizes, strong penetrability, great deal
of active sites for adsorption, excellent stability, better targeting, minimum toxicity, high
drug-loading capacity, exceptional mechanical properties, flexibility in surface functional-
ity, ease of encapsulation of drugs and bioactive compounds, suitability for thermos-liable
drugs, enhanced cellular interactions, and protein absorption to facilitate binding sites for
cell receptors. In the field of separation science, electrospunnanofiber scaffolds have exten-
sively served as sorbent material for solid phase extraction techniques mainly due to the
need to improve sorptive capacity and analyte selectivity. Given that almost all of the human
tissues and organs are deposited in nanofibrous forms or structures, electrospunnanofibers/
nanocomposites are currently being investigated for potential clinical applications. It is note-
worthy that the nanofiber fabrication technique and the material integrity are key components
to obtaining clinically relevant nanofibers. Owing to the significance of fiber arrangement to
nanofiber performance, electrospinning has a leading edge over other nanofiber fabrication
techniques due to the ease of controlling fiber orientation, despite the inherent advantages
of other conventional nanofiber fabrication techniques. The current review highlights the
superb qualities of electrospunnanofibers, their various methods of fabrication, and their
various applications especially in separation science and clinically. We further provided an
overview of the electrospinning principles, types of electrospinning, parameters that affect
the nanofibers fabrication via electrospinning, challenges, and the future directions. The
advent of robotics-assisted electrospinning technique offers new opportunities for the tra-
ditional biofabrication in higher accuracy and controllability and hence will certainly drive
nanotechnology from laboratory/industry toward patient care in the near future.

Keywords: electrospinning, separation science, biomedicine, nanoscience
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1. Introduction

The emergence of nanotechnology and the unique properties of nanoscale materials have
rekindled a renewed interest in the scientific community. The advent of nanotechnology has
birthed various functional materials with highly ordered hierarchical structures and superb
attributes that can successfully mimic the sophisticated biological processes. An important and
exciting direction of research in nanomedicine would be to gain an in-depth understanding
and exploit the cellular response to nanostructures. For example, electrospunnanofibers have
diameter in the nanometer range, are arbitrarily long, and possess larger surface area (to vol-
ume ratio), interfibrous pore sizes, strong penetrability, great deal of active sites for adsorption,
and better interaction with other compounds as compared to their microfibers counterpart [1,
2]. They have excellent stability, better targeting, minimum toxicity, high drug-loading capac-
ity, exceptional mechanical properties, flexibility in surface functionality, and encapsulation
of drugs and bioactive compounds and are suitable for thermos-liable drugs [1-4]. Endowed
with both topographical and biochemical signals such electrospun nanofibrous scaffolds may
provide an optimal microenvironment for the seeded cells. As such, electrospunnanofiber scaf-
folds have found promising applications in various clinical fields. Some notable applications
include tissue engineering, regenerative engineering, separation science, biosensors, filtration,
wound dressings, drug delivery, and enzyme immobilization, among others [5-7]. Almost all
of the human tissues and organs are deposited in nanofibrous forms or structures, such as
skin, bone, dentin, collagen, and cartilage to mention but a few. Until recently (5-10 years),
electrospinning did not elicit widespread interest as a potential polymer-processing technique
for applications in tissue engineering and drug delivery despite the 30 years long history of
tissue engineering [8, 9]. This renewed interest was instigated by the aforementioned proper-
ties that afford the opportunity to engineer scaffolds with micro- to nanoscale topography and
high porosity similar to the natural extracellular matrix (ECM). Electrospinning also makes it
possible to incorporate the benefits of nanoparticles in nanofibrous form thus addressing some
or all of their limitations [9, 10]. The fibrous and continuous nature of electrospunnanofibers as
opposed to nanoparticle expands the possibilities for use in separation science and analytical
and clinical applications. The generated fibers have a high surface area to volume ratio; the
fibrous mats are highly porous and display excellent mechanical properties when compared to
other materials of the same scale. Interestingly, the characteristic high surface area to volume
ratio of electrospunnanofiber scaffolds does enhance cell attachment, drug loading, and mass
transfer properties [1, 2, 8-10]. Consequently, business opportunities for nanostructured mate-
rials in biomedical applications were estimated as on 2006 by Ramakrishna et al. and Teo et al.
to be of the order of 180 billion US dollars in 2015 [11, 12].

1.1. Fabrication of electrospunnanofibers

The synthesized nanofibers can be tailored for specific purposes. Several techniques based
on different physical principles have been reported in the fabrication of nanofibrous scaf-
folds with unique properties [13, 14]. The most common ones include drawing [15], tem-
plate synthesis [16], self-assembly [17, 18], phase separation [13, 18], melt blowing [19-22],
and electrospinning [12]. More so, in an attempt to construct nanostructured materials with
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remarkable biomimetic properties, four bioinspired strategies have emerged from the natural
biomineralization process: biostructure mimicking, biofunction anchoring, biotemplating,
and bioassembling [23].

1.1.1. Drawing

The tip of an atomic force microscope (AFM) or a micropipette is dipped into a droplet of a
viscoelastic solution near the contact line using a micromanipulator. Pulled nanofibers are
formed by slowly withdrawing the micropipette or AFM tip at a speed of approximately
1x10* ms™ and are deposited on the surface by touching it with the end of the micropipette.
The micropipette or the AFM tip is smoothly withdrawn slowly from the solution (Figure 1).
The viscosity of the material at the edge of the droplet is usually increased with evapora-
tion. Hence, drawing a fiber requires a viscoelastic material that can undergo strong defor-
mations while being cohesive enough to support the stresses developed during pulling. If
the viscoelastic solution is too light, the drawn fiber will break due to Rayleigh instability.
Alternatively, if the solution is concentrated at the edge of the droplet, the drawn fiber will
break in a cohesive manner.

The drawing method had been successfully employed in fabricating sodium citrate nanofibers
using chloroauric acid as the solvent [16]. With this method, it is possible to fabricate fibers
with fiber diameters between 2 and 100 nm and fiber length of 10 microns to mms. The draw-
ing process gives a good level of repeatability, convenient to process with minimum equip-
ment requirement but control of fiber dimensions is limited. It is a discontinuous process that
cannot be scaled up, and thus it is only suitable for laboratory production of nanofibers. The
drawing process can be considered as dry spinning at a molecular level.

1.1.2. Template synthesis

Template synthesis implies the use of a template or mold to obtain a desired material or
structure (see Figure 2). The template refers to a metal oxide membrane with through thick-
ness pores of nanoscale diameter and for the creation of nanofibers with specified diameter
the polymer solution is extruded through a template of an appropriate diameter [17]. The
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Figure 1. Drawing process in which the micropipette that was in contact with a polymer droplet (step B) is drawn away
to generate nanofibers (step C).
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Figure 2. A typical process of obtaining nanofibers by template synthesis.

principle requires that water pressure be applied on one end while the porous end is restrained
as this results in extrusion of the polymer melt/solution. Nanofibers are formed once the poly-
mer extrusion is exposed to the solidifying solution and their diameters are determined by
the pore sizes [17]. Feng and his coworkers successfully fabricated polyacrylonitrile (PAN)
nanofibers of 100 nm fiber diameter and 10 micron fiber length in dimethylformamide (DMF)
solvent employing this method [17]. A major advantage of this method is that fibers of differ-
ent diameters can be easily achieved by using different templates.

1.1.3. Phase separation

In phase separation, a polymer solution is allowed to form a gel and then the solvent is
extracted leaving behind the residual porous solid phase (Figure 3). The main mechanism

Polymer Gelation
{Drissalution) nanofiber

Tormed

(Solvent Removal)

Figure 3. A phase separation process in which the successful gelation (step C) of a polymer solution (step A) and
extracting the solvent result in the formation of nanofibers (step D).
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in this process is-as the name suggests-the separation of phases due to physical incompat-
ibility. One of the phase-which is that of the solvent-is then extracted, leaving behind the
other remaining phase. In 1999, Ma and Zhang [24] had successfully produced 50-500 nm
size nanofibrous poly (L-lactic) acid (PLLA) in tetrahydrofuran (THF) in five major steps: (i)
polymer dissolution, (ii) gelation, (iii) solvent extraction, (iv) freezing, and (v) freeze-drying
(Figure 3) [24].

Similar to drawing, this method has a minimal equipment requirement, batch-to-batch con-
sistency is achieved easily, and the mechanical properties of the matrix can be tailored by
adjusting polymer concentration [14]. Nevertheless, it is limited to a few polymer types and
thus cannot be scaled up and there is only little or no control over the diameters/dimensions
of fibers formed.

1.1.4. Self-assembly

In self-assembly, smaller molecules are used as building blocks to create nanofibers [14]. The
main mechanism for a generic self-assembly is the intermolecular forces that bring the smaller
units together and the shape of the smaller units of molecules that determine the overall
shape of the macromolecular nanofiber. The method has been used extensively in synthesis
of genetic materials such as DNA [18, 19] and many other copolymers [19]. According to
Hartgerink and his colleagues, during the synthesis of nanofibers based on this method, an
individual, preexisting molecule (Figure 4 left) is systematically arranged such that intermo-
lecular forces can bind the concentrically arranged smaller units together (Figure 4 middle).
Thus, the small molecules organize themselves into the preferred pattern and function that
results in the formation of macromolecular nanofiber mesh (Figure 4 right) [19].

Researchers have extensively explored this method in producing fibers of diameters between
7 and 100 nm and fiber lengths between 1 and 20 micron using PCEMA core-PS shell in THF,
PAA/y-Fe,O, in THF, PS core-P4VP corona in chloroform and peptide-amphiphile in chlo-
roform [18, 19]. Self-assembly requires no machinery to move or orient components. Self-
assembly can be used to produce atomically precise nanosystems, meaning it is good for
obtaining smaller nanofibers. It is simple, has easy processability, and is used to make one
by one continuous nanofiber with uniform shape. However, it is a very complex process that
cannot be scaled up, fiber dimensions cannot be controlled, its loading efficiency is poor,
maintaining its porosity for longer duration poses serious challenge, and for every product,
the structure of the parts must encode the structure of the whole [14].

—— —
STEP-A STEP-C

Figure 4. A typical representation of the self-assembly electrospinning process.
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1.1.5. Melt blowing

Melt blowing involves the use of high-velocity air to produce fibers directly from polymers.
It is a single-step process that converts polymer raw material directly into nanofibers. The
polymer is melted in an extruder and then pumped through die holes into a high-speed, hot
air chamber where the fibers formed are collected on a rotating collector (Figure 5) [20, 21].
The process has been widely used to generate nanofibers from polymers such as polypropyl-
ene, polyethylene, polybutylene terephthalate, Nylon 6, and polystyrene, and it has a high
productivity [20, 21].

1.1.6. Electrospinning

The structure, morphology, and geometry of nanofibers and the porosity and tensile proper-
ties of nanofiber mats can be investigated through conventional techniques and instruments.
Among these methods, electrospinning has been used to convert a large variety of polymers into
nanofibers and has proven to be a process that has the potential for mass production. In simple
terms, electrospinning involves the drawing of fluid, in the form of either molten polymer or
polymer solution using electric field. In electrospinning, the needle attached to the syringe
(containing the polymer solution/melt) is connected to high-voltage power source in order
to create a high electric field between the polymer melt/solution and metallic fiber—collecting
plate (Figure 6). The generation of sufficiently high electric field that can surmount the surface
tension of the polymer solution results in the formation of droplets that travel toward the col-
lector plate as a Taylor cone. Before the jet is collected on the aluminum foil plate as nanofiber
mesh, the solvents dry off while the fiber jet is still traveling. The images in Figure 6 show that
the major electrospinning components are high-voltage power source, delivery channel for the
viscoelastic polymer melt or solution, and collecting plates (be it flat or rotating plates) [12-14].

Whereas an external mechanical force drives the polymer solution/melt via a die in drawing
method, electrospinning principle makes use of the high potential gradient generated from
the power source connected to the needle to propel the droplet jet toward the collector. Upon

Collector dioakde
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Figure 5. A typical melt blowing setup (Adapted from Ref. 21).



The Place of Electrospinning in Separation Science and Biomedical Engineering 23
http://dx.doi.org/10.5772/intechopen.77221

Figure 6. Schematic diagram to show polymer nanofibers by electrospinning (A) and the photograph of a typical
electrospinning setup (B).

application of high voltage to the needle tip, surface charges accumulate and they lead to
the deformation of the spherical droplet to a Taylor cone; beyond this point, a jet of polymer
solution will therefore erupt from a polymer solution droplet. As the jet travels toward the
collector, tensile forces brought about by surface charge repulsion lead to a bending motion.
According to Taylor’s theory, it is the instability induced on the surface of the electrically
charged droplet that causes the nanofiber formation [25, 26]. Taylor hypothesized that a
spherical droplet of polymer forms at the capillary tip and elongates as the applied voltage
increases. The elongated droplet assumes a cone-like shape and a narrow jet of liquid ejects
from this point [25, 26]. It is the change in shape of the droplet into conical shape that defines
the onset of the fiber formation. The polymer chain entanglements within the solution will
prevent the electrospinning jet from breaking up. The pendant electrically charged Taylor
cone does not explode because of the chain entanglement in the concentrated polymeric solu-
tion. The surface area of the Taylor cone also increases to accommodate the charge buildup
and this leads to stretching out of the cone and fiber formation [27].

Coupled with the ability of scaling up the electrospunnanofibers, one other unique advantage
of electrospinning is that it is able to easily control the orientation of the nanofibers, which
is important because fiber arrangement has a significant effect on the performance of the
subsequent SPE sorbent devices [10-14]. Electrospinning technology is a useful, economical,
and easily setup means of fabricating of 3D, highly porous, nanofibrous scaffolds tailored for
a wide range of applications. Interestingly, several electrospun nanofibrous scaffolds have
been revealed to support cellular activities and tissue formation [12-14]. The inherently high
surface to volume ratio of electrospun scaffolds can enhance cell attachment, drug loading,
and mass transfer properties. In addition to their high surface area to volume ratio, tunable
porosity, and ability to manipulate nanofiber composition for desired properties, the nonwo-
ven nanofibrous mats produced by electrospinning mimic extracellular matrix components
much closely as compared to the conventional techniques [10-14]. Hence, the emergence of
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electrospinning/nanotechnology comes with a high potential for clinical applications. Until
recently (5-10 years), electrospinning was not extensively employed as potential polymer-
processing technique for applications in tissue engineering and drug delivery despite the long
history of tissue engineering (about 30 years) [28]. The renewed interest can be ascribed to the
aforementioned advantages of electrospinning over other conventional methods [28].

In electrospinning principle, the viscoelastic solution before transforming into nanofibers
undergoes a number of processes. In 2006, Reneker and Fong divided the electrospinning
process into four stages and they include launching the jet, jet elongation, whipping instabil-
ity, and solidification [29].

1.1.6.1. Launching the jet

As the first stage of electrospinning process, the jet launching stage comprises droplet genera-
tion and Taylor cone formation. In the absence of an applied electric field, a viscoelastic solu-
tion pumped through a capillary will form normal droplets and fall off under the influence
of gravity without forming fiber. It is the instability induced on the surface of the electrically
charged droplet that causes the nanofiber formation [25, 26]. According to Deitzel et al., [30],
the jet initiation occurs from the surface layers of the cone.

1.1.6.2. Jet elongation

In 2001, Buer revealed that the velocity of the jet increases as it travels toward the collector. It is
believed that the potential difference between the collector and the point of release (needle tip)
plays a major role in this process. As a result of solvent evaporation and polymer stretching,
the jet diameter decreases rapidly. Resultantly, when a voltage (Ve) exceeding the strength
of surface tension of the polymer solution is applied, jet elongation is expected to occur [29].

1.1.6.3. Whipping instability

As the straight fiber jet travels toward the collector plate, it tends to bend and displays undulating
movements due to the competition between different forces/fields acting on the charged jet (axis
symmetric, bending, and whipping and Raleigh instabilities). It is the interplay of all these forces
that determines the diameter of the jet. However, whipping instability is the main mechanism
responsible for reducing nanofiber dimensions because the predominant mode of instability
exhibited is usually dependent on the applied electric field, and stronger fields favor whipping
instability [31-33]. Whipping instability can be suppressed using a secondary electric field or a
short gap distance (between the tip of the needle and the collector), but this does not affect the
average fiber diameter significantly [33]. Due to the contribution of all these forces, there is not
yet a mathematical model that has singly explained the entire electrospinning process.

1.1.6.4. Jet solidification

The solvent employed during electrospinning plays a major role in the solidification, mor-
phology, mechanical integrity, and the microstructure of the electrospunnanofibers because
the volatility characteristics of a chosen solvent is essential in the process and equally deter-
mines the time available to the jet to undergo whipping [34]. It has been pointed out that with



The Place of Electrospinning in Separation Science and Biomedical Engineering
http://dx.doi.org/10.5772/intechopen.77221

appropriate selection of solvents and process parameters, extremely fine nanofibers can be
electrospun [35].

1.1.6.5. Types of electrospinning

Attempts to improve the productivity of the electrospinning process have led to the develop-
ment of three groups of improved and more efficient versions of electrospinning. Highlighted
below are mononozzle, multinozzle, and needleless electrospinning.

1.1.6.5.1. Mononozzle electrospinning

The mononozzle is the simplest, cheapest, and most popular type of electrospinning setup in
which only one nozzle/needle discharges the polymer solution with low productivity though
(Figure 7).

1.1.6.5.2. Multinozzle electrospinning

Here, the polymer solution is fed into an array of nozzles or needles that allows for the
deposition of multicomponent structures if different polymer solutions are electrospun con-
currently, thereby increasing productivity of electrospinning by increasing the number of
nozzles [36]. While the static type of needles remains immobile, the moving-type array of
needles is programmed to move in unison (Figure 8). Fluctuations in electric field between the
nozzles and the collector can influence the fiber diameters.

1.1.6.5.3. Needleless electrospinning

The needles are replaced with holes from where the nanofibers extrude with the applica-
tion of optimal electrical charges induced on the viscoelastic solution by an electrode inside
the porous tube. The needleless electrospinning comprise a porous polyethylene tube placed
inside a coaxial cylindrical drum, and internal air pressure helps to push the polymer solu-
tion through the pores of the porous polyethylene tube (Figure 9). Although this is the
most efficient electrospinning method, reproducibility is usually low due to the difficulty

-

Figure 7. Schematic representation of a mononozzle electrospinning setup.
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Figure 9. Schematic representation of a needleless electrospinning setup.

in maintaining an even distribution of polymer solution and air pressure over the different
holes in the porous drum [37].

1.1.6.6. Processing parameters of electrospinning

The parameters affecting electrospinning and the fibers may be broadly classified into poly-
mer solution parameters, processing conditions (applied voltage, temperature, and effect of
collector), and ambient conditions. Understanding these parameters makes possible the fab-
rication of fibrous structures of various forms, morphology, and arrangements.

The processing conditions are important parameters that affect electrospinning process, and
these are various external factors (applied voltage, the feed-rate, temperature of the solution,
type of collector, diameter of needle, and distance between the needle tip and collector) acting
on the electrospinning jet. Although processing conditions have significant influence on the fiber
morphology, they are less significant than the solution parameters discussed earlier [10-14].
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1.1.6.6.1. Applied voltage

A high voltage will induce the necessary charges on a solution and, together with the external
electric field, will initiate the electrospinning process when the electrostatic force in the solu-
tion overcomes the surface tension of the solution. In most cases, a higher voltage will lead to
greater stretching of the viscoelastic solution due to the greater columbic forces in the jet as
well as the stronger electric field. These have the effect of reducing the diameter of the fibers
[38, 39] and also encourage faster solvent evaporation to yield drier fibers [1, 2, 40]. However,
researchers had correlated an increase in beads’ density to increased voltage and suggested it
may be the result of increased instability of the jet as the Taylor cone recedes into the syringe
needle [30, 40]. This is because the greater amount of charges generated will cause the jet to
accelerate faster and hence more volume of solution will be drawn from the tip of the needle
without a corresponding increase from the source of supply. This may result in a smaller and
less stable Taylor cone [41] or the Taylor cone may recede into the needle [30, 40]. Given the
changes in the shape of beads from spindle-like to spherical-like with increasing voltage [41],
Krishnappa et al. [42] reported that increasing voltage will increase the beads’ density, which,
at an even higher voltage, the beads will join to form a thicker diameter fiber.

On the contrary, when the voltage is low, the duo of weak electric field and reduced jet accel-
eration may surge the jet flight time, thereby resulting in finer fibers [43]. Based on this theo-
retical premise, finer fibers can be obtained using a near-critical voltage for electrospinning [43].
Generally, both high negative and positive voltage of more than 6 kV are able to cause the solu-
tion drop at the tip of the needle to distort into the shape of a Taylor cone during jet initiation [26].

In addition to affecting fiber physical appearance, the application of high voltage during elec-
trospinning will likely increase the order of polymer molecules, resulting in higher polymer
fiber crystallinity [1, 2, 10-14]. Nevertheless, polymer fiber crystallinity is reduced beyond a
certain voltage [1, 2, 10-14].

1.1.6.6.2. Feed-rate of polymer solution

Feed rate is the quantity of polymer solution pumped into the tip per unit time. For a steady
state and continuous formation of fibers, the feed rate of the solution must correspond to
the rate of its removal from the tip. When the feed rate is increased, there is a corresponding
increase in the stretching of the solution and fiber diameter since there is a greater volume
of solution that is drawn away from the needle tip [44]. The large volume of solution drawn
from the needle tip affords the solvents in the deposited fibers limited time to evaporate given
the same flight time. The residual solvents may cause the fibers to fuse together where they
make contact forming webs. Moreover, at higher feed rates, larger fiber diameters and beads
often result [36]. A lower feed rate is highly desirable to give the solvent more time for evapo-
ration [10-14]; however, the Taylor cone often gets depleted and the electrospinning process
may only be intermittent or even stop completely.

1.1.6.6.3. Temperature of polymer solution

Having said that increased temperature decreases viscosity and surface tension, with a lower
viscosity, the Columbic forces are able to exert a greater stretching force on the solution thus
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resulting in fibers of smaller and more uniform diameter [45]. Increased polymer molecule
mobility due to increased temperature equally allows the Columbic force to stretch the solu-
tion further. Nevertheless, the use of high temperature in the electrospinning of biological
composites (enzymes and proteins in polymer solution) is not advisable as it may cause the
substance to lose its sensitive functionality.

1.1.6.6.4. Effect of collector

It is the electric field potential that is generated between the source (needle tip) and collector
that initiates the release and deposition of fiber jets. The simplest and most commonly used
collector is a stationary metal plate or an aluminum foil placed at a fixed distance from the
needle tip. The collector plate is mostly made out of conductors that are electrically grounded
so that there is a stable potential difference between the source and the collector to allow for a
rapid discharge of the residual charges on the fibers.

In the case when a nonconductor is used as a collector, charges on the electrospinning jet will
quickly accumulate on the collector, which will result in the deposit of fewer fibers with lower
packing density (due to repulsive forces of accumulated charges) [14]. The material, nature,
and geometry of the collector play a major role in defining the morphology of the fibers [13].
Several different shapes of collectors such as flat plate; rotating drum, mandrel, rotating disc,
rectangular, triangular, or wire cylinder frame; electrode pair arrangements; ring and mesh
electrode; and cones have been reported [1, 2, 10-14, 26]. It has also been demonstrated that
some of the common solvents such as water [46] and methanol [46] could be better collec-
tors than their solid counterparts. A liquid collector may equally be used to precipitate the
nanofibers when nonvolatile solvents are used. Srinivasan and Reneker demonstrated this by
electrospinning poly (p-phenylene terephthalamide) nanofibers from sulfuric acid solution
into a grounded water bath to precipitate the polymer [47].

The nature of the collector (static or moving) significantly affects the electrospinning process.
While rotating collector has been used to collect well-aligned fibers, it was found to assist in
yielding fibers that are dry [48]. Hence, it is very useful for certain solvents like dimethylfor-
mamide (DMF), which is good for electrospinning but has a high boiling point that may result
in the fibers being wet when they are collected. A rotating collector will give the solvent more
time to evaporate [48] and also increase the rate of evaporation of the solvents on the fibers. This
will certainly improve the morphology of the fiber especially where distinct fibers are required.

Studies have shown that the porosity of the collector plate affects the packing density of the
deposited fibers [10-14]. Fiber meshes of lower packing density were collected on porous
collectors (paper and metal mesh) as compared to the smooth surfaces such as metal foils
[10-14]. Responsible for this observation were higher evaporation rate and faster diffusion
of the remaining solvents on the fibers collected on the paper and metal mesh (due to higher
surface area) as compared to the smooth surfaces that may cause an accumulation of solvents
around the fibers due to slower evaporation rate [10-14]. The residual solvents on these fibers
pull them together to give a more densely packed structure unlike the dried fibers on the
porous collector where the residual charges remaining on the fiber repel subsequent fibers
[10-14]. Nevertheless, on a smooth surface, the residual solvents will encourage the residual
charges to be conducted away from the collector.
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1.1.6.6.5. Distance between tip and collector

This is the distance extending from the capillary tip to the surface of the collector. The gap
distance has a direct influence on both the flight time (available for solvent evaporation) and
the electric field strength [1, 2, 13]. For independent fibers to form, the electrospinning jet must
be allowed time for most of the solvents to evaporate; otherwise, shortening the gap distance
implies that the excess solvent may cause the fibers to merge where they contact to form junc-
tions resulting in inter- and intralayer bonding of interconnected fiber mesh, which may pro-
vide additional strength to the resultant scaffold [13]. Depending on the solution property, the
effect of varying the distance may or may not have a significant effect on the fiber morphology.
In some cases, changing the distance has no significant effect on the fiber diameter, but Megelski
and his coworkers observed bead formation when distance was too low and it was attributed to
increased field strength (high voltage) [39]. Having said that the field strength is too high, the
increased instability of the jet may encourage bead formation [40], and increasing the distance
results in a decrease in the average fiber diameter because the longer distance means that there
is a longer flight time for the solution to be stretched before it is deposited on the collector [29,
43]. However, Zhao et al. [43] reported a case where no fibers were deposited on the collector
due to very large distance and Lee et al. [49] revealed at a longer distance, and the fiber diameter
increased due to the decrease in the electrostatic field strength resulting in less stretching of the
fibers Lee et al. [49]. Hence, it suggests that there is an optimal electrostatic field strength below
which the stretching of the solution will decrease resulting in increased fiber diameters [13, 14].

1.1.6.6.6. Diameter of pipette orifice/needle

Conducting materials such as metal needles as well as nonconducting materials such as glass
and plastics have been used as the capillary tip in solution electrospinning [50], and their
internal diameter or pipette orifice has a significant effect on the electrospinning process. A
smaller internal diameter was found to reduce the fiber diameter, clogging, as well as the
amount of beads on the electrospun fibers [43]. When the size of the droplet at the tip of
the orifice is decreased, surface tension of the droplet increases, a greater columbic force is
therefore required to cause jet initiation for the same voltage applied [43]. Consequently, the
acceleration of the jet decreases and this allows more time for the solution to be stretched and
elongated before it is collected. Also, the reduction in clogging could be due to less exposure of
the solution to the atmosphere during electrospinning. However, if the diameter of the orifice
is too small, it may not be possible to extrude a droplet of solution at the tip of the orifice [43].

Although most studies have reported the use of a simple and static capillary tip, a number of
innovations have explored the use of movable tips. Kidoaki et al. used a movable tip to obtain
an even deposition of nanofibers on a drum collector, and the moving tip helps to align the
fibers evenly [36]. Li also used a tip made of a nonconducting fiber inserted in the lumen of
a conducting capillary tip [51]. Ultimately, this modified tip allowed the electric field to be
used solely to accelerate the jet and therefore reduced the potential needed to be applied [51].

1.1.6.6.7. Polymer solution parameters

The surface tension and viscosity of polymer solutions or melt significantly affect the mor-
phology of fibers obtained from electrospinning. While surface tension contributes to the
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formation of beads, viscosity and electrical potential largely determine the extent of elonga-
tion and diameter of the electrospun fibers [14].

1.1.6.6.8. Molecular weight and solution viscosity

Viscosity is a measure of the resistance of a material to flow. Viscosity is a prerequisite for
a successful electrospinning because the polymer solution or melt must be viscoelastic in
order to stretch the electrically driven fiber jet from the needle tip toward the collector plate
without breaking up. It is the entanglement of the molecule chains that is often determined
by the length of polymer chain that prevents the fiber jet from breaking up, thus maintaining
a continuous solution jet. Consequently, monomeric polymer solution does not form fibers
when electrospun [13, 14].

It is worth noting that the viscosity of a polymer solution is directly affected by its molecular
weight (length of polymer chain) since the polymer length determines the extent of entangle-
ment of the polymer chains in a given solvent. Hence, employing polymers with high molecu-
lar weight increases viscosity just as increasing the polymer concentration equally increases
viscosity. When viscosity is too low, surface tension overrides and hence electrospraying
occurs or beaded fibers are formed, whereas with increased viscosity, the diameter of the
fiber also increases probably due to the greater resistance of the solution to be stretched by
the charges on the [39, 40, 48].

1.1.6.6.9. Surface tension and temperature

Surface tension is that force that is acting on the surface of a solution to hold it in place. It is the
main force of attraction that opposes the coulomb repulsion in electrospinning. When a very
small drop of water falls through the air, the droplet generally takes up a spherical shape due
to its surface tension. Surface tension usually decreases the surface area per unit mass of a fluid.
The initiation of electrospinning requires the charged solution to overcome its surface tension.
However, as the jet travels toward the collection plate, the charged solution is stretched, while
the surface tension may cause the formation of beads along the jet or breakup of solutions into
droplets [13, 14]. To encourage the formation of smooth fibers, surfactants are added to solu-
tions to reduce surface tension or addition of solvents with low surface tension (ethanol) [13, 14].

At molecular level, liquid molecules at high temperature gain kinetic energy that increases
their collision speed during their Brownian movement. Consequently, the molecules in cooler
liquid bind more strongly than the loosely bound rapid-moving molecules [12-14]. Hence,
surface tension drops when temperature is increased owing to decrease in bonding energy
between the molecules [12-14].

1.1.6.6.10. Conductivity of solution and electric charge (voltage)

To initiate the electrospinning process, the repulsive forces within the solution must sur-
mount the solution surface tension. The repulsive forces are as a result of the sufficient
charges acquired by the solution molecules. These charges that the solution carries often play
crucial role in the subsequent stretching or drawing of the electrospinning jet. Having said
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that electrospinning involves the stretching of solution caused by repulsion of the charges at
its surface, an increase in the conductivity means more charges can be carried by the electro-
spinning jet. Since the presence of ions increases the conductivity of the solution, the critical
voltage for electrospinning to occur will equally reduce [12-14]. The increased charges also
result in a greater bending instability. As a result, the deposition area of the fibers is increased
[12-14]. This will also favor the formation of finer fibers since the jet path is now increased.

To increase the conductivity of the solution at the same time reducing the surface tension,
ionic surfactant such as triethyl benzyl ammonium chloride is added although it often reduces
the fiber diameter [12-14]. However, there is a limit to the reduction in the fiber diameter
because in some cases, the addition of ionic salt may cause an increase in the viscosity of the
solution improving conductivity; thus, the viscoelastic force is stronger than the columbic
forces of the charges resulting in an increased fiber diameter instead [45]. Carboxylic acids,
mineral acids, some complexes of acids with amine, mineral salts, some tetraalkylammonium
salts, and stannous chloride, among others can also increase solvent conductivity when intro-
duced [13]. For example, the addition of a small amount of water to organic acid solvents will
greatly increase their conductivity due to ionization of the solvent molecules. pH adjustment
is another way of increasing conductivity. Mixing of chemically noninteracting components
will increase conductivity as well [13, 14].

1.1.6.6.11. Dielectric effect of solvent

The dielectric constant (€) is a measure of how effectively a material placed in electric field can
concentrate the electrostatic lines of flux, that is, the solvent’s ability to hold electrical charges.
It has been widely reported that solvents or solutions with high dielectric properties such as
N,N-dimethylformamide (DMF) enhance fiber morphology by reducing fiber diameter and
bead formation [1, 2, 48, 52]. This is feasible because solutions with higher dielectric constants
tend to disperse the surface charge density on the jet more evenly and this leads to the pro-
duction of fibers with uniform morphologies and smaller diameters [48].

In a study by Min and his coworkers, they compared the morphologies of nanofibers electro-
spun from 15 wt% poly (lactide-co-glycolide) solutions in chloroform and in hexafluoropro-
pylene (HFP) [53]. Results showed that different fiber morphologies were obtained with the
two solvents and the average fiber diameter obtained from HFP (having a higher € of about
16.7) was lower than those obtained from chloroform (having a lower value € of about 4.81).
Son et al. corroborated this fact when they spun polyethylene oxide (PEO) in different solvents
where the solvents with higher € resulted in smaller average diameters [52]. The interaction
between an electrospinning solution and any solvent that increases the solution’s dielectric
constant will equally affect fiber morphology. This implies that only the high dielectric con-
stant of the solvent introduced into a polymer solution is not the only factor that impacts
the fiber morphology: the interaction between the mixtures also impacts the resulting fiber
morphology. Bead formation was reported despite introducing DMF (high dielectric constant
solvent) into polystyrene solution to improve electrospinnability and fiber morphology [48].
The investigators posit that the poor interaction between the polystyrene solution and DMF
could possibly explain the beaded fibers formed in place of finer fibers [48] (Table 1).
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Solvent Chemical structure Conductivity Viscosity Surface  Dielectric
(S.m™) (mPa.S) tension constant
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Solvent Chemical structure Conductivity Viscosity Surface  Dielectric
(S.m™) (mPa.S) tension  constant
(mN.m™) (F/ms or
cP)
Pyridine - [,,-—qu . - 0.974 38 123
[=1 I—-..._ r}].—,—:’J =
Tetrahydrofuran L 1.5x 101 0.48 28.4 7.6
Toluene Ha 4.0x107° 0.59 27.6 2.438
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T o
':
Water b 5.5x 10 0.890 72.75 802

Table 1. Dielectric constant of common electrospinning solvents.

1.1.6.6.12. Ambient parameters

Since electrospinning is driven by external electric field, changes in its surrounding are
expected to affect the process. While high humidity has been found to cause the formation of
pores on the fiber surfaces, other environmental factors like pressure, temperature, and type
of atmosphere have equally been investigated [1, 2].

1.1.6.6.13. Humidity

Humidity has been revealed to affect fiber morphology especially if it is spun from a volatile
solvent [39] because at high humidity water condenses on the surface of fibers and affects
the rate of evaporation of solvents. For example, Casper and colleagues showed that smooth
fibers are formed from PSU dissolved in THF only when humidity is less than 50%; circular
pores were formed on the fiber surfaces when humidity was higher than 50% with their pore
depth and sizes increasing with increased humidity [54].

Low humidity aids volatile solvents to dry up faster. However, if the rate of solvent escape/
removal from needle tip is slower than evaporation rate of the solvent, there is a good chance
of needle clogging during electrospinning. It has been hypothesized that high humidity can
help the discharge of electrostatic charges on electrospun fiber [51], but with decreasing
humidity, there was an increase in the amount of charge on the particle. This is evidenced
by a study on glass particles transported in a grounded copper pipe, where no charges were
found on the particles at higher relative humidity (>76%) [51].
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1.1.6.6.14. Type of atmosphere

Different gases behave differently under high electrostatic field. While helium breaks down under
high electrostatic field rendering electrospinning impossible, Freon®-12 with higher breakdown
voltage yields fibers with twice the diameter of those electrospun in air given all other conditions
equal. For example, using a positively charged capillary tip in an electron-rich gaseous environ-
ment will impede the process, and an environment of highly electronegative gases (such as CO,
or Freons) discourages the loss of surface charges and improves nanofiber quality [55].

1.1.6.6.15. Pressure

It is only possible to investigate the effect of pressure on electrospinning jet under an enclosed
condition. Electrospinning is not possible at very low pressures due to direct discharge of the
electrical charges [14]. The fluidity of a polymer melt/solution is rapidly increased below atmo-
spheric pressure as the melt/solution bubbles rapidly at the needle tip, often causing unstable
jet initiation. However, at high pressure, air may be delivered coaxially to the needle tip to
provide an additional drag force for jet extension. When this drag force is dominant over the
electrostatic force in driving jet extension, the process is referred to as electroblowing [13, 14].

1.1.6.6.16. Temperature

Given that temperature reduces viscosity and determines the rate of evaporation of the sol-
vents in fiber jet, it controls the final diameter of the nanofibers. Um et al. used a jacket of
heated air (25-57°C) to decrease solution viscosity and increase the rate of drying of the fiber
when electrospinning an aqueous solution of hyaluronic acid (HA) [56]. Subramanian et al.
suggested the use of an external heating source such as a heat gun or a high wattage lamp as
an alternative for drying fibers [57].

1.2. Some notable pharmaceutical and medical applications of
electrospunnanofibers

Electrospunnanofibers have found promising applications in various biomedical areas. Almost
all of the human tissues and organs are deposited in nanofibrous forms or structures, such
as skin, bone, dentin, collagen, and cartilage to mention but a few. Consequently, business
opportunities for nanostructured materials in biomedical applications are estimated to be of
the order of 180 billion US dollars in 2015 [12-14]. A few applications of ENs are highlighted
below.

1.2.1. Electrospun polymer nanofibers as a solid-phase extraction sorbent

The amazing properties of polymer nanofibers have rekindled their interest in several vital
applications. They have larger surface area to volume ratio (can be 103 times of that of a
microfiber), ease of surface functionalities, and better mechanical performance (e.g., stiffness
and tensile strength) as compared to their microfiber counterpart or any other known form of
the polymer. [1, 2, 10, 11].
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It has been demonstrated that the fiber-packed SPE device offers a reduced pressure drop
during the extraction and the desorption compared to a conventional particle-packed SPE
cartridge [1, 2, 10, 11]. Electrospunnanofibers exhibit superb analytical potential as they can
be miniaturized into nanoscale to simplify sample preparation, preconcentration owing to
their effective interaction with samples, and the ease of incorporating different chemistries
[1, 2]. These SPE sorbents with high miniaturization tendencies, fast extraction, less solvent,
cost-effective, excellent analyte recoveries, good sorptive capacity, high selectivity, and good
mechanical and chemical stability tend to satisfy all the current sample preparation require-
ment; hence, it is the choice sample preparation protocol for several studies [1, 2].

Their large surface area makes them equally applicable as wonderful sensing tools as applied
in test strips and other colorimetric probes. Hence, significant effort has been made to increase
the surface area of the sensing interface in chemical sensors [58].

1.2.2. Electrospunnanofibers composite in colorimetric probes (medical diagnostic tool)

As casualties from cancer mortality continues to grow due to the absence of state-of-the-
art health facilities, there have been increasing demands for simple, rapid, highly sensitive,
inexpensive yet reliable method for the early detection of cancer susceptibility. To this end,
equipment-free sensor systems such as colorimetric detection by naked eye would be among
the best and most practically useful methods as this could easily be fabricated into a test
strip. Colorimetric biosensing does not require expensive or sophisticated instrumentation
and maybe applied to field analysis and point of care diagnosis since color changes can be
read by naked eye [58].

Nanoparticles often have unexpected visible properties because they are small enough to
confine their electrons and produce quantum confinement effect: Their high surface activity
and freely moving electrons could bring about Raman-enhanced light scattering effect and
agglomeration. The high surface area to volume ratio reduces their incipient melting tempera-
ture. They often possess high molar extinction values, which makes them far more sensitive
and stable than other conventional colorimetric probes [58]. Surface plasmon resonance (SPR)
is a conspicuous property of metal nanoparticles that results from the combined resonance
oscillations of the free electrons of the conduction band of the metal [58]. A sharp and intense
absorption band is observed in the visible range [58]. In addition, electrospunnanofibers offer
high surface area and porous membrane structure that are applicable for sensitive and fast
sensing, which have shown improved sensitivities over conventional materials for applica-
tions such as gas sensors, chemical sensors, optical sensors, and biosensors [58].

In the recent past, there has been great interest in the unique mechanical, electrical, chemical,
and optical properties that can be achieved by combining the advantages of gold nanopar-
ticles and polymer nanofibers [58]. During the formation of nanocomposites, there is a high
aggregation tendencies in the polymer matrix since they are metastable compared to their
bulk materials due to the positive excess interfacial free energy [58]. Owing to the fact that
their spatial distribution is the key to their optical property, there is a burning desire by ana-
lytical and pharmaceutical chemists to attain good dispersion during synthesis. Hence, the
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stabilization of nanoparticles in polymer matrix is a fundamental prerequisite in nanoscience
technology. For example, the in situ one-step fabrication of gold nanoparticle filled-polymer
nanofiber for the colorimetric probe of the carcinogenic biomarker 1-hydroxypyrene was
demonstrated [58]. The fibers were fabricated in the form of a test strip for the biological
monitoring of carcinogenic PAH exposure [58].

1.2.3. Electrospunnanofibers in drug release control

Controlled release is an efficient process of delivering drugs in medical therapy. This process
is able to balance the delivery kinetics, minimize toxicity and side effects, and improve patient
convenience. In a controlled release system, the active substance is loaded into a carrier or
device first and then released at a predictable rate in vivo when administered by an injected or
noninjected route. As a potential drug delivery carrier, electrospunnanofibers have exhibited
many advantages. The drug loading is very easy to implement via electrospinning process,
and the high applies voltage used in the electrospinning process had little influence on the
drug activity. The high specific surface area and short diffusion passage length give the nano-
fiber drug system a higher overall release rate than the bulk material (e.g., film), while the
release profile can be finely controlled by modulation of nanofiber morphology, porosity,
and composition. Coating of the nanofibers with a polymer shell could also be an effective
way of controlling the drug release profile. The early burst release of drugs can be lowered by
encapsulating water-soluble drugs into nanoparticles, followed by incorporating the drug-
loaded nanoparticles into nanofibers. Also, the rate of releasing a water-soluble drug could
be slowed down when nanofiber matrices are cross-linked [59]. Nanofibers for drug release
systems are mainly made by electrospinning of biodegradable polymers, such as polylac-
tic acid (PLA), poly(D-lactide) (PDLA), poly(L-lactide) (PLLA), poly(lactic-co-glycolic acid
(PLGA), and hydrophilic polymers such as polyvinyl alcohol (PVA), polyethylene glycol
(PEG), and polyethylene oxide. The release of macromolecules, such as DNA and bioactive
proteins from nanofibers, has also been investigated [59]. The main factors influencing the
release performance of drugs include the type of polymers used, hydrophilicity and hydro-
phobicity of drugs and polymers, solubility, drug-polymer comparability, additives, and the
existence of enzymes in the buffer solution.

The need for the control release of water-soluble drugs usually associated with an early-stage
burst cannot be overemphasized. Although for applications like preventing postsurgery-
induced adhesion, early-burst release will be an ideal profile because most infections occur
within the first few hours after surgery, for a long-lasting release process, it would be crucial
to maintain an even and stable release. This is usually achieved by encapsulating the drug
within a nanofiber matrix.

Alternatively, for water-insoluble drugs, the drug release from hydrophobic nanofibers
into buffer solution is often difficult. In order to release the drug at a constant rate, an
enzyme capable of degrading nanofibers is often mixed with the buffer. For example, Kim
and his coworkers showed that rifampicin encapsulated in PLA nanofibers did release any
drug, while the same polymer/drug with potassium revealed a zero kinetics drug-release
profile [59].
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1.2.4. Environmental remediation

Environmental quality issues are complex, challenging, and ever expanding; hence, regula-
tory bodies are increasing the amount of environmental monitoring required to ensure public
safety. The high porosity, interconnectivity, microscale interstitial space, and large surface-to-
volume ratio of nonwoven electrospunnanofiber meshes make them an excellent size-exclusion
membrane for particulate removal from wastewater and air. The electrospunnanofiber mem-
branes can effectively and successfully remove particles 3-10 um in size (>95% rejection) from
aqueous solution without a significant drop in flux performance and airborne particles with
diameters between 1 and 5 pm by both physical trapping and adsorption (~100% rejection).
In the environmental industry, affinity membranes have found applications in organic waste
removal and heavy metal removal in water treatment. Affinity membranes are a broad class
of membranes that selectively capture specific target molecules (or ligates) by immobilizing a
specific capturing agent (or ligand) onto the membrane surface [12]. The use of enzymes like
laccase or tyrosinase for the degradation of water pollutants such as endocrine disruptors has
equally been reported: enzymatic remediation of endocrine disruptors in water [60].

1.2.5. Application of electrospunnanofibers in tissue engineering and scaffolding material in
cell culture

For the treatment of tissues or organs that malfunction in a human body, one of the chal-
lenges to the field of tissue engineering/biomaterials is the design of ideal scaffolds/syn-
thetic matrices that can perfectly mimic the structure and biological functions of the natural
extracellular matrix (ECM). Of particular interest in tissue engineering is the fabrication of
nontoxic, reproducible, and biocompatible three-dimensional scaffolds with high porosity
of evenly distributed pore sizes, high surface area, structural integrity, biodegradability
with the degradation rate matching the rate of neotissue formation that can positively
interact with human cells to promote cell adhesion, proliferation, migration, and differenti-
ated cell function for various tissue repair and replacement procedures. Recently, scientists
have started paying much attention to making such scaffolds with synthetic biopolymers
and/or biodegradable electrospun polymer nanofibers as they are believed to possess all
the aforementioned qualities and can mimic the human native ECMs [1, 2]. Having said
that human cells can attach and organize well around fibers with diameters smaller than
those of the cells, nanoscale fibrous scaffolds can provide an optimal template for cells to
seed, migrate, and grow.

Although the mechanisms by which a nanofibrous scaffold acts as a selective substrate are not
yet known, a number of researchers have shown that the enhanced adsorption of cell adhe-
sion matrix molecules enhances cell adhesion [61, 62]. Nikolovski et al. [61] and Woo et al. [62]
have reported that electrospun nanofibrous scaffolds exhibited enhanced adsorption of cell
adhesion ECM molecules, which may therefore enhance cell adhesion. Although fibronectin
and vitronectin preferentially adsorbed to the nanofibrous scaffold at a level that was 2-4
times higher than those adsorbed to the solid-walled scaffold [62], vitronectin, rather than
fibronectin, was the predominant matrix protein adsorbed from serum-containing medium
onto poly(glycolic acid) (PGA) and poly(lactic acid) (PLA) [61].
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While cells synthesize, assemble, organize, and maintain ECM macromolecules, ECM in itself
provides structural integrity to the resident cells and acts as a messenger regulating cellular
activities [63]. It is therefore expected that a scaffold that serves as a functional, temporary
ECM must involve optimal cell-matrix interactions, as well as cell-cell interactions. Li and
his coworkers evaluated the influence of the structural properties of biomaterial scaffolds on
the biological activities of chondrocytes cultured in microfiber- and nanofiber-based scaffolds
[8, 64]. While chondrocytes seeded onto nanofibrous scaffolds maintain a chondrocyte-like
morphology, chondrocytes seeded into microfibrous scaffolds display dedifferentiated, fibro-
blast-like morphology [8, 64]. Yang and colleagues also demonstrated that a greater percent-
age of neural stem cells cultured on nanofibrous scaffolds exhibit a neuron-like morphology
with longer neurite outgrowth as compared to their microfibrous scaffold counterpart [65].
Nanoscale fibers are believed to be smaller than cells by two orders and provide 3D environ-
ment that better promotes cell-cell and cell-ECM interaction, unlike the microfibers [64].

Studies have equally shown that nanofibrous scaffolds support multidifferentiation of mes-
enchymal stem cells (MSCs) [64]. With the aid of gene expression analysis and immunohisto-
chemical detection of lineage-specific marker molecules, Li’s group confirmed the formation
of nanofibrous constructs containing mesenchymal stem cell (MSC) differentiated along
adipogenic, chondrogenic, or osteogenic lineages [64]. It has been reported that basement
membrane matrix (feeder cell layers) of embryonic fibroblast provides chemical and physical
cue on embryonic stem cells (ESCs) and regulate their ability to self-renew and differenti-
ate [66]. Hence, ESCs had successfully been cultured on nanofibrous scaffold resembling a
basement membrane matrix, yet their “stemness” properties were reportedly maintained
[67]. Given that nanofibrous scaffolds act as synthetic ECM network, providing physical and
chemical cues to cells via cell-ECM interaction, nanofibrous scaffolds promote in vivo-like 3D
matrix adhesion and activate cell signaling pathway. For example, Schindler and coworkers
have demonstrated that nanofibrous cultures promote in vivo-like cell morphology of both
fibroblasts and kidney cells [68].

1.2.6. Electrospunnanofibers as wound dressing material

Nonwoven nanofibrous membrane mats for wound dressing generally possess highly porous,
well-interconnected pore sizes ranging from 500 to 1 mm, small enough to protect the wound
from bacterial penetration via aerosol particle capturing mechanisms while exuding fluid from
the wound [1, 2, 12-14]. Their high surface areas of 5-100 m?/g are extremely efficient for fluid
absorption and dermal delivery and generally assist the control of fluid drainage. Polymer
nanofibers can also be used for the treatment of wounds or burns of a human skin, as well as
designed for hemostatic devices with some unique characteristics. Through electrospraying
or electrospinning, fine fibers of biodegradable polymers can be directly sprayed/spun onto
the injured location of skin to form a fibrous mat dressing (Figure 10), which can let wounds
heal by encouraging the formation of normal skin growth and eliminate the formation of
scar tissue, which is usually a problem with traditional treatment [12-14]. Electrospinning
also offers a simple way to add drugs into the nanofibers for possible medical treatment and
antibacterial purposes [1, 2, 11]. For example, studies have shown that the successful incorpo-
ration of antibiotic agents into ENs prevents postsurgery abdominal adhesions and improves
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Figure 10. Nanofibers for wound dressing (www.electrosols.com).

the healing process [13, 14, 69]. Given their higher loading efficiency, superior mechanical
performance (stiffness and tensile strength), controlled release ability, and excellent stability,
ENs help in the delivery of plasmid DNA, large protein drugs, genetic materials, and autolo-
gous stem cell to the target site [69].

1.2.7. Electrospunnanofibers for immobilization of digestive enzymes

Chemical reactions using enzymes as catalysis have high selectivity and mild reaction condi-
tions. For easy separation from the reaction solution, enzymes are normally immobilized with
a carrier. The immobilization efficiently mainly depends on the porous structure and enzyme-
matrix interaction. Nanostructured materials were recently used as enzyme carriers because
of their large specific surface area and the high loading capacity. Many approaches have been
used to immobilize enzymes on electrospunnanofibers including grafting enzymes on fiber
surface, physical adsorption, and incorporating of enzyme into nanofiber via electrospinning
followed by cross-linking reaction. To graft enzymes on nanofiber surface, the polymer used
should possess reactive groups for chemical bonding. The immobilized enzymes normally
showed a slightly reduced activity in aqueous environment compared with the unimmobi-
lized native counterpart, although the activity in nonaqueous solution was much higher. For
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example, a-chymotrypsin was used as a model enzyme to bond chemically on the surface of
electrospun PS nanofibers. The hydrolytic activity of the enzyme loaded was found to be 65%
of the native enzyme, while the activity in nonaqueous solution was over 3 orders of magni-
tude higher than that of its native enzymes under the same conditions [70]. In another study
that employed polyacrylonitrile nanofibers to immobilize lipase, the tensile strength of the
nanofiber membrane was improved after lipase immobilization, and the immobilized lipase
retained >90% of its initial reactivity. Also the immobilized lipase still retained 70% of its spe-
cific activity after 10 repeated reaction cycles with improved pH and thermal stabilities [71, 72].

When redoxases were immobilized, the incorporation of carbon nanotubes into nanofibers
apparently increased the enzyme uptake and the activity of the immobilized enzyme was
enhanced. The presence of carbon nanotubes also improved the stability of the redoxases
immobilized. This improvement in catalysis performance was attributed to the fact that car-
bon nanotubes could behave as electron transferors to donate/accept electrons during enzyme
catalysis or render the composite nanofibers higher biocompatibility. In certain studies,
enzymes have been incorporated into nanofibers via electrospinning and subsequent cross-
linking of the incorporated enzymes effectively prevented their leaching. For instance, in the
presence of PEO or PVA, casein and lipase were electrospun into ultra-thin fibers, on cross-
linking with 4,4-methylenebis (phenyl isocyanate), the fibers became insoluble, and the lipase
encapsulated exhibited six times higher hydrolytic activity [73].

1.2.8. Electrospunnanofibers for catalyst carriers

In medicine, a carrier for catalyst is used to preserve high catalysis activity, increase the stabil-
ity and life of the catalyst, and simplify reaction processes. Electrospunnanofiber mats are
used as catalyst carrier, because their extremely large surface area could provide a huge num-
ber of active sites, thus enhancing the catalytic activity. The well-interconnected small pores
in the nanofiber mat warrant effective interactions between the reactant and catalyst, which is
valuable for continuous-flow chemical reactions or biological processes. Also, the catalyst can
be grafted onto the electrospunnanofiber surface via surface coating or surface modification
[74, 75]. For instance, Pd-loaded PAN-acrylic acid nanofibers were confirmed to have high
activity and good recycling property for hydrogenation of an olefin at room temperature.
The yield of hexene to hexane catalyzed by the palladium /PAN-AA nanofibers was 4.7 times
higher than that of Pd/y-AlLQ, [74]. In addition to Pd nanoparticles, Ag nanoparticles were
incorporated into silica nanofibers, and the hybrid Ag-silica nanofibers sowed catalytic activ-
ity to assist NaBH, to reduce decomposition of methylene blue [44]. Photocatalysts, such a
titania (TiO,) and TiO,-SiO,, were also electrospun into nanofibers, and the photocatalytic
activity was evaluated. In comparison to other nanostructured TiO, materials, such as com-
mercial TiO, nanoparticles and mesoporous TiO,, the nanofibers exhibited higher photocata-
lytic activities toward the degradation of methylene blue and gaseous formaldehyde [76].

1.2.9. Electrospunnanofibers as chemical sensors for carcinogenic heavy metals in medical
diagnosis

The challenge in the field of new approaches toward high sensitivity detection techniques
remains a major challenge in the field of chemical sensing. Sensors have been widely used
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to detect chemicals for medical diagnosis. The sensitivity of a sensor that detects analytes by
interacting with molecules on the surface will increase with increasing surface area per unit
mass. Therefore, considerable effort has been made to increase the surface area of the sensing
interface in chemical sensors [13, 58]. The characteristics possessed by electrospunnanofibers
match well with these requirements. Therefore, a nanofibrous structure is a promising physi-
cal structure to form a highly sensitive and fast response sensor. Nanofibers with sensing
capability have been fabricated by electrospinning polymeric sensing materials, coating/graft-
ing the nanofiber surface with the sensing material, or incorporating the sensing material into
nanofibers. For example, pyrene methanol as a sensing material was grafted with polyacrylic
and employed for the detection of Fe** and Hg* and an explosive 2,4-dinitrotoluene in water
[77, 78]. Due to the quenching effect of these chemicals to the pyrene moieties, the fluorescent
intensity of nanofiber had a linear response to the concentration of quenchers, and the nano-
fibers showed high sensitivities [77, 78]. Investigators equally detected methyl viologen and
cytochrome C in aqueous solution [77, 78] using a layer-by-layer electrostatically assembled
fluorescence optical sensors, whereas trinitrotoluene vapor had been traced by employing
a porphyrin-doped silica nanofibers [79]. These nanofibers exhibited fast response as well
as high sensitivity. Besides fluorescent properties, conjugated polymer-embedded electros-
punnanofibers were also reported to be able to sense volatile organic compounds such as
organochlorines based on optical absorption properties [80].

1.2.10. Electrospunnanofibers as ultrafilters

It has been proven that electrospunnanofiber mats were extremely efficient at trapping air-
borne particles [1, 2, 14] and a very small layer of electrospunnanofiber sprayed onto a porous
substrate was sufficient to eliminate the particle penetration. Also, electrospun layers present
minimal impedance to moisture vapor diffusion, which is the basis on which they are used
as protective clothing in decontamination applications. Electrospunnanofiber membranes are
believed to provide significant increase in filtration efficiency at relatively small decreases
in permeability. Kosmider and Scott proposed that when compared with conventional filter
fibers at the same pressure drop, nanofibers exhibited superior efficiency owing to their abil-
ity to collect thinner, finer fibers as the slip flow round the nanofibers enhances the diffusion,
interception, and inertia impaction efficiencies [81]. With the aid of 300 nm test particles, thin
electrospun nylon-6 membrane (thickness 100 um, pore size 0.24 um) also displayed higher
filtration efficiency than a commercial highly efficient particulate air (HEPA) filter (thickness
500 um, pore size 1.7 um) [82].

1.2.11. Electrospunnanofibers as affinity membranes

Affinity membrane deals with the purification of molecules on the basis of their physical/chemical
properties or biological functions instead of their molecular weights/sizes. The principle involves
selectively capturing molecules by immobilizing specific ligands onto the membrane surface as
opposed to mere sieving. Electrospunnanofibers have a great potential to be functionalized via
incorporation of functional materials into the fibers, or via surface chemistry and coating tech-
niques. Interestingly, Affinity membrane combines the exceptional selectivity of the chromatog-
raphy resins and the reduced pressure drops associated with filtration membranes [10, 11]; thus, it
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materializes the advancement in both fixed-bed liquid chromatography and membrane filtration.
This technology has the merits of lower mass transfer limitation, reduced pressure drops, and
enhanced flow rate and productivities when compared to conventional particle-packed column
chromatography. When Ma and coworkers surface functionalized electrospun cellulose nanofi-
bers with a dye Cibacron Blue F3GA (CB), the functionalized nanofiber membrane exhibited a
strong affinity to bovine serum albumin (BSA) and bilirubin, with a capture ability of 13 mg and
4 mg per gram nanofibers, respectively [83].

1.2.12. Electrospun nanofibrous scaffolds-engineered tissues

The sophisticated architecture of body tissues/organs with their various layers makes it dif-
ficult for current synthetic 3D matrices to simulate such processes. Hence, the advent of elec-
trospinning had further simplified the fabrication of both natural and synthetic polymers into
biomaterial scaffolds that more closely mimic the tissue matrices. For example, PCL, collagen
type I, and collage type I-coated PCL nanofibers had been successfully electrospun to fabri-
cate a substitute for skin regeneration. The results proved that PCL fibers are able to partially
support the growth of skin fibroblasts, while the presence of collagen on the scaffolds greatly
enhances the interactions between cells and nanofibers [84]. Silk fibroin nanofibers [53],
PLGA, and chitin/PLGA nanofibrous scaffolds cultured with keratinocytes and fibroblasts
have also shown great promise in skin tissue engineering [8].

Electrospunnanofibers have extensively been investigated in the fabrication of tissue engi-
neered artery. By assembling two electrospun nanofibrous tubes composed of different colla-
gen/elastin ratios with cultured dermal fibroblasts, aortic smooth muscle cells, and umbilical
vein endothelial cells in the outer, middle, and inner layers of the scaffold, respectively,
Boland et al. fabricated a vascular scaffold that successfully simulated the anatomical three
layers of an artery [85]. One major drawback of the study was that the mechanical integrity
of the scaffolds was compromised unlike the mammalian artery. In an attempt to compliment
for the mechanical integrity, researchers blended PLGA with collagen and elastin to produce
an electrospun tripolymeric fibrous scaffold, therefore increasing the strength of the original
collagen/elastin scaffold and rendering it mechanically comparable to a native artery [86].

The development of cartilage tissue engineering using the electrospinning technique had
been reported [87]. In their study, the biological response of chondrocytes seeded onto 3D
PCL nanofibrous scaffolds was compared to that of cells seeded as monolayers on standard
tissue culture polystyrene (TCPS) [87]. Gene expression analysis revealed that the chondro-
cytes exhibited a round shape on the nanofibrous scaffolds, in contrast to a flat, well-spread
morphology seen in monolayer cultures on TCPS. They concluded that the biological activi-
ties of chondrocytes are significantly dependent on the dimensionality of the extracellular
scaffolds and that nanofibrous PCL may be a biologically preferred scaffold/substrate for
proliferation and phenotype maintenance of chondrocytes [8, 87].

It is believed that the MSCs for bone tissue engineering must be seeded within electrospun
nanofibrous scaffolds in order to promote osteogenic differentiation [8]. On seeding rat bone
marrow MSCs in PCL nanofibrous scaffolds and culturing them in a rotatory oxygen-permeable
bioreactor with an osteogenic medium, Yoshimoto et al. and Shin et al. demonstrated the osteo-
genic differentiation of MSCs in PCL nanofibrous scaffolds cultured in vitro and in vivo [88, 89].
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It is worthy to note that a suitable tissue engineered muscle scaffold should be flexible in
structure for cardiomyocyte contraction, sustain a reasonable tension for cell morphology
maintenance, and have a good integrity for handling. In this line of thought, Shin et al. have
successfully cultured primary cardiomyocytes from rat ventricles on PCL nanofiber sus-
pended wire rings [90]. Their results suggested that the dimensionality of the extracellular
scaffolds significantly influenced the biological activities of chondrocytes and that the PCL
nanofibers served as the better biologically substrate for the cell proliferation and mainte-
nance of the chondrocyte phenotype [90].

An investigation of the effects of fiber alignment on the ECM generation of human ligament
fibroblasts (HLF) on polyurethane (PU) electrospunnanofibers revealed that cells cultured
on aligned nanofibers were spindle shaped and oriented in the nanofiber direction, whereas
cells on nonaligned nanofibers had no directionality [65, 91]. Taken together, the research-
ers concluded from the results that the biomimetic nature of aligned electrospunnanofibers
provides an architectural environment similar to that which ligament fibroblasts normally
encounter in vivo.

Finally, studies have equally investigated the potential of electrospun 3D scaffolds, both
aligned and nonaligned, in neural/nerve tissue engineering employing a multipotent neural
stem cell (NSC) line, C17-2, derived from a neonatal mouse cerebellum [8, 65]. Significant
changes in the phenotype of cells based on directionality were reported and these results show
a significant relationship of a decrease in fiber diameter increasing neurite outgrowth [8, 65].
Since successful nerve regeneration is dependent upon extensive growth of axonal processes,
electrospinning presents a sophisticated technique to fabricate an ECM-like nerve tissue.

1.3. Challenges, prospects, and conclusion

It is no gainsaying that the advent of electrospinning has revolutionized the intrigues and
applications of nanostructured materials. Several potential applications of electrospunnanofi-
bers have been extensively investigated in separation science, tissue engineering, regenerative
engineering, and other clinical fields. Despite the overwhelming benefits of electrospinning,
there are still limitations in translating these fabricated electrospun nanomaterials from bench
to bedside and/or fabricating human tissues using nanofibrous scaffolds. In the recent past,
researchers have introduced a plethora of different new polymers for electrospinning, as
well as various characterization techniques; nevertheless, there is limited progress in their
biological evaluation. More recent studies are investigating cellular and molecular analyses
of cell-cell and cell-nanofiber interactions based on the structural and functional resemblance
of electrospunnanofiber scaffolds to native ECM. In addition to actively inducing favorable
biological activities, emerging functional electrospun nanofibrous scaffolds are expected to
provide structural and mechanical support for tissue regeneration/engineering. Hence, more
extensive biological analyses as well as physical characterization are required to determine
the biocompatibility of the fabricated nanofiber toward promoting of tissue growth. Owing
to the fact that bioactive motifs, peptides, and growth factors are capable of eliciting cellular
response, efforts should be channeled toward developing methodologies that can incorporate
and optimize bioactive motifs or peptides or growth factors into the electrospun nanofibrous
scaffold, thereby creating biologically active scaffolds [8]. Electrospinning is one such strategy
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that has been widely employed for the successful incorporation of the aforesaid bioactive
compounds into nanofibrous scaffolds, as well as controlling the fiber orientation. Owing to
the significance of fiber arrangement, electrospinning has a leading edge over other nanofiber
fabrication techniques due to the fact that it is able to easily control the orientation of the nano-
fibers, despite the inherent advantages of conventional nanofiber fabrication techniques [1, 2, 8,
10-14]. It is important to note that the electrospinning process depends on several parameters,
and the precise control of each parameter directly affects the morphology of the nanofibers
[1, 2, 8, 10-14]. Given the expected complexity of in vivo nanofiber scaffolds, obtaining such
biocompatibility, biodegradability, nontoxicity, and structural integrity scaffolds precisely
using traditional electrospinning technique is challenging due to the unplanned randomly
intertwined nanofibers [92]. To precisely control the fiber orientation and electrospinning
diameter to produce thinner 3D fibers, an in-depth understanding of controlled fabrication,
electrospinning parameters, properties, and functioning of electrospun materials is required to
overcome the limitations. The current trend is the emerging robotics technology (3D printing,
3D bioplotting, nanoimprinting, etc.) that has immensely benefited the biofabrication process
by improving the flexibility, accuracy, controllability, process parameters, nanofiber diameter,
and the rate of nanofibers produced [92]. Currently, there is an overwhelming application
of electrospunnanofiber scaffolds/sorbents in analytical field and separations science includ-
ing cosmetics, as filter media, solid phase extraction (SPE) sorbent bed, purification devices,
preconcentration devices, protective clothing, wound dressing, sensor devices, and healthcare
systems [1, 2, 10, 11, 58, 93]. Conversely, there have been limited progress in the clinical trans-
lation of these nanofibers and the fabricating technique; thus, the future of electrospinning
will tend toward drug delivery, cell delivery, gene delivery, DNA/plasmid delivery, tissue
engineering, and regenerative engineering against important health challenges. Overall, the
role of electrospinning in separation science and biomedical and clinical application cannot be
overemphasized. In the near future, the advent of robotics-assisted electrospinning technique
will certainly drive nanotechnology from laboratory/industry toward patient care/bedside.
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Abstract

Green poly(ethylene oxide) (PEO)/cellulose nanocrystals (CNCs)/poly(vinylpyrrolidone)
(PVP) composites were prepared via electrospinning technique. The use of PVP and/
or CNCs improved the overall thermal stability and mechanical properties of the PEO
fibers. A strong synergistic reinforcing effect was achieved when PVP polymer and CNCs
were combined in the composite. This synergistic reinforcement was accompanied with
the formation of unique fiber-bead-fiber morphology. The beads were elongated and ori-
entated along the applied force direction during tensile testing, providing an energy dis-
sipation mechanism and a positive reinforcement effect. The combination of CNCs with
PVP induced special chemical interactions, and distracted the interactions between PVP
and PEO. As a result, the crystallinity of PEO was increased in the system, which also
helped enhance fiber properties. The approach developed in this work offers a new way
for reinforcing electrospun PEO-based composite fibers for sustainable green composite
development.

Keywords: electrospinning, cellulose nanocrystals, reinforcing mechanisms,
poly(ethylene oxide), poly(vinylpyrrolidone), green composites

1. Introduction

Currently, fabricating “green polymeric materials” that are environmentally friendly has
received much attention in academic and industrial research [1-3]. However, one drawback
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is relatively low strength of these biopolymers, which restricts their wide use for replacing
synthetic polymers [4, 5]. One effective way to improve their strength and commercial use
potential is to incorporate nano-sized reinforcement into the polymeric matrix [6-8]. Among
the nano-fillers, cellulose nanocrystals (CNCs) have been considered as a competitive can-
didate, because of their high strength and Young’s modulus [6, 9]. In addition, CNCs are
inherently renewable, biodegradable, and biocompatible, leading to long-term sustainabil-
ity [10, 11].

Poly(ethylene oxide) (PEO), as a nontoxic, biodegradable, and biocompatible polymer, has
received tremendous attention in biomedical field [12, 13]. PEO-water solution system can be
used to prepare nanofibers via electrospinning technique [6, 14, 15] for bone regeneration [16],
drug release delivery [17], and adsorption of ions [18]. However, low mechanical strength
of electrospun PEO nanofibers generally limits their application. To reinforce PEO nanofi-
bers without decreasing their biodegradability and biocompatibility, green materials such as
CNCs and cellulose nanofibers (CNFs) have been recently investigated. Zhou et al. [6] found
that in the PEO/CNC binary nanocomposite system, CNCs can be highly aligned under high
electrostatic fields, and induced heterogeneous microstructures regarding the uniformity of
fiber size, which resulted in a considerable increase in mechanical strength. In another study
[14], both CNCs and cellulose nanofibers (CNFs) were used to reinforce electrospun PEO
nanofibers and CNFs exhibited a higher reinforcing efficiency, which was attributed to the
unique shish-kebab-like crystalline structures formed within the nanofibers. The reinforcing
effect of CNCs for PEO composite fibers needs to be further elucidated to understand their
specific role in the composite.

Similar as PEO and CNCs, poly(vinylpyrrolidone) (PVP) is also biodegradable and biocom-
patible, and has been widely used in biomedical areas [19]. The introduction of PVP to the
PEO-CNC system can offer some unique properties without deteriorating the green nature of
PEO/CNC system. PVP is a rigid polymer with a glass transition temperature of 160°C [20].
Its higher rigidity in comparison with that of PEO makes it possible to serve as a reinforce-
ment additive. PVP is also an amorphous polymer, which can influence the crystallization of
PEO. For semi-crystalline polymers like PEQ, its mechanical properties strongly depend upon
its crystalline characteristics [21]. Therefore, it is possible to tailor mechanical properties of
the material by using PVP in the composite. The carbonyl group in the molecular structure of
PVP can work as the proton acceptor, which is prone to chemically interact with the proton in
hydroxyl group (-OH) [22]. Considering the -OH groups in the molecular structure of PEO
and CNCs, the addition of PVP can possibly contribute to special chemical interactions, which
is also beneficial to the reinforcement [23].

Thus, it is of significant interest to incorporate PVP to the PEO-CNC composite via electro-
spinning technique for tailoring the mechanical properties of the composite system. Herein,
electrospun PEO nanofiber mats reinforced with different contents of PVP and CNCs were
prepared and a synergistic reinforcing effect was demonstrated in the ternary composites.
Rheological properties of the electrospinning materials, thermal stability, crystallization,
mechanical properties and morphology of the electrospun mats were investigated. An in-
depth study on the reinforcing mechanism was presented.
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2. Experimental

2.1. Materials

PEO powder (M, = 900,000 g/mol) was purchased from Sigma-Aldrich [St. Louis, MO]. PVP
(K-30) was provided by Xilong Chemical Reagent Co. Ltd (Guangdong, China). The CNCs
were extracted from the cellulose powder provided by Nippon Paper Chemicals Co., LTD
(W-50 grade of KC Flock, Tokyo, Japan). In brief, acid hydrolysis of the wood powder with
64 wt% H,SO, followed by high-pressure homogenization was used as described in our pre-
vious paper [10]. The specific dimensions of CNCs were 149 in length and 9 nm in diam-
eter, respectively [10]. The prepared CNC suspensions were freeze-dried to get the dry CNC
materials.

2.2. Electrospinning

To prepare the PEO/PVP/CNCs suspensions for electrospinning, predetermined amount
of PEO, PVP and freeze-dried CNCs were mixed with distilled water, and the mixture was
magnetically stirred for several hours, followed by ultrasonic treatment. The total polymeric
concentration (i.e.,, PEO/PVP) was kept constant at 3 wt% for all solutions and suspensions.
The weight percentages of PEO, PVP and CNCs were varied for different composite systems
(Table 1). The prepared samples were designated as PxCy, where x and y represent the dos-
ages of PEO/PVP (polymer) and CNCs, respectively, in part-per-hundred (phr). The prepared
materials were loaded in a 5-ml BD plastic syringe with a 25 gauge stainless steel needle. A
Chemyx Fusion 100 syringe pump (Stafford, TX) was used to feed the material with con-
trolled feeding rates. A high voltage (15 KV) was applied between the needle and grounded
aluminum fiber collector. The fiber collector was covered with a piece of aluminum foil pre-
treated with a small amount of silicon oil for better fiber mat release. After the electrospinning
process, the mats with a thickness around 0.1 mm were removed from the collector plate and
vacuum-dried at 40°C for 6 h before characterization.

Composite material type Polymer system?* Reinforcing agent®
PEO (PHR) PVP (PHR) CNC (PHR)
P100 100 0 0
P100C5 100 0 5
P90 90 10 0
P90C5 90 10 5
P80 80 20 0
P80C5 80 20 5

“PHR: part-per-hundred; Total polymer system (PEO/PVP) made up 100 PHR.
°CNC was in relation to the total polymer in the system in PHR.

Table 1. Formulation information of different electrospun PEO-PVP-CNC composite fiber mat systems.
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2.3. Characterizations

Rheological properties of the electrospinning solutions/suspensions were investigated using
an AR2000ex Rheometer (TA Instruments, New Castle, DE). A 40 mm cone-plate geometry
with a cone angle of 1°59'42" and 52 um truncation was used for both flow and oscillatory
measurements. The testing temperature was kept at 25°C using a temperature-regulated
Peltier plate device. In order to avoid water evaporation from test samples, a solvent trap
was used to seal the gap between the top cone-plate geometry and bottom Peltier plate. The
moat on the top of the trap was filled with silicon oil. For flow measurement, steady shear
rates applied varied within 1-100 s™'. With regard to the oscillatory measurement, the angular
frequency range was 0.05-100 s and the strain was selected to be 50%, which was within the
linear viscoelastic region. Fourier transform infrared (FTIR) spectra of the electrospun mats
were tested using a Bruker FTIR analyzer (Tensor-27, Bruker Optics, Billerica, MA) with an
attenuated total reflectance (ATR) mode. Thirty two scans combined with a spectral range
of 4000-600 cm™ were used. Differential scanning calorimetry (DSC) was performed with a
TA Q200 DSC system (TA Instruments-Waters LLC, New Castle, DE). Each sample of about
2-6 mg was tested in a hermetic aluminum pan under 40 ml/min nitrogen flow. In order to
eliminate any possible thermal history, the samples were first heated to 180°C at a heating rate
of 40°C/min. Then, the samples were quickly quenched to -90°C to freeze polymeric chains
in the material. The samples were then heated to 180°C at 10°C/min, equilibrated at 180°C for
1 min and cooled down to —40°C at 10°C/min. Thermogravimetric analysis (TGA) was carried
out using a Q50 TG analyzer (TA Instruments-Waters LLC, New Castle, DE). All the tests were
carried out under nitrogen flow (40 ml/min) in the temperature range of 50-600°C at 10°C/
min. X-ray diffraction (XRD) measurements were carried out using a PANalytical empyrean
X-ray diffractometer (PANalytical Co., Longmont, CO) with a Cu Ka X-ray resource. All the
measurements were operated at 45 kV and 40 mA. Samples were scanned from 4 to 90° and
the step size was 0.0263°. Surface morphologies of the electro-spun mats were observed by a
scanning electron microscope (SEM, Hitachi High Technologies America, Schaumburg, IL).
The surface of each sample was sputter-coated with platinum before viewing. The accelerating
voltage was selected to be 20 kV. Tensile properties of the electrospun fiber mats were inves-
tigated using an AR2000ex rheometer (TA Instruments-Waters LLC, New Castle, DE) with a
solid clamp fixture. Three tensile specimens (20 in length and 5 mm in width) were cut from
the electrospun mats. The gauge length was 12 mm, and the testing speed was 1.2 mm/min.
Mechanical properties, including tensile strength and elongation at break, were calculated
based on the measured stress-strain curves.

3. Results and discussions

3.1. Rheological properties of electrospinning solutions

It is well known that the viscosity of electrospinning solutions plays a key role in the mor-
phology and performance of electrospun mats. Figure 1a shows the relationship between
the viscosity and shear rate for different materials formulated. For pure PEO solution (P100),
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Figure 1. Rheological properties of different suspensions: (a) viscosity-shear rate plot (b) storage modulus-frequency
plot from oscillatory measurements.

its viscosity decreased with the increased shear rate, which was attributed to the shear thin-
ning phenomenon [24]. With the addition of PVP and CNCs, the viscosity of the suspensions
decreased. For PEO/PVP material, the decrease was attributed to the more viscous nature
of PVP. With regard to suspensions that contain CNCs, the decrease was attributed to the
interaction between CNCs and PEO. With addition of CNCs, the intra-molecular interaction
between PEO molecules was distracted, resulting in the decrease in viscosity. It should be
pointed that the viscosity of PS0C5 was higher than that of P90C5 and P80, attributed to the
special chemical interaction (discussed in the next section).

For oscillatory rheological measurements, the relationship between storage modulus and fre-
quency in the low frequency or terminal region allowed us to evaluate the intermolecular inter-
actions in a multi-component system. If there are certain special chemical interactions (e.g.,
H-bond interactions) in the tested samples, a so-called “second platform” usually exists [23]. As
shown in Figure 1b, an obvious platform for PS0C5 was observed, which is in a sharp contrast
with that for P100 and indicates possible special interactions. To quantitatively compare the
length of platform, the extrapolated critical frequency that denotes the frequency at which the
substantial increase in storage modulus begins was calculated (e.g., 0.70 s for P80 in Figure 1b).

P100 showed a critical frequency of 0.29 s. With the addition of 5 phr CNCs (P100C5), the
critical frequency decreased to 0.11 s™. Such a decrease was expected, since the hydroxyl
groups in CNCs can interact with the ether oxygen in PEO molecules (Figure 2b), and there-
fore distract the intramolecular interactions of PEO (Figure 2a) [6]. With the addition of PVP,
the critical frequency increased to 0.51 and 0.70 for P90 and P80, respectively, which was
attributed to the interaction between carbonyl groups in PVP and hydroxyl groups in PEO
(Figure 2c). When PVP and CNCs were combined, it is interesting to note that the critical
frequency still increased, even considering the fact that CNCs can distract the intramolecular
interactions of PEO. This interesting phenomenon was due to the interactions between car-
bonyl group and hydroxyl groups in CNCs (Figure 2d) [22].
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Figure 2. Scheme of interactions between different materials in the composite fibers: (a) PEO/PEO; (b) PEO/PVP; (c) PEO/
CNCs; (d) PVP/CNCs.

3.2. FTIR spectra of electrospun mats

FTIR was further used to investigate the proposed interaction and the specific curves are
shown in Figure 3a. Pure PEO electrospun mat exhibited the absorption bands at 2882, 1467,
1146, 1098, 1060 and 961 cm™, which were assigned to CH, stretching, C-H bending mode and
C-O-C stretching vibration, respectively [6]. It should be pointed out that the O-H absorption
band was undetectable in FTIR curves. This was due to the high molecular weight of PEO,
and therefore the role of its end group (-OH) could be ignored [25]. With the addition of 5 phr
CNCs, the absorption band for C-O-C stretching vibration was shifted from 961 to 957 cm™,
suggesting the possible interactions between PEO and CNCs. With respect to PEO/PVP
and PEO/PVP/CNCs systems, the main absorption bands were not shifted, but instead new
absorption bands assigned to the carbonyl groups in PVP [22] were observed in Figure 3b.
For P90 and P90C5, the wave number of carbonyl group was located at 1673 cm™. As the
PVP content increased to 20 phr, the peak was shifted to 1669 cm™ for P80 and 1665 cm™ for
P80CS5, indicating possible interactions existed in these systems [25]. All the FTIR results cor-
responded well with the abovementioned results of oscillatory rheological tests.

3.3. DSC data of electrospun mats

The effects of CNCs and PVP on the melting and crystallization behaviors of PEO were inves-
tigated using the DSC technique. The specific parameters derived from DSC curves, including
peak melting, and peak crystallization temperature, melting enthalpy, the half time of crystal-
lization, and crystallinity, are listed in Table 2. The crystallinity (X ) is calculated using the
following equation:

AH /¢
X = AH,

x100% 1)
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Figure 3. FTIR curves of different electrospun fiber mats: (a) 3700400 cm™; (b) 1750-1600 cm™.
Material DSC* TGA®
t
ype T2 (°C) AH, X.(%) T7(C t,(min) T,,°C) T,(C T,(C Deriv.weight
J-g (%/°C)
P100 65.9 157.4 73.7 48.3 0.26 393.5 - 416.6 3.11
P100C5 64.9 141.3 69.5 48.6 0.26 386.9 - 417.2 2.29
P90 64.4 131.4 68.3 47.7 0.27 374.7 - 413.5 1.80
P90C5 63.7 1253 68.4 49.3 0.20 382.2 278.3 416.5 2.75
P80 64.8 119.6 69.9 48.1 0.26 372.6 288.4 416.7 2.13
P80C5 64.7 120.1 73.9 49.4 0.19 379.9 277.7 419.1 1.83

°T?: peak melting temperature; T!: peak crystallization temperature
enthalpy of PEO; X : crystallinity of PEO.

°T, . 15 the temperature corresponding to 10 wt% weight loss; T, and T , are the temperature corresponding to the first

onset

and the second peak of DTG curve; Deriv. Weight: derive. weight of the second peak of DTG curve.

s bt the half time of crystallization; A H : melting

Table 2. DSC and TGA data of different electrospun PEO-PVP-CNC composite fiber mats systems.

Where AH is the melting enthalpy derived from the DSC curves, AH' = 213.7 J/g [14] is the
melting enthalpy when crystallinity of PEO is 100%, and ¢ is the weight fraction of PEO in the
blend and composites.

As shown in Table 2, addition of either PVP or CNC decreased the 7 and the AH_of PEO. These
decreases can be accounted by the possible interactions between different components with
PEO. And the slight decrease in 7" indicated that the crystallite size of PEO became smaller
[26]. With regard to crystallinity, mere incorporation of PVP and CNCs into PEO did cause
decrease in X. For example, the x for P100 decreased from 73.7 to 69.5% and 69.9 for P100C5
and P80, respectively. However, it is interesting to note that similar decrease in x_did not occur
when CNCs and PVP were combined. The X of P80C5 was 73.9%, which was even higher than
that of P100. This result might be in conflict with the possible interactions observed in the
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abovementioned oscillatory rheological measurements and FTIR results, since special interac-
tions usually hinders the crystallization and results in a decreasing crystallinity [26]. Similar
interesting results were also observed regarding the crystallization behaviors. As shown in
Table 2, either PVP or CNCs did not change ¢ ,. However, the T values of P90C5 and P80C5
were shifted to higher temperature while their ¢, value were reduced, indicating that the
nucleating effect occurred [27]. These unexpected results in ternary composite system, includ-
ing the increased crystallinity, and the nucleating effect, were responsible for the improved
mechanical performance.

3.4. Thermal stability data of electrospun mats

The effects of PVP and CNCs on the thermal stability of the composite fibers were investi-
gated by TG analysis. The relevant parameters derived are summarized in Table 2. Pure PEO
nanofibers exhibited one-step degradation with T of 393.5°C. With the addition of PVP, the
blend (P90) still exhibited one-degradation step, but the T decreased considerably. This is
due to the relative lower thermal stability of PVP. When CNCs were added, two-step degra-
dation was observed for all the prepared composites, which were assigned to the degrada-
tion of CNCs and polymer/blends, respectively. Incorporation of CNCs to the P100 system
decreased the T _ values (P100C5). Surprisingly, the addition of CNCs slightly increased the
T values of P90C5 and P80C5 in comparison with these for P90 and P80, indicating that
CNCs even played a positive role in enhancing the initial thermal stability of the P90 and P80
systems. This improvement might be due to the enhanced crystallinity of P90C5 and P80C5
[9]. The peak height of the second peak on the DTG curves decreased with the addition of
either PVP or CNCs. This was due to the dilution effect [28, 29] and indicated that the addition
of other components could enhance the overall thermal stability of PEO, even though they did
decrease the initial thermal stability (7, ).

3.5. Crystalline structure of electrospun mats

XRD was used to investigate the crystal structures of the nanofibers. The diffraction patterns
are shown in Figure 4. The crystallite size was calculated using the Scherrer equation as fol-
lows [6]:

L= %cose (2)

where 1 is 1.54 A (the wavelength of Cu K « X-ray), K is 0.89 and B is the full width at half
maximum of diffraction peaks. Pure PEO nanofibers exhibited two diffraction peaks at 19°
and 23°, which were assigned to the diffraction of the (120, 112) crystal plane [14], respec-
tively. With the addition of PVP and CNC, no shift in the diffraction peak was observed for
P80 and P80C5, indicating that the crystal type did not change. However, the crystallite size of
(120) plane decreased from 371 A for P100 to 337 A for PS0C5. This decrease in crystallite size
corresponded well with the abovementioned decreasing 1 observed in DSC tests.
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Figure 4. XRD results of different electrospun fiber mats.

3.6. Tensile properties of electrospun mats

The tensile properties, including tensile strength, elongation at break and fracture toughness,
are summarized in Figure 5. As shown in Figure 5a, addition of either PVP or CNCs did
have a limited reinforcing effect on PEO. For example, the tensile strength increased from
1.59 MPa (P100) to 1.94 MPa (P100C5) and 2.26 MPa (P80), respectively. Surprisingly, when 20
phr PVP and 5 phr CNCs were combined, an impressive reinforcing effect was achieved. The
tensile strength increased to 3.17 MPa, which was nearly a one-fold increase. For elongation
at break (Figure 5b), addition of PVP and CNCs resulted in a slight decrease. This decline was
expected, since the increased rigidity was often accompanied with loss in ductility [9]. With
regard to the fracture toughness (Figure 5b), all samples exhibited a slight decrease except
P80CS5. The fracture toughness of P80C5 increased from 223 to 320 kJ/m? This was due to the
higher strength value of PSOC5 (the fracture toughness is proportional with the area under the
stress-strain curves) and indicated that the combination of 20 phr PVP and 5 phr CNCs could
simultaneously reinforce and toughen PEO.

3.7. Morphology of electrospun mats

The morphologies of different electro-spun mats are shown in Figure 6. For pure PEO (P100),
the nanofibers combined with some beads were observed, which is different from the homo-
geneous nanofibers reported in other literatures [6, 14]. This difference is believed to be due to
the lower concentrations of PEO used in this work, based on which the entanglement between
different macromolecules was low and therefore resulted in some fiber-bead-fiber morphol-
ogy after electrospinning process [30]. With the addition of CNCs and PVP, more beads were
introduced. For the composite systems, addition of CNCs distracted the interactions between
PEO molecules, which results in the lower entanglement between PEO molecules. With
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Figure 5. Mechanical properties of different electrospun fiber mats: (a) tensile strength and (b) elongation at break and
fracture toughness.

regard to systems that contain PVP, its low molecular weight and low electrospinning nature
accounted for the formation of the bead morphology [31]. The electrospun mats with fiber-
bead-fiber morphology exhibited the highest mechanical performance as discussed earlier.
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Figure 6. SEM images of different electro-spun fiber mats.

To better elucidate the role of beads played in the fiber reinforcement, the morphology of PS80C5
before and after tensile test was obtained (Figure 7). The nanofibers were highly orientated along
the tensile stress direction (the horizontal direction). It is interesting to note that the number of
the beads became smaller and the shape of the beads was highly elongated under stress. This
indicated that the beads worked as stress concentrators, and they were elongated, helped dis-
sipate the applied energy, and therefore resulted in overall composite strength reinforcement.

Figure 7. SEM images of the P80C5 composite fiber mat before and after tensile test.
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3.8. Discussion on reinforcing mechanisms

There are many factors that determine whether a reinforcing effect can be achieved in the
composite fibers. Based on the abovementioned results, the reinforcing mechanism is pro-
posed and its schematic presentation is shown in Figure 8. There are three possible factors
that contribute to the reinforcement.

The first factor is the crystallinity. For semi-crystalline polymers like PEO, its mechanical
strength is proportional with its crystallinity. Herein, in comparison with that of 69.9%
for P80, the crystallinity of PS0C5 was 73.9%, which was almost the same as that for P100
(73.7%). The reason for the increase in crystallinity is the interaction between PVP and CNCs.
For P80, the PVP chains entangled with PEO chains in amorphous region (Figure 8a). When
5 phr CNCs was introduced, the CNCs interacted with PVP, and helped free some PEO
amorphous chains from the interaction with PVP. As a result, the freed PEO chains were
rearranged into crystal lattice and therefore contributed to a higher crystallinity (Figure 8b)
and the synergistic reinforcing effect. This assumption was verified by comparing the FTIR

1..i% PEOchain
= Crystalregion '
W — )
11 s PVPchain |

[
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Figure 8. Schematic presentation of reinforcing mechanism: (a) P80 system; (b) P80C5 system; (c) fiber-bead-fiber
morphology before tensile testing; (d) fiber-bead-fiber morphology after tensile testing.
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results of P80 and P80C5, since the characteristic peak of carbonyl group of PVP was shifted
to lower wave number, while all other characteristic peaks of PEO remained the same. In
addition, the number of carbonyl group in PVP was considerably higher than the hydroxyl
group (end group) in PEO. Therefore, CNCs were more prone to interact with PVP rather
than PEO in general.

The second factor is related to the unique fiber-bead-fiber morphology of the prepared fiber
mats. For PS80C5, both the number and the size of the beads were the largest (Figure 5). And
under the tensile loading, the beads were highly oriented and elongated along the tensile
force direction (Figure 8). The elongation process of the beads (Figure 8c and 8d) helped
dissipate the applied energy. As a result, a surprising reinforcement was achieved. The third
factor is due to the nature of CNCs and PVP. Both of them had a higher rigidity than that of
PEO, which also accounted for the observed reinforcement.

It should be pointed out that the presence of spherical beads or elongated shape objects in
electrospun fibers are often considered as defects in the manufactured materials [32, 33]. This
could be due to the lower concentration of PEO, and the use of CNCs and PVP in the system.
Further studies are needed to establish the reinforcing effect of combined CNCs and PVP in
un-beaded electrospun fibers.

4. Conclusions

PVP and CNCs were used as reinforcement materials in electrospun PEO fiber mats.
Addition of PVP and/or CNCs improved the overall thermal stability and mechanical
properties of the PEO fibers. A synergistic reinforcing effect was observed when 20 phr
PVP and 5 phr CNCs were used. Addition of CNCs induced special interactions with PVP
and therefore disentangled the PVP and PEO chains. The freed PEO chains were rear-
ranged into crystal lattice and contributed to a higher crystallinity as verified by the DSC
results. In addition, the synergistic reinforcing effect was also accompanied with a fiber-
bead-fiber morphology. Under the tensile loading, the beads were orientated and elon-
gated, which helped dissipate more applied energy and therefore resulted in improved
mechanical performance of the composites. This work demonstrates a new approach
for reinforcing electrospun PEO-based composite fibers for sustainable green composite
development.
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Abstract

Electrospun polymeric nanofibers with flexible three-dimensional porous structures and
high surface-to-volume ratio are potential resources for several novel applications in the
fields of micro- and nanoscale filtration, water desalination, drug delivery, life sciences,
catalysis, and energy harvesters. Functionalized polymeric fibers with enhanced molecu-
lar orientation, surface textural morphologies, and piezo-, pyro-, and ferroelectric proper-
ties are of technical and commercial interest around the world. Several emerging
technologies including electrical polarization, vacuum plasma treatment, corona dis-
charge, surface fluorination, and chemical treatments to functionalize the polyvinylidene
fluoride nanofibers are discussed as potential applications of electroactive materials.

Keywords: electrospinning, polarization, aerosol filtration, salt absorption, catalysis

1. Polyvinylidene fluoride (PVDF) and its crystalline phases

Polyvinylidene fluoride (PVDF) is a semicrystalline, dielectric polymer with very high break-
down strength that offers long-duration surface charge retention, due to its unique dipole
molecular structure with CH,-CF, repeated monomer units [1]. PVDF is regarded as one of
the most suitable polymeric materials to study polarizability in dielectric polymers. The dipole
monomer structure of PVDF is favored in converting electromechanical coupling behavior
with variance in thermomechanical processing. Although the piezoelectric coefficient of PVDF
and its copolymers PVDF-HFP and PVDE-TrFE are less than piezoelectric ceramics like PBZ
and BaTiO;, their elasticity and mechanical stretchability make them more reliable materials
for several emerging applications [2]. Moreover, PVDF exhibits higher piezoelectric response
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voltage, good thermal stability, and chemical resistance suitable for sensors, aerosol filters,
actuators, fuel cells, energy harvesters, and other applications [3-7].

Depending on the crystalline conformations, PVDF exhibits five different molecular morphol-
ogies labeled as a, {3, v, d, and . The composition and distinctive character of individual and
binary phases are studied using Fourier transform infrared spectrometry (FTIR) and X-ray
diffractometry (XRD) analysis. The a-phase consists of a non-centrosymmetric crystal struc-
ture with CH,-CF, dipoles oriented in the same direction and has an all-trans (TTTT) planar
zigzag conformation [8]. The B-phase follows a trans-gauche-trans-gauche’ (TGTG’) atomic
arrangement of a centrosymmetric unit cell. In this atomic configuration, the CH, dipoles are
perpendicular to CF, repeat units, and this produces a permanent electric dipole perpendicular
to the axis with corresponding strong and ferroelectric and piezoelectric charges. The y-phase
has T;GT3G” conformations where the CH,-CF, dipoles are oriented parallel to each other to
form a non-centrosymmetric polar crystal. In general, the y- and d-phases form as a result of
high-pressure crystallization [8, 9], are not commonly observed in the electrospun fibers, and
hence are not considered further here.

Phase transformations among the crystal orientations take place under various postprocessing
such as heat treatment, uniaxial stretching, and electrical poling [9-11]. Phase transformational
mechanisms caused by polarization are interpreted in terms of vibrational motions around the
individual atomic bonds in the PVDF molecule. Two distinct motions, known as flip-flop
(segmental) and inversion motions (macromolecular), were observed during transformation
of phases in polarization treatments. The segmental flip-flop motions usually occur at about
150°C (the Curie temperature) and result in a gradual change in the molecular conformations.
Higher temperatures above 170°C are usually needed to produce inversion motions but can be
achieved near the Curie temperature by subjecting the PVDF fibers with simultaneous electro-
mechanical effects. Heat treatment in the presence of high electric fields and elevated ambient
pressures can produce transformations from a- to (-phase and - to y-phase (<280°C,
<4000 atm). The reverse transformations from - to a-phase and vy- to a-phase typically require
higher temperature and pressure (>290°C, >4500 atm). The transformation from 3- to a-phase
has so far only been studied in the unoriented state. The y-phase PVDF melting temperature is
about 15°C higher than the a- and -phase materials. In this chapter, we reported several
phase conversion techniques with primary focus on enhancing the amount of -phase in PVDF
fibers using different functionalization routes.

2. Electrospinning

Electrospinning is well documented and is considered an easy laboratory method for produc-
ing submicron and nanofibers [12, 13]. Electrospun polymer fibers are widely used in filtration
[14, 15], catalysis [16-22], biomedical materials [23-26], and electrolytes [7, 27].

The application of electrical forces to produce polymer filaments began in the early 1930s. A
brief summary of the early electrospinning literature is provided by Huang et al. [28]. A highly
cited reference describing the mechanisms of electrospinning is by Reneker et al. [29].
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The electrospinning process is driven by the electrical forces on the surface or inside the
polymer solution. The free charges (ions) inside the polymer solution move in response to the
electrical field and transfer a force to the solution [29]. When the electrically induced forces
exceed the surface tension force, a liquid jet is ejected from the surface [30].

A schematic diagram of a typical laboratory electrospinning setup is shown in Figure 1. The
components are high-voltage power supply, a syringe pump that delivers polymer solution
through a tube to a small diameter needle, and a grounded rotating drum collector surface.
The high voltage creates the electrical charge in the solution, and a jet is driven by the potential
between the needle and the collector. As the jet travels to the collector, the solvent evaporates,
and the jet solidifies into small fibers that deposit on the collector surface.

Rotating collector

Figure 1. Schematic of a typical electrospinning setup used in this work.

MwW Conc. (%) Solvent Electrospun gap (volts) Application Ref.
107 K 20 DMF:DMA (1:1) 20 cm, 20 kV Flat ribbons [33]
12-18 Ac:DMA (7:3) Batteries [31]

25 DMA 15 cm, 10 kV Electrolyte or separator [37]

107 K DMF:Ac (7:3) (v:v) 20 cm, 25 kV Batteries [34]
15 DMF:Ac (2:8) (v:v) 8-15kV Metal cells [38]

DMF:Ac (6:4) (w:w) 12 cm, 25 kV Distillation [39]

15 cm, 28 kV

20 DMF:Ac (7:3) (w:w) 15 cm, 25 kV Separator [40]

14-24 DMF:Ac (3:7, 4:6, 5:5, 6:4, 7:3) 15 cm, 15-18 kV Filtration [41]

16-20 DMS:Ac (1:1) 10-16 kV Energy harvester [42]

DMEF water (50:3) (w:w) 40 cm, 22.5kV Electrode [43]

DMEF, dimethylformamide; DMA, dimethylacetamide; DMS, dimethyl sulfoxide; Ac, acetone.

Table 1. Electrospinning of PVDF literature summary.
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Many natural and synthetic polymers have been electrospun to produce fine fibers, such as
polyacrylonitrile (PAN), polyvinyl alcohol (PVA), poly(methyl methacrylate) (PMMA), polyeth-
ylene oxide (PEO), polyethylene (PE), and polypropylene (PP) [31]. In comparison, PVDF has
attracted much attention due to its properties and molecular structure. Table 1 summarizes
solution and spinning conditions for electrospinning PVDF fibers reported in literature. In
addition, some researchers have modified the properties of the PVDF fiber mats by blending
with other polymers [32]. As an example Gopalan et al. [34] mixed PVDF with varying amounts
of PAN to fabricate fiber mats for use in lithium batteries. Ding and coworkers mixed PVDF with
PMMA for same purpose, Guo et al. [35] prepared the PU/PVDF electrospun scaffolds for
wound healing, and Dong et al. [36] electrospun PVDF/PTFE membranes for distillation.

3. Functionalization of polyvinylidene fluoride nanofibers

Properties of nanofibers, such as electrical, textural, optical, adhesive, and tensile strength, are
highly dependent on the inherent polymeric properties and internal molecular structure. The
chemical modification of polymer nanofibers introduces new characteristics to the materials that
extend and enhance the scope of their industrial applications over several orders of magnitude.
Hence, enhancement of molecular orientation of the PVDF nanofibers has attracted interest of
the scientific community. A number of functionalization techniques are available in pilot and
commercial scale operations. These functionalization processes can be economical, profitable,
environmentally friendly, and long-term reliable [44, 45].

Fiber stretching during the electrospinning process causes dipoles to align perpendicular relative
to each other [44]. Piezoresponse force microscopy (PFM) was used to analyze piezoelectric
responses and ferroelectric domains in individual electrospun nanofibers with diameters 70,
170, and 400 nm [45]. The p-phase compositions of individual fibers were estimated in the
80-87% range using Beer-Lambert’s law, confirming that fibers with smaller diameters experi-
enced higher oriented conformational changes consistent with stronger elongational forces such
as those produced with near-field electrospinning (NFES) due to short tip to collector distances.

Liu et al. [46] studied processing and solution conditions to obtain the highest 3-content when
PVDF was electrospun together with multiwalled carbon nanotubes (MWCNTs). Distinct
oriented crystalline structures of the MWCNT/PVDF in aligned nanofibers were obtained.
Due to the nucleation of highly oriented fibers and extended molecular crystallites at the
interface, NFES techniques showed 28% increase in (3-phase with 0.05% wt% of MWCNTs.

Served et al. [11] subjected a pre-stretched 100-pm-thick PVDF film containing exclusively a-
phase with 5% head-to-head- and tail-to-tail-type (HHTT) defects to electrical poling at 80 and
170°C (Tiy-178°C). Aluminum electrodes were placed on either side of the film, and a DC
electric field of 1 MV/cm was used for charging. At 170°C the film changed from nonpolar a-
phase to polar B-phase with TGTG molecular conformations. The f-phase polarized films
showed a strong piezoelectric coefficient, dz; = 8.5pC/N, and was validated with XRD and
FTIR analysis. Salimi et al. [47] analyzed B-content in compression-molded PVDF films made
of two different grades of raw polymer (Kynar® 720, Hylar® MP10). A maximum of 74%
-phase was observed for films that were 38-40% crystalline at 90°C and stretched at a ratio
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between 4.5 and 5. A similar study of nanoscale domain imaging and spatial distribution of ds3
on single electrospun fibers concluded that the ds; distribution was more uniform along the
length of the fibers compared to cross-sectional diameter [48].

Real-time piezoelectric responses were observed by manipulating the operational voltages of a
PFM at a spring constant of 0.11 Nm ™", with cantilever resonating frequency of 135 kHz and the
amplitude changing stepwise from —30 to +30 V. The highest deflection in the piezoresponse
hysteresis loop at 3.3 nm was observed at a V4. of -30 V. XRD patterns decrypted using a curve
deconvolution technique revealed 72.7% B-phase at plane (110,200) and 15.1% a-phase (202) and
indicated voltages as much as £30 V can cause significant effects on nanoscale {-phase
nanocrystals. Nanodomains were distributed along to the fiber axis, and the (3-phase orientation
was investigated by TEM and XRD [48]. Furthermore, polymer composites can be polarized at
low electric field strengths with addition of nanoparticle ferroelectric ceramics [49, 50].

Introduction of chemical functional groups into virgin PVDF polymer has resulted in novel
functional characteristics [51, 52]. Several studies have reported the ability of modifying struc-
tural morphologies and analytical properties in electrospun PVDF nanofibers via plasma
deposition of polymers under inert conditions. Molecular cross-linking on PVDF can be
achieved through dehydrofluorination or by introducing functional comonomers during
electrospinning [5, 8, 53].

The PVDF materials with modified properties are of significant practical interest. In filtration,
for example, an exceptional particle capture efficiency of 299.999% was achieved by a hybrid
monolithic electret aerogel composed of syndiotactic polystyrene (sPS)/PVDF [54], whereas
98.9% filtration efficiency was recorded with sPS monolithic aerogel comprised of similar solid
content. In comparison, performance of cellulose acetate electrospun fibers with diameters in
the range from 0.1 to 24 um challenged with a solid brine aerosol (NaCl) and a liquid aerosol of
(diethyl hexyl sebacate) showed a maximum efficiency of 70% and with the most penetrating
particle size in the range of 40-270 nm [55].

4. Results and discussion

4.1. Electrospinning of PVDF fibers

Electrospinning solutions 10 wt% were prepared by dissolving Kynar® 761 grade resin (MW of
about 550,000, melt viscosity of 35 kp, and a solution viscosity of 350cp at room temperature),
PVDF powder (Arkema Inc., USA) in cosolvents N-N-dimethylformamide (DMF), and acetone
(Sigma-Aldrich, USA). The solutions were electrospun under the conditions reported in Table 2.

Mats of 20 g/m” basis weight were preheated in an oven at 70°C for 4 hrs before any analysis.
Fiber morphologies were analyzed under a scanning electron microscope. Smooth and consistent
fibers were observed as shown in Figure 2. A maximum of 57.7% [3-content in the fibers was
observed. SEM images occasionally showed branched fibers. Branched fibers were formed
because of “static equilibrium undulations under the combined effect of the electric Maxwell
stresses and surface tension as the electrical stresses are increased” [56].
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Conc. PVDF DMEF: Gap Voltage Flowrate  Collector Avg. fiber Standard

(wt%) acetone (w: distance (kV) (mL/h) rotation (RPM)  dia. (nm) deviation (nm)
w) (cm)

10 1:1 20 17 5 100 196 54

Table 2. Electrospinning conditions and average PVDF fiber diameter.

Figure 2. SEM image of 10 wt% PVDF, 1:1 DMF/acetone electrospun fibers.

4.2. Atomic resolution electron microscopy of PVDF nanofibers

A segment of 8X5nm PVDF fiber was studied under an aberration-corrected electron micro-
scope with highly controlled electron beam shown in Figure 3. The images revealed the paths
of individual monomers aligned in the direction of fiber axis as shown in Figure 3A. CF, bonds
appeared as brighter dots compared to other bonds as gray and black dots. The raw TEM
micrograph was converted into a Fourier transform image to reduce the electron noise and
reverted as an RGB image to enhance the features. Paths of CF, molecules from end to end are
clearly seen in the enhanced RBG image in Figure 3B. The calculated distance between the
centers of two adjacent bright dots in Figure 3B is about 0.25 nm which is consistent with
molecular dynamic simulation of the theoretical distance between fluorine atoms in the -
phase crystallographic structure of the PVDF [1] in Figure 3C.

4.3. Functionalization of PVDF nanofibers by electrical polarization

Lolla et al. [7] describe a thermal-stretch-electric field polarization treatment of PVDF nanofibers
to fabricate polarized PVDF fiber mats. Simultaneous thermal and electrical treatments caused
substantial changes in surface textural morphology. These surface morphological changes are
obvious when as-spun fibers shown in Figure 4A are compared to the thermal-electrically
treated fibers in Figure 4B.
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Figure 3. (A) Raw high magnification TEM image of PVDF nanofiber, (B) Fourier transform of raw image, and (C)
molecular dynamic simulation of PVDF molecule.

Figure 4. Surface morphology analysis using high magnification SEM (images A and B) and laser microscopy (images C
and D). The fiber samples in images A and C were as-spun fibers, and the images B and D were thermal-electric treated
polarized PVDF nanofibers.
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Surface modifications were found to have a remarkable effect during liquid-liquid filtration
applications compared to aerosol filtration as the interfacial strength between liquid droplets is
much higher in polarized fiber mats compared to relatively smooth fibers. Kinetic energy
generated by electron collision during charge migration is suspected to be the primary reason
for surface irregularities. SEM analysis provided only 2D visual conformation of polarization-
associated surface modifications. A complete three-dimensional analysis was done to obtain
precise increase in roughness due to electron interaction. Lasers were projected in z-direction
with the fibers across a 20x30x25um sample, and few thousands of data points were gathered
from hundreds of fibers to make the analysis. All the fiber samples were highly irregular with
several mounds, hills, and valley-like structures as shown in Figure 4C and D. Unlike the 2D
SEM images, the detailed layer-by-layer fiber interactions were seen, and paths of fiber con-
glutination or fiber cross-linking were more accurately captured in several directions using
laser projections.

2D images of laser intensities were obtained in parallel with three-dimensional images, and an
empirical analysis was conducted to estimate the changes in surface morphology. As-spun
fibers and thermal-electric treated fibers are shown in Figure 5A and B. The data analysis was
conducted on the circular areas highlighted in the images. The radii of the circles in both
images were 40 um. The average intensities of as-spun fibers from peak to valley detection
were mapped as shown in Figure 5C represented by the blue line, which gave us a mean
surface roughness of Ry,s = 7.86 & 4.73 nm. Similar calculations were also performed on the
thermal-electric treated fibers, and the mean surface roughness R,s of 16.86 + 6.68 nm was

0.0
Radius of circle (um)

Surface roughness (nm

Figure 5. Comparison of surface roughness (A) as spun (B) polarized fibers (C) graphical overlay of surface roughness
distribution.
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determined which proves a substantial rise in surface roughness. Average values of roughness
averaged over the length of the circumference of circles of varying radius from 0 to 40 pm was
used to make a comparison between as-spun and polarized fibers.

4.3.1. Nanoscale aerosol particle filtration

Functionalized electrospun fibers are of great interest in aerosol filtration [57]. Fiber mats were
subjected to aerosols of 10-250 nm diameter NaCl particles using a TSI-automated filter tester
(TSI 8130). Each test was conducted for a duration of 10 s at 10 l/min volumetric flowrate.
Three individual samples were consecutively tested 30 times with 30 days between tests to
generate a particle capture v/s pressure buildup profile. For thermal-electrically treated polar-
ized fiber mats, the first tests were performed within 24 h of polarization. Both the as-spun and
polarized samples showed very distinct and diverse capture trends as apparent from
Figure 6A and B. Further research with these materials and with theoretical predictions is
needed to explore and understand the shelf life of the filter media in association with net
charge. The polarized fibers did not exhibit cake formation, even for the smallest fiber diame-
ters, and had much smaller pressure drop compared to the as-spun fibers. Almost all of the
aerosol particles were evenly distributed among individual fibers in the polarized mat as
compared to the agglomerates observed in the mat of as-spun fibers.

The plots in Figure 7A show the filter efficiency and pressure drop as a function of the number of
tests. Effectively, the plot shows the filter performance over time as it was affected by loading of
particles and by charge dissipation (if dissipation occurs) over an extended time. Both the as-
spun and polarized filters recorded similar efficiencies of 94.63 & 012 and 94.96 + 0.46 during the
first experimental run with pressure drops of 56 + 1.63 and 49.66 + 1.69 mmH,0O, respectively.
Pressure drops across the media are in good agreement with the air permeability as shown in
Figure 7B.

The Frasier air permeabilities of the fiber mats were tested at two different test pressures at 125
and 2000 kPa. The Darcy law permeability has units of area, whereas the Frazier permeability
is reported as volumetric flow rate (cfm = cubic feet per minute). The Darcy permeability can
be calculated, but for the purposes here, the relative magnitudes of the two flow rates are the
relevant data. The plot in Figure 7B shows that the relative flow rates of the polarized mats

Figure 6. Brine (NaCl) aerosol captures on (A) as-spun and (B) polarized PVDF filter media.
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Figure 7. Aerosol penetration testing and Frazier permeability (i.e., flow rate at applied pressure) of as-spun and
polarized fibers.

were about 17% greater than the flow rates of the as-spun mats, which corresponds to about
17% greater Darcy permeabilities in the polarized mats.

The pressure of 2000 psi is 16 times the pressure drop of 125. If the Darcy permeability was
constant, then one would expect the flow rate to increase by a factor of 16 as the pressure
increased. The data show that an increase of flow rate was only on order of a factor of 8 times.
This indicates that as the flow rate increased the fiber mat structures may have deformed and
caused a higher resistance to flow. This topic needs future investigation.

Inspection of SEM images showed attraction between fibers in the polarized mat that caused
the fibers to rearrange relative to each other in the fiber mat which resulted in larger pores than
the pores in the as-spun mat and is a likely cause of the increase in permeability of the
polarized mats. At the end of the 30 filtration experiments, a slight increase in efficiency due
to particle accumulation was observed in both the samples. The as-spun fiber mats had a
maximum efficiency of 96% at 64 mmH,0O pressure drop, and the polarized fibers had a
maximum efficiency of 97% pressure drop of 58 mmH,O. Because both efficiencies were very
similar, the significant advantage of the polarized mats was the reduced pressure drop.

4.3.2. Functionalized PVDF nanofibers in water desalination and purification

Population growth, industrialization, rise in living standards, and rapid climate changes have
an increased demand for water significantly [58]. Water desalination and purification are a
possible solution for providing fresh drinking water to the world especially in drought-prone
regions [59]. Researchers have developed several treatment processes such as reverse osmosis
(RO), nanofiltration (NF), ultrafiltration (UF), and thermal methods such as membrane distil-
lation to improve water quality and supply. These techniques are energy intensive and have
high operating and maintenance costs which make it difficult for developing countries to
implement [59]. Membrane distillation finds limited application due to lack of a variety of
membranes that can produce stable and high flux for a long time [60].
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Industrial effluents contain a wide range of hazardous and toxic substances including heavy
metal ions (Cd**, Pb*", Hg*", Zn*", etc.), organic acids, nitro compounds, hydrocarbons, sul-
fides (S*7), sulfites (50527), and sugars. Heavy metal pollution can cause serious environmen-
tal and health problems to humans [61]. Various methods used for heavy metal removal
include ion exchange, electrodialysis, chemical precipitation, and solid-phase extraction
[62-64]. Materials such as nanoparticles, polymers, and organic and inorganic compounds
have been employed in the form of thin films, membranes, or powder for water treatment
[65]. Apart from these, using a nano-adsorbent for heavy metal removal via adsorption mech-
anisms is a growing area of research because of its large surface area and mechanical strength
[66]. However, regeneration of nano-adsorbents after water treatment is a challenge as adsorp-
tion activity decreases with time due to agglomeration. To overcome this challenge, nano-
adsorbents can be modified using functionalization techniques [67].

Blending PVDF with inorganic materials such as ZrO, [68], ZnO [69], Al,O3 [70], Fe;04 [71],
CdS [72], SiO, [73], and TiO, [74] to increase adsorption capacity can help in heavy metal ion
removal. This research area is of growing interest. For example, Zhang et al. [75] used ZnO-
hybridized (PVDF/ZnO) membranes for adsorption and desorption studies of Cu** ions.

Zhao et al. [76] studied melamine-diethylenetriaminepentaacetic acid/polyvinylidene fluoride
(MA-DTPA/PVDEF)-chelating membranes bearing polyaminecarboxylate groups for removal
of Ni** ions from wastewater. Salehi et al. [77] studied adsorption of Ni** and Cd*" ions using
8-hydroxyquinoline ligand-immobilized PVDF membrane.

Na*, CI~, and SO,> ions are present in significant concentrations in typical seawater and
brackish waters [78]. Most of the feeds subjected to desalination processes have sodium
chloride (NaCl) or sulfates of Ca and Mg.

Table 3 is a brief literature summary of the electrospun fiber membranes applied to desalina-
tion performance. PVDF is generally applied in the as-spun condition. Few data are available
on performance of functionalized PVDF for this application.

4.3.3. Membrane and polymer nanofiber catalyst

Membrane-based separations and heterogeneous chemical reactions are often treated as inde-
pendent processes. The advantages of combining the two operations have drawn attention to
membrane reactors that combine reaction and separation in a single-unit operation [86]. The
properties of PVDF fiber mats naturally lend themselves to use as membrane reactors. The
PVDF fiber mats have strength, can be embedded or coated with catalyst particles, have
thermal stability over a useful temperature range, are inert to many chemical environments,
can be superhydrophobic, and thus provide a barrier to aqueous solutions while being porous
to gases.

Catalytic membrane reactors can be fabricated of materials that can selectively remove the
reaction products from the reactor to increase the product yield. Membranes as catalyst
support structures can provide relatively large surface areas, especially when the electrospun
fibers are very small, for supporting catalyst particles [87].
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Electrospun layer Second layer/ Solute Method Flux (L/m?/h) Rejection Ref.
treatment
PVDF Polyamides MgSO, TFNC by 0.66 75.7 [79]
NaCl interfacial 0.66 702

PVDF n.a. 6%wt NaCl AGMD 11-12 kg/m2 h n.a. [80]
PVDF, clay na. NaCl DCMD n.a. 98.27 [81]
nanocomposites 99.95

PET/PS Polyamides NaCl Interfacial 1.13Lm%h 'bar™! na. [82]
PVDF-HFP (hot pressed) Hot pressed NaCl DCMD 20-22Lh ' min~? 98 [83]
PAN Polyamides MgSO4 TFNC interfacial 81 84.5 [84]
PVDF-PTFE Microporous PTFE ~ NaCl VMD 18.5 kg/m* h 99.9 [36]
PVDF-co-HFP PAN microfibers 35g/LNaCl DCMD 45-30Lh'min® na. (85]
Intrinsically modified Ag nanoparticles 3.5 wt% DCMD 31.8Lh " min~? n.a. [60]
PVDF NaCl

DCMD, direct contact membrane distillation; AGMD, air gap membrane distillation; TENC, thin-film nanocomposite;
VMD, vacuum membrane distillation.

Table 3. Performance of various electrospun polymeric nanofibers used in water desalination techniques in pristine form
or in modified conditions.

Inorganic membranes can provide high-temperature durability and easy loading of catalyst
[88]. However, polymer membranes have the advantages including flexibility, easy for
recycling [89], and affinity for reagents [90].

Electrospun fiber membranes have been studied for their physical and chemical properties,
mechanical performance [28], large surface areas, and high porosities [19]. Pinto et al. [16]
studied polystyrene electrospun fibers for catalysts and nanopore filter applications.
Electrospun PVDF nanofibers were studied by Li et al. [19] for immobilizing CoCl, catalyst
for hydrolysis of NaBH,. The high thermal stability, moduli, and mechanical strength of the
PVDF fibers showed excellent catalytic activity and recycling stability.

Figure 8. SEM image of electrospun PVDF+Pd black fibers.
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In the work here, palladium (Pd) immobilized on PVDF electrospun fiber mats was investi-
gated for catalytic hydrogenation of phenol to cyclohexanone. The one-step reaction can
directly hydrogenate phenol into cyclohexanone, and the hydrogenation can be conducted
either in liquid or gas phase. A two-step reaction is also possible in which phenol is first
hydrogenated to cyclohexanol and then dehydrogenated to cyclohexanone [91]. PVDF and
PVDEF-HEFP electrospun fiber mats are hydrophobic, resist the flow of water through the
membrane, and provide a barrier between phenol water solution and hydrogen gas. Figure 8
has SEM images of PVDF+5% Pd black samples.

Figure 9 shows EDX images of PVDF fibers with Pd black particles. The elemental Pd (appears
in green color) on fibers. The fibers appear red due to elemental fluoride. Similar results were
obtained for PVDF-HFP electrospun fiber mats.

Batch tests were conducted with Pd supported on PVDE-HFP fibers with 5, 10, and 15 wt%
of Pd black. The average fiber diameter was 357 nm. The fiber mats were immersed in
75 mL of phenol/water solution (20 g/L) at 80°C under mild stirring and exposed to H, gas
bubbles.

Reaction sample concentrations were measured by GC. The conversion and selectivity were
calculated based on concentration changes. The reaction conversion increased with the con-
centration of Pd black and reached 98% conversion after 7 hours. The selectivity for cyclohex-
anone was about 97% for all of the fiber samples.

Figure 9. Energy dispersity X-ray (EDX) images of electrospun PVDF +5 wt% Pd black fibers.
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5. Conclusion

In this work, PVDF and related copolymer mixtures are discussed. PVDF has unique properties
due to its CH,-CF, repeated monomer units that make it a material of recent scientific interest.
Several applications of the electrospun PVDF polymer were reviewed. The PVDF molecule can
be polarized. The polarized fiber mats were tested as aerosol filter media. SEM images showed
remarkably different performances due to changes in particle capture mechanisms.

The PVDF membranes have potential applications for water treatment, first as a filter but
second as a desalination membrane. The inherent dipole charges due to the CH,-CF; repeated
monomer units may be useful for separating salt ions from water. The last topic discussed is
the use of PVDF and related copolymers as catalyst supports. As an example, experimental
data for hydrogenation of phenol is presented. The limited amount of experimental data
available showed that the PVDF membranes can be used for these applications. Further work
is needed on these topics to determine the full potential of PVDF and related copolymer
electrospun fiber mats.
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Abstract

Electrospinning, the most favorable process of obtaining nanofibers, is capable of pro-
cessing solution or melt polymers, ceramic materials or metals in many morphological
variants, thus providing diverse functionalities. The chapter reviews the main ways
in which nanofibers’ characteristics can be influenced by solution parameters, pro-
cess parameters and ambient conditions, afterwards focusing on the role of some of
the most significant electrospinning parameters (applied voltage, flow rate, nozzle to
collector distance) on the diameter of the nanofibers. Experimental studies to model
the influence of process parameters in the case of electrospinning polyetherimide
solutions are presented. Response surface methodology and MATLAB simulation
software have been used to obtain the mathematical models that indicate the most
favorable parameters.

Keywords: electrospinning, polyetherimide, process parameters, nanofiber diameter,
mathematical model

1. Introduction

Electrospinning is an extremely flexible technique, being applicable to both polymer solutions
and melts, which can be converted into nanometer-grade fiber. This method offers access to
completely new materials, which may have complex chemical structures and a very wide
range of usage areas.
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Electrospun nanofibers have many applications in filtration processes, bio-medicine (tissue
engineering, drug delivery, scaffolds and wound healing), in energy devices and sensors,
depending on their morphological characteristics. The morphology of the fibers obtained
through electrospinning is governed by many factors. These factors are related to the polymer
solution characteristics, process and ambient parameters.

2. Main electrospinning parameters affecting nanofibers morphology

The morphology of the nanofibers obtained through electrospinning is influenced by many
factors. These factors can be grouped into three categories: polymer solution characteristics,
process parameters and ambient parameters. Knowing the way these factors influence the
electrospinning process, it becomes easier to obtain nanofibers with controlled structure and
required functions [1, 2].

2.1. Polymer solution
2.1.1. Viscosity

Some of the key parameters of the electrospinning process are the surface tension and the
viscoelastic properties of the polymer solution [3-5]. The correct choice of the concentration
of the polymer solution has a decisive effect on these processes, respectively, on the character-
istics of the obtained nanofibers (diameter and morphology) [6, 7].

It is generally accepted that the viscosity of the polymer solution is the decisive parameter of
the process, including the possibility of electrospinning and the characteristics of the nano-
fibers. In order to make electrospinning possible, the viscosity must be in a relatively nar-
row range. At very low viscosity values, the polymer filaments break and polymer droplets
are produced, while at very high viscosity values, the polymer solution cannot pass through
the nozzles and electrospinning does not take place. The area of optimum viscosity depends
essentially on three parameters: the nature of the polymer, the nature of the solvent and the
concentration of the polymer solution.

Figure 1 shows the great significance of the polymer solution viscosity for electrospinning.

Usually, a solution having a viscosity of 1-20 poise and whose surface tension is in the range
of 35-55 dyn/cm?is considered to be suitable for electrospinning. If the viscosity values exceed
the upper limit of the abovementioned range, the cohesion of the solution greatly increases
in order to achieve stable polymer flow. Large beds are formed, with great distance between
them, which generates larger fiber diameters. For polymeric solutions with a viscosity of less
than 1 poise, the breaking of the polymer flow is recorded, with the formation of frequent
beads [9]. With the increase in the solution concentration, there is a change in the shape of the
beds, which passes from spherical to spindle-like [10].

There is a direct proportionality relationship between the concentration of the electrospun
polymer solution and the diameter of the obtained nanofibers, but the value of the ratio of
proportionality varies within relatively large limits.
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Figure 1. The viscosity increases from (a) to (d): (a) drops; (b) slightly extended drops; (c) extended drops; (d) nanofibers.

However, the use of decreasing the concentration of the polymer solution to reduce the diam-
eter of the fibers is limited by inherent difficulties in electrospinning or even the impossibility
of electrospinning, as well as by problems in diminishing the diameter by subsequent treat-
ments [11]. It is worth mentioning the possibility of increasing the surface of the fibers by
further modification of their morphology either by changing the shape of their cross-section
or by forming pores, pits or bumps on their surface [12].

The close relationship between the viscosity and the concentration of the polymer solution
to be electrospun has been studied for polymers such as poly (lactic-co-glycolic acid) (PLGA)
[13], poly (ethylene oxide) (PEO) [14, 15], poly (vinyl alcohol) (PVA) [16-18], poly (methyl
methacrylate) (PMMA) [19], polystyrene (PS) [20], poly (L-lactic acid) (PLLA) [8], gelatin [21]
and dextran [22]). A study on the relationship between viscosity and concentration on elec-
trospinning of seven solutions of linear homopolymers of poly (methyl methacrylate) with
diverse molecular weights (dimethylformamide —DMF —was the solvent) demonstrated that
when electrospinning solutions with concentrations below the value obtained by multiply-
ing the overlap concentration by six (the overlap concentration is the concentration of the
polymer solution for which there is a sudden change in viscosity) no filaments are obtained,
but only beads, while high molecular weight PMMA at concentrations in this range produces
fibers having a relatively limited number of beds. [18].

A new method of reducing the viscosity of the polymer solution is the application of low-
frequency vibrations during electrospinning, when the polymer chains are untangled as a
result of the breakage of the interchain van der Waals bonds. In the case of a PMMA solution
to which a vibration of 300 rad/sec was applied, the viscosity diminution was achieved by an
order of magnitude [23, 24]. The application of vibrations with a frequency of about 400 Hz
on the tip of the capillary when electrospinning a solution of poly (butylene succinate) (PBS)/
CHCI, led to a significant reduction in the diameter of the obtained nanofibers [25]. The use
of vibrations may make possible the electrospinning of more concentrated polymer solutions
that would otherwise not be electrospun, as well as suspensions or coagulated materials [12].
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2.1.2. Conductivity

Since electrospinning is essentially based on the process of passing electrical charges from
the electrode to the polymer solution at the tip of the injection needle, it is imperative that the
polymer solution exhibits a certain level of electrical conductivity without which the process
cannot be realized.

The conductivity of the polymer solution means the number of electrical charges found on the
surface of the solution, the presence of which determines the formation of nanofibers rather
than nanoparticles.

Upon dissolution of a polymer, an increase in the conductivity of the solution is recorded
because the various polymeric ionic species (mostly impurities or additives) are available
in this way. It has been found that a decrease in conductivity can be observed if increasing
the concentration of the polymer solution [26]. In the particular case when the polymer is a
polyelectrolyte, its solution will exhibit high conductivity, its value depending largely on the
concentration of the solution [21].

The addition of electrolytes leads to an increased number of electrical charges, thus improv-
ing the conductivity, which leads to the increase of the elongation capacity of the polymer
solution, the fibers obtained in this case being smoother and finer [13].

For conductivity enhancement, inorganic salts such as NaCl (0.01 M) [6, 14, 15] or ionic organic
compounds such as pyridinium formate [26], palladium diacetate [16], chloride trialkylbenzyl
ammonium can be added to the solution [17, 18].

The morphology of the nanofibers thus obtained is influenced by the dimensions of the ions
introduced into the electrospinning solution, there being a relationship of inverse proportion-
ality between the ion size and the uniformity of the nanofibers. In addition, for small dimen-
sions of the added ions, the number of defects decreases [19].

2.1.3. Surface tension

The surface tension is a property of liquids that makes them take a geometric shape of mini-
mum area in the absence of external forces, due to the cohesion forces between molecules [20].

The surface tension has an important significance in the electrospinning process. For example,
lower surface tension will allow electrospinning to be achieved at an inferior electric field
[28, 30-34]. Because it depends on the characteristics of the solvent, its correct choice is of the
utmost importance, both for a homogeneous solution and for a consistent surface tension.

As a rule, it is considered that, for a given situation, surface tension determines the limits of
the range in which electrospinning can be achieved [23-25, 27-29].

When an electric field is not applied, the surface tension of the solution causes the solution
to be retained at the tip of the capillary. When applying an electric field, the electric charges
exceed the forces of superficial tension and the polymer jet forms. Decreasing the surface ten-
sion of the polymer solution can cause the instability of the polymer jet, whose tendency to
break and form droplets increases [1, 35-39].
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Proper adjustment of the surface tension can be achieved by choosing the correct polymer
solution concentration [40—44] or by adding a surfactant; in this second case, the uniformity of
the electrospun fibers increases. However, the mere presence of a low superficial tension of a
polymer solution does not guarantee the possibility of electrospinning it [20, 45].

2.2. Process parameters

Process variables, such as fluid flow rate, spinneret to collector distance and electric field
strength have a significant influence on the properties of the electrospun nanofibers.

2.2.1. Fluid flow rate

Many of the elements of the electrospinning process, such as the initial shape of the droplet,
the persistence of the Taylor cone, the trajectory of the extruded jet, the area in which the
nanofibers are deposited and their essential characteristics, such as the size and uniformity of
the diameter, are controlled by the flow rate of the polymer solution into the syringe.

As a rule, lower flow rate allows longer polarization times; if this speed exceeds a certain
threshold value, a value that depends on the nature of the polymer and the solvent, the feed
rate of the polymer solution exceeds the rate at which it is pulled from the tip due to the
applied electrical forces. In this situation, since the solidification time of the polymer filament
until it reaches the collector is too low, the obtained fibers have a high density of beads and an
increased number of large droplets.

The way the shape of the polymer cone changes with increasing flow rate is shown in Figure 2.

When electrospinning a polystyrene solution, it was found that the formation of beads occurs
when the flow rate exceeds 0.1 mL/min, conditions in which fiber diameter and pore size
increase [47]. When electrospinning a solution of 20% polysulfone in N, N-dimethylacetamide
at 10 kV, it was observed that at a feed rate of 0.66 mL/h, smaller diameters of fiber were
obtained [48], while when electrospinning a nylon 6 solution, bead fiber formation occurred
when the flow rate surpassed 4 mL/min [49].

The flow rate can be increased, in association with increased applied stress, to improve
the productivity of the process, obtaining thinner nanofibers. If the flow rate is very much
increased webs may be obtained instead of fibers, as the solution ejected from the tip does not
have enough time to dry until reaching the collector [46].

SRANY

Figure 2. Development of various jets when flow rate increases.
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In addition to this, if the flow rate is increased, a broader fiber diameter distribution is
obtained. Because too high or too low flow rates influence the electrospinning process and
the diameter of the resulted nanofibers, it is better to keep a flow rate as low as to ensure the
equilibrium between the extruded polymer solution and the fresh replacing solution during
the formation of the jet [2].

Choosing an appropriate flow rate leads to a limitation of the formation of defects such as
blobs, splitting and branched fibers. In addition, a stable and constant flow rate is required [50].

2.2.2. Distance between the spinneret and the collector

The morphology and the diameter of the electrospun fibers can be controlled by proper set-
ting of the distance between the spinneret and the collector.

If this distance is too small, the fibers will not solidify before reaching the collector, while if
the distance is too long, droplets may appear on the surface of the fibers [1, 21]. The distance
between the syringe tip and the collector has to be judiciously set, as the speed of the solvent
removal is very important in order to produce quality nanofibers. Even the smallest modifica-
tion of this distance can have serious effects on fiber characteristics.

Additionally, if the distance between the nozzle and the collector is increased, the level of
the electric field between the two decreases, forming fewer charged ions, boosting bend-
ing instability and elongation tendency and decreasing the diameter of the polymer jet
[50, 51].

Many papers show that a small spinneret to collector distance leads to faulty and large-diameter
nanofibers, while the nanofibers diameter decreases as the distance is increased [52]. In the case
of poly (vinyledene fluoride) nanofibers obtained through electrospinning from a 28 wt% solu-
tion at 12 kV, a decrease in diameter from 397 nm to 314 nm was observed when the distance
between the nozzle and the collector increased from 15 cm to 16 cm, associated with better
uniformity [53].

A study on the influence of the distance between the spinneret and the collector on the diam-
eter of nanofibers electrospun from 12% polyetherimide solution, obtained using a mixture
of dimethylacetamide /tetrahydrofuran 1:1 as solvent, led to the conclusion that the smallest
values of the diameter are obtained for a distance of 45 mm [44].

Usually the appropriate distance between the spinneret and the collector differs from one
polymer system to another, but there were cases when no effect on the morphology of the
nanofiber occurred when altering the distance between the needle and collector [54].

2.2.3. Applied voltage

The applied electrical voltage is considered to be one of the most significant parameters
of the electrospinning process, as it drastically affects both the dynamics of the fluid flow
and the morphology of the electrospun fibers. Its impact depends upon the concentration of
the polymer solution and the distance between the spinneret and the collector [55].
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The applied voltage is important because the charged polymer jets leave the Taylor cone only
if the applied voltage exceeds a specific threshold value, which depends on both the type of
polymer and the type of solvent [2, 38].

The way the applied stress influences the morphology of the electrospun nanofibers is subject
to controversy.

Some studies identify a relationship of inverse proportionality between the applied voltage and
the diameter of the electrospun nanofibers. The argument for this behavior is the more pro-
longed elongation of the extruded polymer filament when the rejection forces are greater [56,
57]. There are also studies that did not find a correlation between the two parameters when elec-
trospinning a poly (ethylene oxide) solution [49, 58]. Moreover, in case of aqueous poly (vinyl
alcohol) solution electrospinning, the increase in the applied voltage leads to an increase in the
diameter of the nanofibers [54]. It can be concluded that the applied voltage value frequently
affects the diameter of the obtained nanofibers, but the type of influence depends on the nature
of the polymer / solvent system and the distance between the electrode and the collector [59].

Expert opinions are far less divergent as to the relationship between the value of the applied
voltage and the probability of defect formation. It has been found that an increase in the applied
tension leads to an increase in the deposition rate, which explains the augmentation of the
number of defects [56, 60]. The length of electrospun nanofibers decreases when the applied
voltage increases, without affecting the pore size [34, 61]. It was found that in most cases a
lower applied voltage will cause the production of nanofibers with uniform morphology and
with low number of defects [62].

The study on a mixture of polyaniline-camphor sulfonic acid/poly (ethylene oxide) high-
lighted the fact that higher voltage leads to thinner nanofibers, but also a greater diversity of
diameters and a wider distribution of diameters [64].

2.3. Ambient conditions

Any interaction between the environment and the polymer solution may affect the electros-
pun fibers” morphology, with the greatest impact given by humidity, temperature and atmo-
spheric pressure.

2.3.1. Humidity

The role of the humidity of the electrospinning environment is manifested in terms of fiber
morphology, deposition orientation and solvent evaporation rate. When the humidity is very
low, a volatile solvent can dry very quickly. It also has been suggested that high humidity
helps discharging static electricity from electrospun fibers.

At high humidity, condensation may occur at the fiber surface due to the cooling of the jet
surface, caused by the rapid evaporation of the volatile solvent, and the air flow may interrupt
the formation of the fibers, causing fiber breaking [34].

An experiment on polysulfide electrospun nanofibers [63] revealed that at a moisture content
of less than 25%, the fibers are smooth, glossy, with non-porous surface; at a humidity of
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31-38% there is a visible difference in fiber morphology, with a relatively small number of
randomly distributed circular pores; at 31-45% humidity the pores move toward the surface
of the fiber; at a humidity of 50-59% the pores are numerous at the fiber surface; while at a
moisture content of 60-72% the pores are larger and more uneven because of the incomplete
drying of the electrospun fibers and their entanglement on the surface of the collector.

When electrospinning a polyaniline-camphor sulfonic acid/poly (ethylene oxide) mixture, it
was found that only low ambient humidity allowed the formation of defect-free nanofibers
over the entire range of applicable voltages. When the humidity reaches 25%, fibers start to
break forming uneven and irregular surfaces, while at relative humidity higher than 40%,
electrospinning is no longer possible [64].

2.3.2. Temperature

The temperature of the electrospinning ambient significantly influences the process. A first
effect is manifested on the evaporation rate of the solvent, which exponentially decreases with
decreasing temperature; the evaporation process of the solvent becomes slower, the jet takes
a longer time to solidify, which can lead to defects in fiber formation [35].

Temperature has an important influence on the rigidity of the polymeric chains, which
decreases as the ambient temperature increases. Under these conditions, associated with a
low viscosity of the polymer solution, it is possible to obtain a better stretch of the polymer
filament under the action of Coulombic forces, resulting in smaller diameter fibers.

2.3.3. Atmospheric pressure

At low atmospheric pressure, the polymer solution in the syringe tends to flow, causing
unstable jet initiation, and at very low pressures electrospinning cannot take place due to
direct discharge of electrical charges.

3. Mathematical models of the electrospinning of polyetherimide

Our study investigated the way the distance between electrodes and some of the main tech-
nological parameters affect the diameter of the electrospun polyetherimide fibers [39, 44]. A
12% polyetherimide solution, obtained using as solvent a mixture of dimethylacetamide /
tetrahydrofuran (1:1 ratio), has been used. The spinning equipment, which worked at normal
atmosphere, is of multijet type, with needle and uniaxial delivery.

In earlier experiments [43, 65, 66], the solubility of polyetherimide in the dimethylacetamide/
tetrahydrofuran solvent (DMAC/THF) has been tested by computing the Hansen coefficients,
and the results proved that the polymer has very good solubility at 12% concentration, unlike
other tested concentrations (8-14%).

The properties of the 12% polyetherimide solution in the DMAC/THF mix [44, 67] are conduc-
tivity 1.18 mS/cm, surface tension 30.3 mN/m, zero shear viscosity 0.191 Pas.
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In order to obtain the polymer solution, the polymer was dried for 2 hours at 100°C in vacuum.
The polymer dissolution in the solvent mix was made by magnetic stirring for 24 h at 500°C.

The experimental equipment that has been used has three 3 mL syringes with 0.2 mm inner
needle diameter and an inter-nozzle distance of 2.5 mm and a rotating cylinder type collecting
mechanism, with cylinder rotation speed v = 1000 rpm. The displacement range along the Ox
axis was 100 and 80 mm along the Oz axis.

The parameters that have been varied in the experiment were the distance between the nee-
dles and the collector (45, 70, 100, 120, 120 mm) and the technological parameters: flow rate
(0.05, 0.075, 0.1, 0.15 mL/min) and the voltage (15, 20, 25, 30 and 35 kV).

Scanning electron microscopy (SEM) was used to characterize the obtained polyetherimide
electrospun nanofibers; the nanofibers have been previously gold plated using a Phenom G2
equipment [39, 66]. To determine the diameter of the electrospun fibers, a Lucia image analy-
sis software was used. For each technological variant, 100 measurements of the diameter of
the electrospun fiber have been carried out [44, 66].

To analyze the experimental data, the Response Surface Methodology (RSM) was used as a
mathematical and statistical technique. RSM was used to find the dependence between d__,
the mean fibers diameter, and D, the distance between needles and collector, in conjunction
with the flow rate Q and the voltage U. The notations for the variable parameters are x1 for
D, x2 for Q and x3 for U. These are the predictors of the model, which were varied together in
accordance with the experimental plan, in order to determine the most favorable combinations
of Q and U which gives the desired fiber diameters resulting from the electrospinning process.

The experiments were performed under the following environmental conditions: 20°C,
RH = 40%, normal atmospheric pressure. Under these specified conditions, the values for
spinning distance, applied voltage and volume flow rate have been selected to determine the
influence of these parameters on the polyetherimide nanofiber electrospinning process.

In order to study the dependence between the average fibers diameter d__, and the distance
between the needles and the collector, (D) correlated with the flow rate (Q) and the applied
voltage (U), response surface methodology (RSM) has been used. All the three explanatory
variables were varied at the same time, in compliance with the experimental design.

The relationship between the response variable d__, and the explanatory variables can be
written as d__, = f(x1, x2, x3), where the function f is to be found. The multiple regression
method has been applied to approximate f with a second order polynomial P(x1, x2, x3),
but after applying the statistical tests it was found that the complexity of the model does not
require such a high-accuracy approach. In this case, the research plan was focused on using
RSM to investigate three partial dependencies: a) d__, = u(x1, x2), for all the five values of
x3 = U considered in the experiment, b) d_ .
expected to be favorable for the aim of obtaining very small fiber diameters, according to the
results obtained at (a) and (c) d,_ , = w(x1, x3), for two values of x2=Q.

=Vv(x2, x3), for three values of x1 = D which are

In addition to the generation of the quadratic models for u, v and w, RSM supplies three-dimen-
sional charts of the response surfaces, which are useful in the visualization of the relationship
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between the response and the predictors (independent variables) and allow us to observe the
influence of each predictor.

The experiment was conducted for five levels of D, four levels of Q and five levels of
U. Therefore, there are 5 x 4 x 5 =100 treatment combinations of parameters. Table 1 presents

the regression equations for d__, =u(x1, x2) for each of the five considered values of U.

The adjusted R-squared has been used, as this statistic is the most significant in selecting
the right regression model. This value is designed to avoid the problem with the regular
R-squared value. When a new term is added in the model, R-squared increases, which can be
misleading and can lead to choosing a too complex model, which is not necessarily the right
choice. Usually, it has been chosen from the models with greater adjusted R-squared values,
which means that a high fraction of data is fitted by the model. In contrast to the regular
R-squared, the adjusted R-squared increases only if the new term improves the model more
than would be expected under random conditions. The adjusted R? always has a lower value
than regular R2

Figure 3(a)—(e) shows the diagrams of the response surfaces for d__, = u(x1, x2), for the five

values of U. The charts display the correlation between D and Q and their influence ond__,.

Moreover, to give an overview on the behavior of d_, for the five values of the parameter

x3 = U, we have represented the five response surfaces within the same coordinates system
in Figure 3(f).

It appears that d__, increases as both x1 =D and x2 = Q increase. It is obvious that higher val-
ues of U (U=25kV, U=30kV and U =35 kV) are the most favorable.

We have further determined the approximation models for the dependency d__, = v(x2, x3),
for D =45 mm, D = 70 mm and D = 100 mm. The results are shown in Figure 4, where the
chart displays a simultaneous representation of the three models. The charts indicate thatd__
increases as D increases.

d

Finally, the approximation models for the dependency d _,=w(x1, x3) have been determined.
A chart with all the response surfaces, for the five values of Q, is given in Figure 5.

The statistical analysis has been performed using Matlab 7.5.0 (R2007b) and the technical
interpretation of the results provided by the data analysis is given further.

No. U (kV) Regression equation R,

1) 15 d, .4 = 356.7-1.55D +5553.6Q + 14.59DQ - 0.02 D> - 18834.5Q" 94.42%
) 20 d ., = 480.1+0.44D -522.4Q - 25.8DQ +0.0055 D* - 5535.3Q* 97.03%
3) 24 d .. = 411.6-0.81D +348.7Q - 30.66DQ + 0.0087 D* - 2018.1Q* 93.72%
4) 30 d, ., = 349.7-1.2D+186.3Q +25.77DQ +0.0125 D - 206.9Q> 93.34%
(5) 35 d, ., = 283.2-1.05D +2759.6Q +21.3DQ +0.01 8D? - 17259.6Q* 89.72%

Table 1. Mathematical models for mean fibers diameter as function of D and Q.
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Figure 3. Response surfaces for mean fiber diameter in terms of spinning distance (D) and flow rate (Q) for the five
values of U: (a) U=15kV, (b) U=20kV, (c) U=25kV, (d) U=30kYV, (e) U =35KkV, (f) Simultaneous representation for
the five response surfaces.

As the presented charts display, longer spinning distance induces an increase in the fiber
diameter. In Egs. (1), (3)-(5) from Table 1, the coefficient of D is negative. In Eq. (2), the coef-
ficient is positive, but very small. The literature reports both increase in fiber diameter and
decrease in fiber diameter [45, 60, 65, 66] depending on D, due to different ratio between D
and the electric field strength E (KV/cm), polymer solution concentration and solvent evapo-
ration rate. In order to observe the influence of each term, the test for the individual coef-
ficients was performed for the five models. The results of the stepwise regression show that
the significant terms are those related to Q, D2 and Q2 for Eq. (1) and those related to DQ and
D2 in Egs. (2)—(5).
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Figure 4. Response surfaces for mean fiber diameter in terms of voltage (U) and flow rate (Q) for three values of
D. Simultaneous representation.

It can be concluded that the mathematical models as well as the observations on the response sur-
faces plotted for the partial dependencies (d, , as function of D (mm) and Q (mL/min), Q (mL/min)
and U (kV), and as function of D (mm) and U (kV)) show that the optimum technological domain
is defined by small values of the spinning distance (D =45—70 mm). As we previously concluded,
appropriate values of the mean fiber diameters are obtained for the smallest values of D (mm).
The minimum value of fiber diameter is obtained for D =45 mm, Q = 0.05 mL/min and U=35kV.

Next, our attention was focused on the results provided by RSM for d__, = v(x2, x3), for three
values of x1 =D which are the most favorable for obtaining very small diameter fibers and for
d_..=wi(x1, x3), for two values of x2 = Q.

The model u(x1, x2) revealed that d__, decreases as x1 decreases. Therefore, in representing the
response surfaces for the dependency d_ , = v(x2, x3), we have considered for x1 = D only the
three smallest values: D =45 mm, D =70 mm and D = 100 mm. The surfaces are represented in
Figure 6(a)-(c).
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Figure 5. Response surfaces for mean fiber diameter in terms of spinning distance (D) and voltage (U). Simultaneous
representation for the four values of Q.
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Figure 6. Response surfaces for mean fiber diameter in terms of voltage (U) and flow rate (Q) for three values of D: (a)
D =45mm, (b) D =70 mm, (c) D =100 mm, (d) simultaneous representation for the three response surfaces.

It appears that small values of the flow rate entail small mean fiber diameters: d__, decreases as Q
decreases. Therefore, the approximation models for the third partial dependency d__, = w(x1, x3)
has been analyzed only for Q = 0.05 mL/min and Q = 0.075 mL/min (the lowest values of the flow
rate). The graphic representation of this dependences (the response surfaces) are shown in Figure
2(a)—(c) and demonstrate that d__, decreases as x3 = U increases. In addition, it can be seen that

d_, also increases with x1 =D as demonstrated previously by the model d__, =u(x1, x2).

Further the three models u(x1, x2), v(x2, x3), w(x1, x3) have been integrated, providing the
technical interpretation of the results. This interpretation considers the behaviors and facts
communicated on this topic, derived by other researchers [39, 55, 66] from similar experiments.

The response surfaces previously shown allow the visualization of the relationship between the
response variables (the flow rate Q and voltage U) and the explanatory variables (the average
fibers diameter in in correlation with the distance between the needles and the collector. The
influence of the nozzle to collector distance D (symbolized by x1) on the fibers diameter has
been previously analyzed. Numerous scientific articles dealing with this topic state that the fiber
diameter may sometimes increase, but in other situations it decreases [39, 53, 55, 66] upon D. The
main factors that influence this dependency are the ratio between nozzle to collector distance D
and the electric field strength E, the concentration of the polymer solution and solvent evapora-
tion rate. When electrospinning a polyetherimide solution, a mathematical model was found
indicating that longer nozzle to collector distance induces an increase in the fibers diameter.

With respect to the influence of the flow rate Q = x2 (mL/min) on the mean fibers diameter,
the experiments showed that d__, increased with the volume flow rate, as depicted in Figure
3(a)-(f) and also in Figure 6(a)—(c). The Egs. (3)—(5) in Table 1 support this conclusion, as the
coefficient of DQ is positive and the corresponding terms are significant. Our findings are
consistent with previous research [28, 65].
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Studying the influence of the voltage U = x3 (KV) on the mean fibers diameter, it was found
that the diameter decreases when the voltage increases. The chart (a)—(c) in Figure 6 and
(a)—(b) in Figure 7 also display this behavior. It can be observed that the minimum value of
the fibers diameter is obtained for U = 35 kV, meaning that experimental data comply with
the previous conclusion.

Figure 8 presents the projection of the response surface in Figure 3(e), for the most favorable
value of U, which leads to small fibers diameter, namely 35 kV. The dark-gray lines are dis-
played in the favorable zone of the parameters (while the light-gray ones are higher).

This study proved that the optimal technological domain is determined by small values of the
nozzle to collector distance (D = 45-70 mm), small flow rate values (Q = 0.05-0.075 mL/min) and
high applied voltage values (U = 30-35 kV). The desired characteristics for the fibers diameter
are obtained when D (mm) and Q (mL/min) are minimal and U (kV) is maximum.

It can be concluded that the ability to control the diameter of electrospun nanofibers is of
utmost importance as it affects the majority of the properties of the final product. The diam-
eter of the electrospun nanofibers is dependent on a series of parameters, and in order to
correctly assess the role of each parameter, the one-variable-at-a-time technique is not very
eloquent. That is why addressing the problem by using experimental design can provide a
more accurate picture of these dependences.

Based on our studies and many other scientific approaches in this area of research, it can
be stated that an accurate choice of environmental and technological parameters for each
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Figure 7. Response surfaces for mean fiber diameter in terms of distance (D) and voltage (U) for two values of Q: (a)
Q=0.05mL/min, (b) Q =0.075 mL/min, (c) simultaneous representation for all the values of Q.
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Figure 8. The projection of the response surface for U =35 kV.
polymer solution (with optimal values of concentration, viscosity, molecular weight, solution

conductivity) and a proper correlation of these parameters lead to obtaining flawless fibers
with predetermined diameter.
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Abstract

During the last decade, carbon-based nanofibers emerged as an important class of mate-
rials for the fabrication of electrodes for electrochemical energy conversion. Indeed car-
bon-based nanofibers combine high electrochemical stability and high porosity to high
mechanical flexibility and low weight, resulting in a unique and versatile material for the
design and fabrication of energy-related devices. This chapter aims to show and analyze
new nanostructured materials, obtained by electrospinning technique, in order to design
3D arrangement of the electrodes and to improve the energy efficiency of energy pro-
duction devices. Indeed, the design of new 3D nanostructured electrodes enhances the
energy efficiency of these devices, optimizing the energy production, obtained by new
renewable energy technologies. The chapter is focused on those devices able to generate
power output through the electrochemical conversion of different fuels, like wastes, and
environmental compounds, such as CO,.

Keywords: carbon nanofibers, electrospinning, carbon-based electrodes, energy
conversion devices, energy storage devices

1. Introduction

Electrospinning is a unique process for the fabrication of 1D nanomaterials. During the last
decades, it gained progressive interest, demonstrating huge potential in the different scien-
tific areas. Especially in the field of energy and electrochemical energy conversion (EEC),
electrospinning has a leading role among the techniques for the fabrication of nanomaterials.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. Number of publications discussing carbon-based nanofibers by electrospinning in blue, and in red the number
of works specifically related to energy is reported (source SCOPUS).

Indeed, it offers the possibility to fabricate 1D nanostructures with good control of the nano-
fiber morphology and of their arrangement in the final mats.

In EEC devices, carbon-based nanofibers have attracted particular interest for the design of
high-performing electrodes. They combine high electrochemical stability to unique mechani-
cal properties, exhibiting high surface area to volume ratio.

The high interest on carbon-based nanofibers by electrospinning is evidently analyzed in Figure 1,
in which the number of works on this topic, published during the last 20 years, is reported by
the blue columns. What is even more interesting is that a significant number of those works
discussed the application in energy of carbon nanofibers, as described by the red columns.

This chapter analyzes the fabrication of carbon-based nanofibers by electrospinning, discuss-
ing their formation from different carbon precursors proposed in the literature, presenting the
processing of nanofibrous electrodes for EEC and reporting key examples of their application
in different EEC systems.

2. Electrochemical energy conversion

Electrochemical energy conversion (EEC) refers to the conversion of chemical energy into
electrical energy by the proper control of reduction-oxidation (redox) reactions. By processes
of this kind, it is possible to convert chemical energy, trapped in chemical bonds of different
molecules acting like fuels, into electrical energy as in fuel cells (FC) [1], or to harvest solar
energy of photons thanks to the presence of proper molecules decorating the surface of a
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Figure 2. Schematic representation of an electrochemical reactor.

semiconducting oxide as in dye-sensitized solar cells (DSSC) [2]. EEC also permits to store
energy for its further use as in supercapacitors, by the creation of a double-layered charges,
[3, 4] and in Li-ion batteries, by the so-called intercalation process [5]. Moreover, EEC can
be associated to redox reactions, induced to obtain new molecules, able to efficiently store
the starting energy into their chemical bonds. Interesting examples are electrocatalytic water
splitting for H, production, [6] or CO, photoelectrochemical reduction [7].

From a general point of view, all these electrochemical reactors have a common structure, as
reported in Figure 2. Indeed, they all are made of two electrodes, that is, anode and cathode,
a liquid (or semisolid) electrolyte, eventually containing a separator. Actually, the optimiza-
tion of the different EEC systems requires specific strategies to properly control the crucial
reactions and processes occurring inside them. General agreement exists in this field on the
key role played by the material constituting the electrodes. For each EEC system, the electrode
material needs to satisfy some requirements. It must

* be chemically robust, so as to sustain the electrochemical reaction for long time without
degrading or limiting the reaction efficiency;

* be high electrically conductive;
* expose high surface area to volume ratio, so expose high area to favor the reactions;
* have high durability over time;

* have high mechanical strength, possibly combined to good mechanical flexibility.
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During the last decade, carbon-based materials demonstrated to be the best candidate to fulfill
all the requirements, especially when they are nanostructured. In this scenario, carbon-based
nanofibers have started to be explored in the field of EEC, showing a tremendous potential to
contribute to the further development of this area.

3. Carbon-based nanofibers by electrospinning

Electrospinning process ensures the formation of carbon nanofibers, starting from a polymeric
solution and applying successively a proper post-process, typically a thermal treatment, known
as pyrolysis process, conducted at high temperature and under an inert atmosphere [8]. The
selection of the polymeric precursor with a carbonization yield plays a crucial role in order to
obtain final carbon-based nanofiber mats. One of the main advantages, offered by electrospinning
technique, is the possibility to obtain several nanostructures, such as hollow nanofibers, porous
and dense nanofibers, by using different tools. The electrospinning setup is basically character-
ized by three parts: (1) the spinneret that hosts the needle representing the first electrode; (2) the
counter electrode, also named collector, which is the second electrode and it ensures the collection
of dried nanofiber mats; and (3) high voltage supply [9-12]. As sketched in Figure 3, the high

Polymeric
solution based
on precursor
and solvent

Spinneret
L Taylor Cone

End of ] .
straight One of first
segment bending

instabili
V - - Pl I . w o ~,
| Halfangle of | / Trajectory of an
envelope & element of
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Onset of . sacond
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Figure 3. Scheme of the electrospinning process together with the representation of bending instabilities achieved during
the process. Reprinted with the permission from (Polymer, 2008, 49, 2387-2425) Copyright (2008) Elsevier.
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voltage (in the range between 0 and 30 kV) is applied to induce charges distribution inside the
polymeric drop that is shaped at the tip of the needle. The interaction between all charges gener-
ates a repulsive force, which typically increases as the voltage value grows. Indeed, as voltage
progressively increases, the spherical shape of the drop is stretched, assuming a conical shape,
named Taylor cone. When the applied voltage overcomes the threshold value, the repulsive force
overcomes the surface tension of solution, inducing the ejection of charged polymeric jet.

Since during the process, both bending instabilities and solvent evaporation induce the
stretching of the charged polymeric jet, leading to provide the deposition of nanofibers with
diameters in the order from few nanometers to some micrometers, the definition of working
distance is quite important [13-15]. The working distance is defined as the distance between
the tip of needle and the counter electrode and it is directly correlated with the possibility to
collect on the counter electrode a dried nanofiber mat. All the process parameters play a cru-
cial role to tune the morphological properties of the nanofibers. Furthermore, the subdivision
of these parameters in three main classes is completely known:

i. Polymeric solution parameters, such as viscosity, electrical conductivity, surface tension,
concentration and polymer molecular weight;

ii. Process parameters, as applied voltage, working distance, flow rate and strength electric
field, defined as the ratio between the voltage and the working distance;

iii. Environmental parameters, such as room temperature and humidity.

Moreover, the spinnability of the polymeric solution is strictly correlated with the solution
parameters. In order to obtain the formation of a continuous charged polymeric jet during the
process, the solution viscosity must be in the range (Eq. 1) [16-18]:

0.02 <1 <200Pa=xs (1)

When the viscosity value, (1] (Pa*s)), is lower than 0.1 Pa*s, charged droplets are formed dur-
ing the process, giving rise to electrospray process. On the contrary, when the solution vis-
cosity is higher than 2 Pa*s, the formation of a continuous charged polymeric jet occurred,
leading thus to collect dried nanofiber mats. Different works in the literature demonstrate
the direct correlation between the solution viscosity and the uniform morphological proper-
ties, characterizing the nanofiber mat [16]. It is possible to define a direct correlation between
polymer concentration and solution viscosity: higher is the polymer concentration, higher is
the solution viscosity. When the polymer concentration is low, thinner nanofiber mats are
collected on the counter electrode.

Regarding the second class of parameters, the flow rate and working distance affect the
morphological properties of final nanofibers. High flow rate values, indeed, induce the for-
mation of nanofibers, characterized by a no uniform diameter distribution and by a large
number of defects. Whereas low flow rate values cause the formation of the Taylor cone
inside the needle, leading to the formation of no continuous charged polymeric jet and
the collection of beads nanostructured into the mats. Since the evaporation of the solvent
can depend on the working distance, its value influences the collection of the final dried
nanofiber mats.
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3.1. The reference process: Poly (acrylonitrile) as the carbon source

As deeply investigated in the literature [8, 19], the main polymeric precursor used in order
to obtain carbon-based nanofibers is Poly (acrylonitrile) (PAN). The polymer chain of PAN is
represented in Figure 4.

PAN is selected as precursor thanks to its properties, such as high carbonization yield, high
melting polymer and high content of nitrogen, leading to the self-induced nitrogen doping into
the final nanofiber mats, modulating properly the heating treatment [19]. Different works in
the literature investigate the role of nitrogen in order to optimize the carbon-based nanofibers,
designing new electrode to improve the overall performance of electrochemical devices. In
particular, the so-called activated carbon-based nanofibers (ACNFs) are obtained by applying
successive chemical treatments (e.g. ammonia treatments, oxidation treatment in nitric acid
and so on) on carbon nanofibers after the thermal treatment conducted at temperatures higher
than 100°C [20]. Whereas, PAN nanofibers can show a self-induced nitrogen doping, when the
pyrolysis treatment is conducted at low temperature values, in the range from 600-900°C. In
order to obtain a final polymeric solution suitable for electrospinning, the most common poly-
meric mixture is based on PAN dissolved in an organic solvent, as Dimethylformamide (N-N
DME). Different works in the literature investigate the correlation between all involved electro-
spinning parameters and the morphological properties of PAN nanofibers [8, 21]. Therefore,
Yordem et al. [8] demonstrate that the working distance results to be the main parameter,
which can be influenced by the diameter distribution in the range of several nanometers. PAN
nanofibers can be obtained by starting from a polymeric solution, containing a low PAN
concentration (in the range 8-10 wt%) and applying a voltage value among 10-20 kV.

The pyrolysis treatment is the heat treatment, carried out in order to transform the PAN
nanofiber mats in carbon nanofibers (CNFs). Liu et al. [22] showed the pyrolysis treatment, divided
into three main steps: (i) the oxidative stabilization; (ii) the carbonization; and (iii) the graphi-
tization. All these steps should be implemented in order to maintain the nanostructures dur-
ing the conversion of PAN fibers into CNFs. Among all these steps, the most important and
complex stage results to be the oxidative stabilization. This step plays a crucial role in the
definition of carbon nanofiber structures and involves several chemical reactions, such as
cyclization, dehydrogenation, aromatization, oxidation and crosslinking [23, 24]. The oxida-
tive stabilization occurred in air at temperature lower or equal to 280°C and during this step,
the ¢ = N bonds, characterizing the polymeric chains, is turned into C = N, leading thus to the

NN Y

Figure 4. Molecular chain of polymer polyacrylonitrile.
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Figure 5. Scheme of the two main reactions occurred during the oxidative stabilization: Cyclization and dehydrogenation,
which induces the formation of a water molecule.

crosslinking between PAN molecules and the thermal stabilization of the nanostructures [25].
The main reactions, occurred during this step, are dehydrogenation and cyclization reactions,
as sketched in Figure 5.

In particular, the dehydrogenation involves the formation of double bonds between nitrogen
and carbon atoms and successively the removal of water molecules. Whereas the cyclization is
the reaction able to create the ring configuration in the main chain. Indeed, the nitrile groups
react with each adjacent group, originating then stable polymeric structure. Once obtained a
nanostructured material thermally stable, the following steps of carbonization and graphiti-
zation are carried out. Typically, both of the two steps are conducted under inert atmosphere
(using argon or nitrogen flow) at high temperature values. The carbonization step is occurred
at temperature higher than 900°C and during this phase, the ring structure starts to arrange
itself to get the formation of small size graphene sheets. In particular, a molecule of HCN
broke out and a reduction of nitrogen content in the main chain takes place. The last graphi-
tization step is conducted for temperature higher than 1000°C (1000°C < T < 3000°C) in order
to convert the majority of PAN precursor into a carbon structure, ensuring thus the formation
of larger graphitic ordered sheets. Although the formation of uniform CNFs mats, starting
from PAN as precursor, results to be difficult, the final CNFs show unusual properties, thanks
to their high surface area ratio to volume and high porosity webs, making them suitable to
design new nanostructured electrodes.
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3.2. Other carbon precursors

The class of polymers, reported in Table 1, which can be used as precursor in order to obtain
carbon-based nanofibers, turn out to be restricted. Theoretically, the carbon backbone ensures
the possibility to convert that polymer precursor in a carbon-based material.

One of the most interesting possibilities is the selection of a natural polysaccharide, such as
cellulose, chosen as carbon precursor. Deng et al. [26] fabricated CNFs by using nano-sized
cellulosic precursors. The nanofibers, obtained by electrospinning of a polymeric solution
based on cellulose acetate, were then left in a solution of 0.5 M NaOH dissolved in ethanol
to obtain regenerate cellulose-based nanofibers. Subsequently, a pyrolysis treatment was car-
ried out through two steps, converting thus cellulose-based nanofibers into CNFs. The first
step is conducted in air at 240°C in order to stabilize the nanostructure, while the carbon-
ization (second step) is obtained by varying the temperature in the range from 800-2200°C
under argon flow. In this work, it was possible to observe that the diameters decrease with the
increasing of the heating temperature. In particular, the diameters varied from 430 to 200 nm,
when the heating temperature is close to 2200°C. These obtained CNFs show an improve-
ment of mechanical resistances, due to their high surface area and small diameter distribu-
tion. Moreover, the yield of carbonization of cellulose is ensured by the possibility to obtain a
graphitic-like nanostructure starting from 1500°C.

Different synthetic polymers can be used as precursors for carbonization: polyimide (PI),
poly(vinyl alcohol) (PVA) and poly(vinyliden fluoride) (PVDF). Many works in the litera-
ture investigate the formation of PI nanofibers [27-30], by providing three different steps: (i)
preparation of polymeric solution based on polyamic acid (PAA); (ii) electrospinning of this
polymeric solution and (iii) imidization of the PAA nanofiber mats. The imidization process
is carried out in N, atmosphere; during this process two heating phases are implemented: the
first is conducted at 150°C for 40 min (heating rate equal to 5°C min™) and the second one at
280°C for 40 min (heating rate is 2°C min™) [27]. The carbonization process was conducted
at a temperature of 1000°C with a heating rate of 10°C min™ in inert atmosphere [30, 31].
Different approaches were investigated in order to induce the graphitization of the samples
[31] and/or to create a N, doping to functionalize the nanofiber mats [30]. Indeed, Yang et al.
[31] sandwiched the carbonized PI nanofibers into graphite plates and treated them at 2200°C
in He atmosphere. Whereas Kim et al. [30], in order to activate the carbon-based nanofibers
after the carbonization process and thus optimize the materials as supercapacitors, imple-
mented a heating treatment at temperature in the range from 650-800°C with a 40%vol steam
in the nitrogen. PAA concentration or viscosity solution are the two main parameters that can
influence the morphological properties of PI nanofibers [32], as represented in Figure 6. The
diameters of PI nanofibers vary in the range between some tens and several hundreds nano-
meters [8]. In order to tune the morphological properties of final carbon nanofibers and their
porosity distribution, it is important to underline that the diameter values decrease during the
imidization process and the carbonization treatment [31].

The thermoplastic polymer PVDF is used as carbon precursor thanks to its intrinsic proper-
ties, which ensure the formation of a continuous charged polymericjet during the electrospin-
ning, avoiding as much as possible the instauration of nano-droplets during the process [33].
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Electrospun carbon-based nanofibers

Polymeric precursors Pyrolysis process Parameters involved in References
nanofibers morphology
PAN dissolved in N-N Oxidative stabilization conducted =~ Working distance [8, 20-25]
DMF, used as solvent in air at T = 280°C
Polymer
Carbor.uzatlon step conducted concentration Voltage
under inert atmosphere at lied in th ¢
T 900°C applied in the range from
- 10 to 20 kV
Graphitization step conducted
under inert atmosphere at
100°C < T <3000°C
Nano-sized Cellulosic In air at T =240°C Heating temperature: average [26]
Precursor Carbonization step conducted diameters vary in the range
. from 430 to 200 nm;
under inert atmosphere at two
temperatures: T1 =800°C and
T2 =2200°C
PInanofibers obtained by ~ Imidization process: in N, PAA concentration Viscosity  [8, 27-31]
starting from a solution T, =150°C(50 min); T, = 280°C solution
based on PAA (40 min) The diameters of PI
Carbonization step::inert nanofibers decrease during
atmosphere T = 1000°C imidization process
PVDF nanofibers Oxidative stabilization processin ~ Polymer concentration: [33]
air at T =400°C higher is the polymeric
Carbonization process in N2 flow (c:l(?ncerltrat1(Jln, higher is the
is conducted at T = 1000°C lameter vatues
Porous nanofibers obtained Oxidative stabilization processin  Higher is the molecular [34]
starting from a polymeric  air at T =400°C weight of PEO and its
solution based on PVDF - . concentration, higher is the
N . Carbonization process in N2 flow A S
and PEO dissolved in DMF . o pore distribution inside
is conducted at T = 1000°C .
the mat and on nanofibers
surface.
PVA nanofibers Carbonization process is pH of polymeric solution: [35, 36]
implemented at low temperature  diameters increase as the
T =500°C under flow of argon and basic pH increases:
hydrogen pH is more acid the
formation of charged droplets
occurred
Core-shell and hollow carbon-based Nanofibers
Polymeric precursors Pyrolysis process Hollow Carbon-based References
nanofibers
PAN dissolved in N-N Oxidative stabilization conducted = Hollow nanofibers show [37-39]
DMF, used as shell in air at T = 250°C an external diameter equal

PMMA, mixed in a solvent Carbonization step conducted
of DMF/acetone, used as under inert atmosphere at
core T =1100°C

to 7 um and the internal
diameter is close to 2 um

Table 1. Summary of process parameters involved during the electrospinning process and the pyrolysis process, in order

to establish a correlation with the morphological properties of carbon-based nanofibers.
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Figure 6. Diameters shrinkage provided/reached in (a) PAA nanofibers; (b) PI nanofibers after the imidization process
and (c) and (d) after the carbonization process, conducted at 1000°C for 1 h. Reprinted with the permission from (journal
of physical chemistry B letters, 2007, 111, 11,350-11,353) copyright (2007) American Chemical Society.

Kim et al. investigate the correlation between the morphological properties of mats with the
polymer concentration. Indeed, different electrospun polymeric solutions were prepared
by dissolving 12, 14, 16 and 18 wt% of PVDF in a mixture, based on acetone and dimeth-
ylacetamide (DMAc, volume ratio of 7/3 weight). PVDF nanofibers are characterized by
an average diameter close to several hundreds nanometers and a microporous structure,
defined by the interconnections between all nanofibers. As confirmed theoretically, it is
possible to observe that the diameter increases with the increasing of polymer concentra-
tion: higher is the polymeric concentration, higher are the diameter values.

In order to obtain highly porous carbon-based nanofiber mats, derived from PVDF nanofibers,
Yang et al. [34] synthetized PVDF nanofibers, starting from a polymeric solution, containing
PEO (0.06 g) and PVDF (1 g) dissolved in 9 g of mixture of DMF and deionized water (5:3 volume
ratio). The addition of PEO together with water as non-solvent for PVDF guarantees the forma-
tion of microporous structure on PVDF nanofibers surface. The heating treatment, selected in
order to convert the PVDF precursor into carbon, is based on two different steps, named dehy-
drofluorination and carbonization. Dehydrofluorination enhances the thermal stability of the
material before the carbonization step. Different from the thermal stability conducted for PAN
nanofibers, which is achieved at low temperature close to 300°C, for PVDF the stabilization
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Figure 7. Modulation of porous structure in the PVDF nanofibers, obtained by adding PEO and increasing the relative
humidity. (a) Only PVDE-based nanofibers; (b) PVDF and PEO nanofibers collected when the relative humidity is 45%;
(c) relative humidity is 35%; (d) PVDF and PEO nanofibers obtained with a lower PEO concentration. Reprinted with the
permission from (carbon, 2011, 49, 3395-3403) copyright (2011) Elsevier.

occurred through a heating treatment at 400°C in air. Since this temperature is much above the
temperature of melting point (190°C), dehydrofluorination is commonly provided as chemical
treatment at low temperature, introducing a large number of C-C bonds into the main chains.
The PVDF nanofibers are soaked in the solution containing DMF and methanol (9:1 volume
ratio) as solvent, and the chemical compound (DBU: 1,8-diazabicyclo[5.4.0lundec-7-ene) that
is added for each unit of vinylidene fluoride unit. The carbonization process was carried out
at temperature higher than 1000°C in N, flow for 1 h. The PEO concentration, the amount of
water in the polymeric solution and the relative humidity reached when the nanofibers col-
lected play a crucial role to control the porous morphology of the sample, as represented in
Figure 7. When PEO is absent in the initial polymeric solution (Figure 7a), PVDF nanofibers
show a certain surface roughness and few pores inside the mat. Whereas, high relative humid-
ity combined with PEO provide the formation of pores on the nanofiber surface (Figure 7b).
Both of the presence of water and PEO induce the pores distributions all through inside the
fibers (Figure 7b, c and d); one pore is connected with each other. It is possible to define a cor-
relation between the pores distributions (on the nanofibers surface and on the bulk) with PEO
molecular weight and PEO concentration (Figure 7d). Indeed higher is the molecular weight
of PEQ, higher is no-solubility of PVDF, leading thus to increase the porous structure inside
the mat and on nanofibers surface. The same trend can be observed when PEO concentration
increases: the pores number on the surface is larger when PEO concentration increases.

Poly(vinyl alcohol) (PVA) is used to obtain carbon nanofibers, starting from named green
polymeric solution, although its low carbonization yield and low decomposition tempera-
ture. PVA nanofibers, indeed, are obtained starting from a water-based solution and the car-
bonization process is implemented at low temperature, close to 500°C, for 3 h under flow of
argon and hydrogen [35]. The main parameter, which influences the diameter distribution of
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PVA nanofibers, is the pH of polymeric solution. At neutral pH value, the diameters are in
the order of hundreds nanometers [36]; while the average diameters increase as the basic pH
increases. On the contrary, when the pH becomes more acid a no continuous polymeric jet is
guaranteed during the electrospinning process, inducing the formation of charged droplets

4. Carbon nanofibers morphology and composition

Considering PAN as the most suitable carbon precursor, it is possible to obtain different car-
bon nanofibers morphology, for example, core-shell nanofibers, hollow nanofibers, porous
nanofibers, as summarized in Table 1.

4.1. Core-shell and hollow nanofibers

These kind of nanofibers is obtained by modifying the electrospinning setup into a coaxial
electrospinning. Coaxial electrospinning is carried out by a concentric disposition of two
syringe holders, where two spinning solutions can be loaded, as represented in Figure 8.

Core-shell nanofibers are made of a shell, typically natural or synthetic polymers, and by
a core that can be a solvent or a polymer, known as sacrificial polymer. In this latter con-
figuration, through a post-process, such as heating treatment and/or chemical treatment,

Figure 8. Sketch of coaxial electrospinning used in order to obtain core-shell nanofibers or hollow nanofibers.
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the core was removed, leading thus to the formation of hollow nanofibers [37]. Therefore
hollow nanofibers show an empty core and a shell, also defined wall, based on polymer,
ceramic or carbon-based materials. Zussman et al. used coaxial electrospinning in order to
obtain hollow carbon-based nanofibers. In this work, the shell solution contained 12 wt%
of PAN dissolved in DMF, selected as carbon precursor; while the core is obtained starting
from a solution of Poly(methyl)methacrylate (PMMA) mixed in a solvent of DMF/acetone.
The acetone is no solvent for PAN, leading thus to create, during electrospinning process,
a solid interface between shell and core and consequently a dried core-shell nanostructure.
Core-shell nanofibers mat was thermally treated in order to ensure the carbonization of shell
(PAN nanostructures) and simultaneously the completely degradation and decomposition
of PMMA core. The heating treatment is achieved through two steps: the first step is in air
at 250° to thermal stabilize the sample and the second step is in inert atmosphere (N, atmo-
sphere) at 1100°C. These hollow nanofibers show an external diameter equal to 7 pm and an
internal diameter close to 2 um.

Another way, provided to obtain hollow nanofibers, is based on the preparation of electros-
pun solution similar to an emulsion mixture [38, 39]. Kim et al. [38] prepared the emulsion-
like solution mixed two immiscible polymers: PAN as carbon source, forming the continuous
phase of solution, and PMMA, which constitutes the dispersed phase. The collected nano-
fiber mats results to be a core-shell nanostructure: the shell is made of continuous and long
fibers of PAN, whereas the core is discontinuous part of PMMA. The carbonization process
ensures the formation of hollow carbon-based nanofibers through the completely degrada-
tion of PMMA polymers.

5. Application of carbon nanofibers for energy conversion

The great importance to identify new models to make human development sustainable for
the environment has pushed and potentiated the scientific research in the area of renewable
energy sources. Nanotechnologies are gaining a prominent role in driving this revolution
toward sustainability. Indeed nanomaterials offer several advantages with respect to their
macroscopic counterparts. First of all, since they offer high specific surface area combined to
outstanding mechanical and electrical properties, they grant the design of high-performing
devices [32, 33]. Among the different nanostructures that have been proposed in the area of
EEC, nanofibers by electrospinning belong to one of the most versatile class of nanomaterials,
able to be easily optimized with different morphologies and with a set of final properties that
can be tuned as required by the final application [34, 35]. The development of carbon nanofi-
bers, as electrodes in EEC devices, ensures great improvements of their overall performances
[32-35]. In particular, all EEC devices described in this book chapter represent the most
promising technologies in terms of renewable energy. In the last decades, the new renewable
sources were developed in order to supply the 50% of energy demand, minimizing green-
house gas emissions (GHG), limiting environmental pollution and producing power through
electrochemical conversion of new fuels, such as wastes, CO, and other compounds.
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5.1. Energy production
5.1.1. Fuel cells

Fuel cells represent an important class of electrochemical devices for energy conversion. They
are capable of directly convert the chemical energy present in a wide range of molecules into
electrical energy. The starting molecules, as hydrogen and methanol, act as fuel and, thanks
to presence of the proper catalysts, oxidation reactions occur at the anode of the systems,
resulting in the production of electricity [1]. Actually different fuel cell technologies have
been developed, that make possible to use as starting fuels not only small size molecules
as hydrogen, methanol and ethanol, but also more complex solid organic matter present in
different king of wastewaters and soils as in happen in microbial fuel cells (MFCs) [39]. The
use of carbon-based nanofibers is quite frequent in this area, since they combine good electro-
chemical stability with high electrical conductivity, while offering several strategies for their
decoration and coupling with the required catalysts. In microbial fuel cell, particular class of
microorganisms, named exoelectrogenic, catalyzes the oxidation reaction, which permits the
conversion of chemical energy of organic matter of wastewater into electricity. These kinds of
bacteria are able to directly release electrons that can be accepted by the anode of the device,
during their metabolic activity. The electrode plays a role similar to that of different minerals
that exoelectrogenic bacteria can find in their natural environments, for example, freshwater
and seawater sediments [40]. Carbon-based nanomaterials are intriguing materials for the
fabrication of anodes for MFCs, since they offer good electrochemical behavior and optimal
morphological features that can favor bacteria growth on them [41].

An interesting possibility to improve the performances of FCs is the use of oxygen at the
cathode of the system as the final electron acceptor. The reaction that occurs in these reactors
is the so-called oxygen reduction reaction (ORR). The complete ORR is proposed in Eq. (2), it
permits to use 4 electrons for each molecule of reacting oxygen.

O, +4H*+4e” — 2HO 2

Actually to promote the ORR reaction according to the pathway described by Eq. (2), avoid-
ing the formation of dangerous and unwanted side products as H,0O,, the presence of a proper
catalyst is mandatory. The most important catalyst for this reaction is Pt, which is a rare and
expensive metal [42]. Many efforts are spent worldwide to identify and optimize substitutes for

Pt-based catalysts, able to offer the same catalytic efficiency but with a significant cost reduction.

Carbon-based nanofibers by electrospinning offer an interesting opportunity to design high-
performing cathodes. Indeed selecting the proper precursors for the fabrication of nanofiber it
is possible to add spontaneous doping sites made of heteroatoms that have demonstrated to
be quite active toward the ORR. In paragraph 3.1 PAN has been introduced as the reference
precursor for the synthesis of carbon-based nanofibers, due to its high carbon yield during
the pyrolysis process. The structure of the polymer chain of PAN was proposed in Figure 5,
showing the presence of -C=N groups along the chain. Properly controlling the thermal treat-
ment, it is possible to fabricate nanofibers with a good degree of graphitization in which
several N-based defects can be present into the graphitic structure of carbon, as proposed in
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Figure 9. Sketch of a graphitic plane with the different nitrogen defects that can be formed during the pyrolysis process
starting from PAN precursor.

Figure 9. It has been reported by several works in the literature that those defects actually behave
as N-doping sites for the carbon nanofibers, and their presence can be controlled during the
fabrication process [43]. The N-based defects in the graphitic structure of the nanofibers play an
important role as active catalytic sites toward the ORR. Moreover several strategies are possible
to decorate the carbon-based nanofibers with metal-based catalyst, with the possibility to opti-
mize a co-catalysis process.

5.1.2. DSSC

Photovoltaic devices whose working principle involves electrochemical reactions have been
proposed, they are the dye-sensitized solar cells (DSSCs). As in traditional solar cells, pho-
tons are directly converted in electrons, but in DSSCs organic molecules, that is, the dye, are
responsible for the adsorption/conversion processes [36, 37]. A wide band gap semiconduc-
tor, which is usually TiO,, captures the produced electrons and the regeneration of the dye
is grant by the presence of a redox mediator into the electrolyte. The most frequently used
redox couple is iodide/triiodide (I'/I*'), that is then reduced at the counter electrode (CE). The
design of the CE is particularly challenging, since it must show high chemical resistance to
the aggressive redox couple used in DSSC and preserve high efficiency over time in catalyz-
ing the triiodide reduction. Platinum is the reference catalyst employed at the CE in DSSC,
but high is the interest to substitute it with high-performing materials, leading thus to keep
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low the cost of the final devices and overcome the issues related to Pt that rapidly degrades
because of the exposure to iodide/triiodide. The use of carbon-based nanofibers in this area
has been especially important for the optimization of new counter electrodes [44, 45]. High
efficiency of DSSC are strictly related to the proper design of photo-anodes, especially related
to the different interfaces among all materials, that is, dye/semiconductor/electrode. Indeed
the optimization of charge injection after their photo-generation is a key step to avoid charge
recombination. Electrospinning offers interesting possibilities to optimize these interfaces by
the preparation of composite nanofibers. An interesting example is the work by Hieu et al.
[46], in which the authors optimize a photo-anode made of core/shell nanofibers with a core
made of highly graphitized carbon and TiO, as the outer shell. The nanofibers were obtained
with a starting solution made of PAN as the carbon precursor and titanium isopropoxide
added to polyvinylpyrrolidone (PVP) as the TiO, source. The resulting DSSC performed
extremely well, reaching an efficiency of 7.5%.

5.2. Energy storage
5.2.1. Lithium ion batteries

Lithium ion batteries (LIBs) are a key technology for energy storage. A LIB is made of nega-
tive and positive electrodes that can both intercalate Li* ions reversibly. The electrodes are
separated by conducting non-aqueous electrolyte containing lithium ions. Discharge corre-
spond to use of the battery, during this phase Li* ions grant the current flow from the nega-
tive to the positive electrode. The reverse operation, called charge, requires the use of an
external voltage. Under the external potential, lithium ions are forced to move from the posi-
tive electrode to the negative one. At the negative electrode, lithium ions are trapped into
the porous material forming the electrode during a process named intercalation [47]. Good
examples, which show the use of nanofibers by electrospinning in LIBs, are especially related
to the preparation of anodes, where the intercalation process causes huge mechanical stress
to the materials, usually limiting their durability. The possibility to decorate electrospun car-
bon-based nanofibers with metal oxides is an intriguing strategy to reduce the size of the
metal oxide down to the nanoscale, significantly improving the mechanical robustness of the
material. The synthesis proposed by L. Ji et al. [48], is relatively easy. The authors obtained
the starting polymer solution based on the addition of the oxide precursor into the solution
already containing the carbon precursor. They synthetized carbon nanofibers decorated with
a-Fe, O, nanoparticles, demonstrating homogenous dispersion of the nanoparticles along the
carbon-based nanofibers. The thermal process is carefully optimized in order to proper con-
trol the carbonization of the nanofibers, and at the same time favor the nucleation of the semi-
conducting oxide nanoparticles. The resulting nanofibrous composite anode showed good
performances, especially in terms of its reversibility. Another interesting oxide used in LIBs
anodes is SnO . Unfortunately, despite the huge potential of this material, the problem of its
stability over time, due to the effect of the intercalation process, make impossible its real use.
New approaches and processes are investigated to reduce the effect of the volume variation
caused by Li ions intercalation. The fabrication of nanostructures usually helps to alleviate the
problem of volume variation. Zhu et al. [49] demonstrated the possibility to co-synthetized
SnOx nanoparticles directly on 1D carbon-based nanofibers, through several phases: (i) an
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electrospinning step, (ii) a calcination process. The resulting anodes showed extraordinary
good cycling durability. The development on smart systems and new portable electronic tools
has required the development of devices for energy storage able to couple light-weight to
small dimensions and frequently to high mechanical flexibility. Carbon-based nanofibers rep-
resent a unique opportunity for electrochemical energy storage for the design and optimiza-
tion of flexible systems. It is indeed quite interesting to consider that carbon-based nanofiber
mats obtained by electrospinning usually preserve high flexibility and bending ability after
the pyrolysis treatment. So that processing the nanofiber mat in such a way to have it as a
freestanding membrane, it is possible to fabricate incredibly flexible electrodes that can be
integrated in LIBs. As an example the work of Samul et al. [50] can be considered. They dem-
onstrated that carbon-based nanofibers were able to preserve their high flexibility even if dec-
orated by MnO nanoparticles for the fabrication of high-performing anodes for flexible LIBs.

5.2.2. Supercapacitors

Supercapacitors (SCs) are able to store impressively higher energy density than traditional
capacitors, thanks to the creation of an electric double layer (EDL) as the key mechanism
to store the charges. Moreover, SCs are able to accept and deliver charges quite faster than
batteries and with a quite higher durability to charge/discharge cycles than batteries. Due to
these features, SCs are usually considered as the technology filling the gap between conven-
tional capacitors and LIBs [51]. The use of carbon-based nanofibers to design electrodes for
supercapacitors is strictly related to high interest to develop flexible, portable and easy-to-
integrate SCs for smart electronics. As already introduced discussing flexible LIBs, carbon-
based nanofibers combine unique mix of electrical conductivity, mechanical flexibility and
electrochemical stability that make a great material to design flexible systems. These impres-
sive properties are coupled to the high versatility offered by the electrospinning technique
that makes relatively easy to prepare composite and decorated carbon nanofibers [52].

5.3. Fuels

Hydrogen is progressively gaining importance as one of the possible green fuels of the future,
able to become a potential substitute for fossil fuels. The electrocatalysis of the hydrogen
evolution reaction (HER) is the critical step for this technology, pushing intense research
to identify high-performing and low-cost catalysts. The availability of catalyst, able to effi-
ciently drive the HER, while keeping the overall costs of the process, is indeed the mandatory
requirement for large-scale H, production by this technology. In the area of electrochemical
water splitting, carbon-based nanofibers by electrospinning are frequently used as a conduc-
tive and robust matrix to offer a support for other catalysts. Recently the huge potential of
composite carbon nanofibers has been considered in this area too. Zhao et al. synthetized
N-doped carbon nanofibers with embedded Co nanoparticles. They demonstrated the supe-
rior electrocatalytic performance of the resulting electrode, explaining the results as due to
the ability of the material to expose two catalytic sites, the nitrogen defects into the main car-
bon nanofibers and the Co nanoparticles [53]. Again with the aim to identify possible substi-
tute to expensive noble metal-based catalysts, Chen et al. optimized an interesting method to
directly synthetized WO3-x in carbon-based nanofibers. They improve the thermal treatment
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to induce graphitization of the starting electrospun nanofibers, as well as the synthesis of the
oxygen vacancy-rich WO3-x [54]. In recent years a new interest emerged in developing effi-
cient electrochemical processes for the conversion of the environmental harmful CO, into new
high-value products. Efficient catalysts are needed to grant good conversion efficiency, pos-
sibly involving low-cost materials that can help making competitive the process. In this area
carbon-based nanofibers obtained by the pyrolysis of PAN nanofibers have been successfully
investigate as catalysts of CO, reduction into CO. Kumar et al. demonstrated that nitrogen
defects play a crucial role in catalyzing the reaction, with a mechanism quite similar to the one
demonstrated for the catalysis of the ORR by the same class of materials [55].

6. Summary

The ever-increasing energy demand, related to the progress of human activities, favored an
intense scientific research for the development of new technologies able to harness, convert
and store environmental energy with safer and more efficient approaches than the tradi-
tional ones. In this frame, electrochemical processes for energy conversion have emerged as
a unique, versatile and reliable platform to design efficient energy systems. This chapter has
shown the key advancements obtained in the area of EEC by the introduction of the electros-
pinning process to design a new generation of carbon-based electrodes starting from nonwo-
ven nanofiber mats. Relevant examples of electrodes made of carbon-based nanofibers have
been demonstrated in all the key EEC technologies, from photovoltaics to batteries, from fuel
cells to supercapacitors, clearly showing the most promising strategies introduced up to now.
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Abstract

This chapter focuses on nanofiber fabrication by electrospinning techniques for the effec-
tive immobilization of biomolecules (such as enzymes or active pharmaceutical ingredi-
ents—APIs). In this chapter, the development of precursor materials (from commercial
polymer systems to systematically designed biopolymers), entrapment protocols, and
precursor-nanofiber characterization methods are represented. The entrapment ability of
poly(vinyl alcohol) and systematically modified polyaspartamide nanofibers was investi-
gated for immobilization of two different lipases (from Candida antarctica and Pseudomonas
fluorescens) and for formulation of the antibacterial and antiviral agent, rifampicin. The
encapsulated biomolecules in electrospun polymer fibers could be promising nanoma-
terials for industrial biocatalysis to produce chiral compound or in the development of
smart drug delivery systems.

Keywords: electrospinning, entrapment, enzyme immobilization, drug delivery

1. Introduction

Recently, a considerable effort has been focused on nanofiber fabrication, nanofibrous materi-
als, and the application of such materials. The characteristic features of nanofibers are such
as small diameter (within the 100 nm-1 pum range), large specific surface area, infinite length,
and high aspect ratio [1]. These properties make nanofibers suitable for a wide range of appli-
cations including, but not limited to, medical applications, cancer cell engineering, tissue
engineering, drug delivery systems, enzyme immobilization, and electronics [2]. Ceramics,
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metals, and polymers are used to fabricate nanofibers. In fact, the fabrication techniques can
limit the utilization of the nanofibers. Therefore, constant attention is paid to the improvement
of the existing fabrication techniques and developing novel fabrication methods. Among vari-
ous methods, electrospinning is the most widely used process for nanofiber fabrication [1].
Recently, polymer nanofibers have gained more and more attention in development of “bio-
engineered” or “bio-inspired” systems for pharmaceutical, biomedical, or biotechnological
applications. Among these widespread issues, tissue engineering for artificial tissue recon-
struction and replacement, smart drug formulations for targeted drug delivery, bioselection
processes for selective filtering and sensoring materials, as well as biocatalyst production by
enzyme or whole-cell immobilization are the most highlighted areas (Figure 1). This chapter
focuses on biocatalyst design and drug delivery systems by utilizing the entrapping ability of
polymer nanofibers.

Polymer nanofibers can be used to immobilize both small and macromolecules by their physi-
cal adsorption or covalent binding on the surface of the fibers or by entrapment within the
fiber. The choice between these two different possibilities depends on the application and on
the type of small/macromolecules that would be immobilized. The main benefits and disad-
vantages of the attachment and entrapment are compared in Table 1. Generally, entrapment
of biomolecules is the more beneficial way to immobilize biocatalysts (such as enzymes or
whole cells) or encapsulate drugs or vitamins, due to the significant stabilizing and protective
effect and the controllable retention and release of the entrapped molecules.

In the process of electrospinning, a polymer solution held by its surface tension at the end of
a capillary tube is subjected to an electric field [3, 4]. For entrapment of a biomolecule (small
or a macro-sized) by electrospinning, formation of a homogenous precursor mixture from the
biomolecule and polymer solution is required, which can be continuously fed by a syringe
pump in an electrostatic field with high voltage. Two electrodes are used: one electrode is
at the end of a capillary fed by the precursor mixture and the other is attached to a collec-
tor. By applying high voltage on one electrode (usually in the range of 10 to 30 kV), while
the collector electrode is grounded, strong electrostatic field develops, therefore charge is
induced on the liquid surface. Mutual charge repulsion causes a force directly opposite to
the force arising from the surface tension. Increasing intensity of electrostatic field elongates

g n . N\
Tissue engineering Drug Delivery
skin, blood vessel, drug loading
bone, catilage, nerve andrelease
8 ~* Polymeric ‘. Y
™\ nanofibers \
Bioselection Biocatalysis
filtering, enzyme or cell
sensoring immobilization
\ J Y J

Figure 1. Application fields of nanofibers as functional biomaterials.
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Attachment onto polymer Entrapment within polymer fibers
nanofiber
Advantages * The biomolecule and the precur- ¢ Easy to prepare
sor solution can be handled

¢ Insitu and rapid immobilization/formulation
separately

. ¢ Significant stabilizing effects
* No solvent or excipient

materials limitation during ¢ Controllable liberation/retention of the biomolecule
electrospinning

Disadvantages ¢ (Difficult) chemical surface mod- ® Chemical compatibility between the precursor system
ification steps are necessary and biomolecule can be a limiting factor

e Immobilization can be achieved
step by step

Table 1. Comparison of the attachment and entrapment of biomolecules onto or within polymer nanofibers.
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Figure 2. Entrapment of biomolecules by electrospinning technique.

the hemispherical surface of the solution at the tip of the capillary tube and forms a conical
shape known as the Taylor cone. When the electric field reaches a critical value—at which
the repulsive electric force overcomes the force from surface tension—a charged jet of the
mixture is ejected from the tip of the Taylor cone [3]. Since this jet is charged, it will move
toward the collector, and its trajectory can be controlled by an applied electric field. As the
jet travels in air, the solvent evaporates, and the polymer fibers remain on a collector surface.
Thus, completing the electrospinning process, continuous fibers are formed that result in a
fibrous material comprising entrapped biomolecules (Figure 2). Experimental results pre-
sented in this chapter were carried out by the electrospinning equipment eSpin (Spinsplit
Ltd., Budapest, Hungary).

2. Nanobiocatalysts: entrapment of enzymes in electrospun
nanofibers

In the simplest sense, biocatalysis can be defined as the use of biological systems to catalyze (speed
up) chemical reactions. These substances of natural origin can be one or more enzymes in isolated
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form or within whole cells. An enzyme being a protein catalyst which accelerates the reaction
of target molecules under mild conditions can be used in various industries. Major limiting fac-
tors of the application of such biocatalysts in various industries are the sensitivity of enzymes to
environmental conditions and the high cost of their manufacturing. This is why they ought to be
protected from detrimental conditions until their use and —if possible—they should be recycled
for subsequent usage in order to reduce the costs. The benefits of nanofibrous structures can be
advantageously applied in these processes. Nanofibers can be used as a protective carrier for
enzymes and the large surface area of nanofibers allows rapid release of the biomolecules when
and where needed. Moreover, enzymes can also be immobilized on or within electrospun nano-
fibers for repeated use. Due to the unique properties of nanofibers, such as extraordinarily high
surface area and tunable surface morphology, high permeability, low density, ability to retain
electrostatic charges, and cost effectiveness, they can be ideally applied for enzyme immobiliza-
tion. In our previous study, it was found that electrospun poly(vinyl alcohol) (PVA) and poly
(lactic acid) (PLA) nanofibers were applicable for entrapment of lipase from Burkholderia cepacia
(lipase PS), Pseudomonas fluorescens (lipase AK) and lipase B from Candida antarctica (CaLB).
The lipase PS and CaLB biocatalysts entrapped in PVA nanofibers were durable biocatalysts
retaining significant part of their original biocatalytic activity after ten cycles [5, 6].

2.1. Enzyme immobilization capacity of electrospun polymer nanofibers

One of the key issues during enzyme entrapment is to reach the optimal enzyme loading with
the highest specific activity of the valuable enzyme. To optimize enzyme loading in the course of
entrapment, nanofiber entrapment of lipase AK into PVA and of CaLB into a cationic polyaspar-
tamide were examined at different enzyme/polymer ratios. The immobilized lipase biocatalysts
were tested in kinetic resolution of racemic 1-phenylethanol (rac-1, Figure 3) using vinyl acetate
as acylating agents in n-hexane/t-butyl methyl ether (MTBE). The biocatalytic properties of the
different electrospun biocatalysts, such as specific enzymatic activity (U,, U/g) and enantiomeric
excess (ee, %), were determined from gas chromatographic analysis of the reaction media.

In case of lipase AK-PVA nanofibers, the specific enzyme activity (U,) reached the highest
level when fibers were loaded with 5 and 20% enzyme (Figure 4a). In contrast, with CaLB
in polyaspartamide, the specific enzyme activity showed a clear tendency with a maximum
at moderate enzyme loading. Similar to lipase AK in PVA, 5% enzyme content exhibited the
maximal specific activity (Figure 4b).
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Figure 3. Kinetic resolution of racemic 1-phenylethanol (rac-1) catalyzed by lipase biocatalysts entrapped within
electrospun nanofibers.
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Figure 4. Kinetic resolution of 1-phenylethanol (rac-1) with (a) lipase AK entrapped in PVA nanofibers and (b) CaLB
entrapped in polyaspartamide nanofibers at different enzyme loading.

The morphological properties of the nanofibers with different enzyme content were investigated
by scanning electron microscopy (SEM). In case of lipase AK in PVA nanofibers, SEM images
showed that at 2.5 and 5% enzyme content (Figure 5a and b) the nanofibers were uniform with
consistently homogenous surfaces. However, at enzyme content higher than 5%, more and
more inhomogeneity could be observed, and nanofibers were not continuous (Figure 5c—f).

Similarly to lipase AK-PVA systems, in case of CaLB-polyaspartamide nanofibers, the mor-
phology of fibers depended strongly on the enzyme content. CaLB at higher than 5% loading
resulted in significant heterogeneity of the nanofibers (Figure 6c-f).

In summary, enzyme activity tests as well as SEM images of the biocatalyst demonstrated
clearly that finding the optimal enzyme content of the nanofibers is a key issue. In case
of lipase AK entrapped in PVA and also for CaLB in polyaspartamide nanofibers, the 5%
enzyme content was optimal to reach maximal specific activity of the entrapped enzyme
and homogenous nanofiber structure. With both lipases and polymer matrices, enzyme
contents higher than 5% resulted in formation of heterogeneous nanotissues with bead-like
shapes and forming from aggregates of polymer or enzyme molecules. On the one hand,
application of the optimal enzyme loading enables the most economical and cost-effective
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Figure 5. Scanning electron microscope images of PVA nanofibers loaded with different amounts of lipase AK: (a) 2.5,
(b) 5, (c) 10, (d) 15, (e) 20, (f) 25%.

Figure 6. Scanning electron microscope images of polyaspartamide nanofibers loaded with different amounts of CaLB:
(a) 2.5, (b) 5, (c) 10, (d) 15, (e) 20, (f) 25%.
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usage, which is quite important at an industrial scale. In addition, homogenous fiber mor-
phology is crucial to produce high-quality nanobiocatalysts in a reproducible manner.

2.2. Bioimprinting for enhanced biocatalytic activity of enzyme entrapped in
nanofibers

One of the most promising possibilities for enhancing enzyme activity during immobiliza-
tion, especially for entrapment methods, is molecular imprinting which conserves by the aid
of added substrates or substrate analogues the proper shape of the enzyme’s active site [7, 8].
This so-called bioimprinting, as can be rationalized by the generally accepted hypothesis of the
interfacial activation mechanism, can influence the biocatalytic activity and enantioselectivity
of lipases. The positive effect of bioimprinting on lipases was already demonstrated by immo-
bilizations using sol-gel entrapment [9, 10]. The active site of many lipases in aqueous solution
is covered by a flexible region of the enzyme, often referred to as a lid. Interaction of the lid
with hydrophobic molecules can enforce its opening to make the active site accessible [11, 12].
This hypothesis is supported by crystal structures of lipases in their open and closed forms [13,
14]. Because interfacial activation can increase significantly the catalytic activity and selectiv-
ity of lipases, it should be considered for all applications of lipases including development of
novel immobilization methods. Although bioimprinting proved to be an efficient tool to modu-
late the properties of lipases entrapped in sol-gel matrices, this strategy has been extended for
entrapment in electrospun nanofibers only recently in one of our previous studies [7].

To demonstrate the efficiency and generality of bioimprinting during entrapment of lipases,
lipase AK and CaLB were entrapped in PVA and polyaspartamide nanofibers in the presence of
four different additives as bioimprinting agents. Poly(ethylene glycol)s (PEGs) of different molec-
ular weights and nonionic detergents such as Tween 80 and Brij 30 were already applied as sub-
strate analogues exhibiting bioimprinting effects in sol-gel systems [11] and in PVA nanofibers
[6], but their effect in polyaspartamide entrapment has not been investigated yet. To reveal the
effect of additives and the difference between fiber-forming polymer matrices, CaLB was chosen
as model enzyme for the bioimprinting experiments. Results of testing the immobilized nanofi-
brous CaLB biocatalysts by kinetic resolution of rac-1 showed that all tested additives increased
the specific enzyme activity (U,) and the enantiomeric excess of the product (ee,) (Table 2). The

Additive CaLB-PVA CaLB-polyaspartamide
u, ee, u, ee,
(Ulg) (%) (Ulg) (%)
- 208 99.8 1470 99.8
PEG 400 294 99.9 2621 99.9
PEG 1000 204 99.5 2690 99.7
Tween 80 228 99.9 2262 99.9
Brij 30 180 99.8 2563 99.9

Table 2. Kinetic resolution of 1-phenylethanol (rac-1) with CaLB-PVA or CaLB-polyaspartamide nanofibers fabricated
in the presence of different additives.
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Figure 7. Dynamic viscosity and glass transition temperature (T,) of electrospun nanofibers (a) from PVA- and (b) from
polyaspartamide-based precursor systems.

best results were obtained with PEG 400 and Tween 80 as additives in electrospinning of CaLB-
polyaspartamide fibers, while, in case of electrospinning of CaLB-polyaspartamide fibers, PEG
400 and PEG 1000 were the most efficient bioimprinting agents. It must be noted, that CaLB
in polyaspartamide polymer matrix without additive exhibited much higher activity than in
PVA. Consequently, additives could manifest their beneficial effect on the activity of CaLB in
polyaspartamide nanofibers better than in PVA nanofibers.

The polymer matrix of nanofibers is able to influence the enzyme activity by the bioimprint-
ing effect. In addition, the physicochemical properties of the matrix material may affect also
significantly the apparent enzyme activity and the final properties of immobilized biocata-
lyst. Interactions between polymer chains can affect significantly the diffusion limitations
for substrate or product, which can strongly influence the apparent efficiency of the immo-
bilized biocatalyst. Thus, dynamic viscosity as a rheological property of the precursor sys-
tems (enzyme-polymer-additive mixtures) and glass transition temperature (T,) as a thermal
property of the resulted enzyme-filled nanofibrous materials were also investigated (Figure 7).
According to Kramers’ theory, the biocatalytic activity of enzymes could strongly depend on
the viscosity of solvent because viscosity results in friction of proteins in solution leading to
decreased motion and inhibiting catalysis by motile enzymes [15]. Thus, viscosity of the pre-
cursor system could affect directly the properties of the immobilized enzyme during its entrap-
ment. Moreover, the viscosity of the polymer precursor system can significantly influence fiber
formation during electrospinning as well. The dynamic viscosity values of PVA- and polyas-
partamide-based precursor systems were determined in the presence of CaLB and the best
additives such as PEG 400, PEG 1000, and Tween 80 and were compared to the simple polymer
solution without the enzyme or additive. The glass transition temperature of the electrospun
products was investigated as well. In case of CaLB-PVA systems, PEG 400 slightly increased
the viscosity but Tween 80 resulted in higher increase in the viscosity value. On the other
hand, when Tg values of the different CaLB-PVA fibrous biocatalysts were compared, PEG 400
had more pronounced effects on the interaction between the polymer chains, while the T, of
PEG 400-containing CaLB-PVA fibers was significantly lower than that of the CaLB-PVA fibers
without additives (Figure 7a). In case of CaLB-polyaspartamide, additives (PEG 400 and PEG
1000) had no significant effect on the viscosity of precursor system, but T, values became lower
due to the presence of PEG molecules, especially in the case of PEG 1000 (Figure 7b).
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3. Entrapment of drugs in electrospun nanofibers

3.1. Encapsulation of rifampicin in polyaspartamide nanofibers for ophthalmic
applications

The interest in the development of novel ophthalmic drug formulations has increased consid-
erably because of the low bioavailability of drug molecules after their administration on the
surface of the eye. The low therapeutic efficiency is caused by the complex structure of the eye,
the small absorptive surface, and low transparency of the cornea, lipophilicity of corneal epi-
thelium, metabolism, bonding of the drug to proteins in tear liquid, and protective mechanisms
such as tear formation, blinking, and the flow of the active pharmaceutical ingredients (APIs)
through the nasolacrimal duct [16, 17]. The main challenge in the development of ophthalmic
drug formulations is to achieve the required drug concentration at the site of absorption and
to improve residence time, which in turn contributes to smaller application frequency [18, 19].

Polymers are often used in ophthalmic formulations to increase viscosity and thus, residence
time of the formulation on the corneal surface, which increases the bioavailability of the
API Drug penetration can also be enhanced by various additives such as chelating agents,
surfactants, and cyclodextrins, which form inclusion complexes leading to increased solubil-
ity, permeability, and bioavailability of the poorly soluble drugs. Controlled release of the
drug can also be achieved by novel formulations such as inserts, collagen shields, contact
lenses, and in situ gels. These solid or semi-solid formulations provide controlled release and
increasing bioavailability of the API due to the extended contact time with cornea. Electrospun
nanofibers offer controllable release rate as well as exact and safe dosage of the APL

In our work, a novel solid nanofibrous formulation was designed to encapsulate rifampi-
cin (RFP), an important antibiotic and antiviral agent. Rifampicin inhibits bacterial DNA-
dependent RNA synthesis; thus, it can be applied for the treatment of many infectious diseases
such as tuberculosis and Hansen'’s disease [20]. Although rifampicin has great efficiency, the
scope of its applications is limited by its poor hydrolytic and thermal stability and by its
rather limited solubility [21]. Due to these difficulties and the inaccurate dosing of eye drops,
development of a stable solid formulation of rifampicin is still required.

Poly(aspartic acid) (PASP) is a biocompatible and biodegradable synthetic poly(amino acid)
having great potential in biomedical applications. For using as a polymer in electrospin-
ning, PASP derivatives, including cationic polyaspartamides, can be synthesized under
mild reaction conditions [22, 23]. The biological activity of the PASP-based polymers has
been investigated carefully and, owing to their protein-like structure, they are expected to
be biodegradable. Due to these advantageous properties of polyaspartamide derivatives,
rifampicin can be beneficially entrapped in polyaspartamide-based nanofibers fabricated
by electrospinning. Poly(aspartic acid) derivatives with butyl and hexyl groups were tested
to determine the effect of chemical structure on release properties. For electrospinning of
PASP derivatives containing rifampicin (1.6 w/w%), ethanol was used as the solvent to
avoid the degradation of the active compound. The morphology of electrospun fibers was
investigated by SEM indicating that uniform nanofibers could be produced independently
of chemical composition. By using butyl side groups, the fiber diameter was ~800 nm, while
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Figure 8. (a) Release of rifampicin (RFP) from butyl-PASP and hexyl-PASP electrospun matrices and (b) X-ray diffraction
spectra of free rifampicin, butyl-PASP electrospun matrix, and rifampicin entrapped in butyl-PASP.

in the presence of hexyl groups, the average diameter of the fibers was ~900 nm. The results
of release experiments (Figure 8a) showed that the dissolution rate of rifampicin was larger
by using butyl-PASP than hexyl-PASP, but in both cases, the total amount of the encapsu-
lated drug was released.

The crystallinity of entrapped API determines its bioavailability; thus, X-ray diffractograms
were recorded for the matrices and the native drug. From the comparison of the X-ray spectra
of native and encapsulated rifampicin (butyl-PASP + REP), it can be clearly seen that the origi-
nally crystalline rifampicin became amorphous during electrospinning, which can improve
the bioavailability even further (Figure 8b).

4, Conclusion

Electrospinning is a promising tool for efficient entrapment of biomolecules, such as expensive
enzymes or active pharmaceutical ingredients, within polymer nanofibers which are appli-
cable for biotechnology or biomedical purposes. By rational selection of polymer excipients,
both small and macromolecules can be immobilized into electrospun matrices and control-
lable retention and release can be achieved. Poly(vinyl alcohol) (PVA) and polyaspartamide
nanofibers are promising candidates to encapsulate enzymes. In case of industrially relevant
lipases, such as lipase from Candida antarctica (CaLB) or Pseudomonas fluorescens (lipase AK),
the optimal enzyme loading of nanofibers generated by electrospinning was 5% entrapped
in PVA or polyaspartamide matrices. Entrapment of lipases in nanofibers in the presence
of different substrate-like additives led to bioimprinting, which could significantly increase
the activity and enantioselectivity of the entrapped enzyme. Polyaspartamides could also be
used to encapsulate active pharmaceutical ingredients by electrospinning. The encapsula-
tion of rifampicin proved that the chemical modification of PASP with different alkyl side
groups had a significant effect on the release rate of APIs, opening up new possibilities for the
improvement of therapeutic efficiency with solid dosage forms.
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