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ABSTRACT

This report presents the hydrophobic (90<6<150) and superhydrophobic (150<6<180)
behaviors of electrospun fibers in the presence and absence of various inclusions. The research
on superhydrohobicity has accelerated around the globe and many researchers have been taking
keen interests in fabrication of superhydrophobic materials, using several methods, such as sol-
gel, vapor deposition, plasma treatment, surface etching and layer by layer assembly. In the
present research, polystyrene (PS) and polyvinyl chloride (PVC) fibers with diameters between
200 nm and 7.60 pum were fabricated by electrospinning technique, and then surface morphology
and superhydrohobicity of these electrospun nanofibers were investigated. The results indicate
that the water contact angle of the nanofiber surfaces goes up to 165 ° based on the fiber
diameter, type of materials and surface porosity/roughness. Additives such as graphene,
surfactant and titanium dioxide (TiO,) nanoparticles (nano powders) ranging from 10-25 nm
were added into the same polymers (PVC, PS) and investigated to determine their performances.
Both heat treatment and surface treatment were also applied to the fabricated fibers. The results
with the additives indicate that the water contact angle is even further increased up to 178°. This
may be because of the nanoscale voids (entrapped air) in the pores and surface energy of the
nanofiber surface. These higher contact angle nanomaterials can have various industrial
applications, such as non-wettable fabric, antibacterial surface, low friction devices, MEMS,

NEMS, microfluidics and nanofluidics.
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1. INTRODUCTION

In this project, electrospinning process was used to produce micro and nanofibers to
measure surface hydrophobic behaviors of those electrospun fibers. In electrospinning, a high
DC voltage or high electric field is used to overcome the surface tension of the polymeric
solution. When the intensity of the electric field is increased more than a certain limit, called
threshold intensity, the hemispherical surface of the polymer solution at the tip of the capillary
tube begins to elongate in a structure known as Taylor cone [1-3]. A jet travels in a straight path,
which is commonly referred to as the jet length in which, instability occurs. This causes huge
stretching of the fiber to form micro and nanoscale fibers. During this process, solvent in the
electrospun fibers evaporates to form solid fibers. The diameter of fibers depends on parameters,
such as viscosity, concentration, applied voltage, pump speed and syringe to screen distance [4].
Figure 1-1 shows the electrospinning of a polymeric solution [5]. In this experiment, fibers with
different diameters were produced and effects of water contact angles on those fibers were

investigated.

; Precursor Liquid ,_
Syringe  solution Needle  jet y

Collector
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High voltage
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Figure 1-1 : A schematic illustration of an electrospinning process [5].

Hydrophobicity refers to the physical property of a surface on which hydrophobic
molecules repel water molecules, which causes higher water contact angles, 6, (over 90°). In
another word, water adsorption on the surface is thermodynamically impossible. Hydrophobic
(hydro — water, phobic — fearing) molecules can be non-polar natural and synthetic materials,
such as alkanes, oils, fats and greasy substances [6-9]. However, hydrophilicity is exactly the
opposite of hydrophobicity, where polar hydrophilic surface interacts with water molecules
through hydrogen bonds. This creates lower water contact angles (lower 90°). Some of the
materials can show both hydrophobic and hydrophilic parts on the surface. For example, soap is
a surfactant that has a hydrophobic tail and hydrophilic head groups on it, which allows it to

dissolve in both water and oil depending on the orientations of the surfactant molecules [6, 7].

Superhydrophobicity is a physical property of a surface where water contact angle
exceeds 150°. A water droplet can bounce on the superhydrophobic surface and also can roll-off
with less than 10° contact angle. Because of the surface roughness and hydrophobicity of the
solid surfaces, superhydrophobic surface has an extremely high water repellent behavior, which
makes it very difficult to wet. It is also called a self-cleaning surface [7]. Thus, bacteria, fungi,
algae and other parasites and microorganisms cannot grow on top of the superhydrophobic
surfaces. Superhydrophilicity is the opposite of superhydrophobicity, in which water contact
angle becomes less than 5° in 0.5 sec or less. Superhydrophilic materials have several
advantages, such as antifogging, antibacterial, heat transfer, higher rate filter media, fuel cells
and other wettable surfaces [10, 11]. Figure 1-2 shows the water contact angle values of

superhydrophobic [12], hydrophobic [13] and hydrophilic [14] surfaces.
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Figure 1-2 : Water contact angle values of Superhydrophobic (left), hydrophobic and hydrophilic surfaces [12, 13,
14].



2. BACKGROUND AND LITERATURE REVIEW
2.1 History of Electrospinning

Electrospinning has been of interest of many decades Willim Gibert [15] determined that
a spherical drop of water could be drawn into conical shape when an electrical charge is applied.
This idea was proposed 370 years ago. This was beginning of electrospinning process [16]. Lord
Rayleigh [16, 17, 18] discovered the instability mechanism of the electrified liquid jet with and
without electrostatic field. In1882, he found out the instability mechanism in electrified liquid jet
and showed that electrostatic force overcomes surface tension. Which acts in the opposite,
direction and a charged jet emerges [16]. In 1960, Taylor [19, 20, 21] studied the disintegration
of water drops, and explained that a conical interface between two could not exist in equilibrium
state in an electrostatic field. It was discovered that the droplets have enlarged or elongated at the
onset of instability and formed a conical shape that had a semi-vertical angle of 49.3 degrees.
This is the first proposition that Taylor cones can be utilized for controlling and predicting

properties, which has been discussed broadly by later researchers around the globe [16].

The process of electrospinning of polymeric solution has been well known since 1930’s
[22, 23]. There are several patents by Formhals [22, 24] pertaining to process and experimental
set-up and their applications. In 1971, Bumgarten [25] fabricated the first polymer fiber by
electrospinning. He electrospun acrylic fibers in micro size and developed a relation between
fiber diameter and solution viscosity. In 1981, Larrondo and Manley studied the relationship
between the melt temperature and the fiber diameter of polyethylene and polypropylene. He

determined that the fiber diameter decreased by increasing the melt temperature. In 1987, Hayati



studied the effects of electrostatic field, process parameters and process conditions on
electrospun fibers. Hayati stated that the conducting polymeric solution with a high-applied
electrostatic field produced an unstable jet that followed spiral and looping motion. In 1994,
Reneker and Doshi [26, 27], studied the electrospinning of polyethylene oxide (PEO). Reneker
and Srinivasan [28, 29] electrospun poly(aniline) in sulfuric acid. Debatably, the most usable
electrospinning processes where developed in 1995s. When Reneker and coworkers started

publishing several papers on electrospinning process, and its potential applications.

In 1995, Reneker and Chun [30, 31] used electrospinning technique to produce Nano-
fibers from polymeric solutions of Poly (amic acid) and Poly (acrylonitrile). G.J. Vancso [32,
33], in 1996, electrospun poly (ethylene oxide) and used scanning probe microscopy to study the
surface morphology of fibers. Reneker and Feng [34, 35], in 1997, used polymeric solution of
nylon 6 and polyimide to produce nanofibers by electrospinning. Reneker and Kim [36, 37]
electrospun polybenzimidazole nanofibers and studied the reinforcement effects on electrospun
nanofibers in a rubber and epoxy matrix. Fabric membranes were electrospun at US Army
research laboratory (Aberdeen) [38]. A silicone polyester composite vascular graft was produced
by electrospinning technique by Stenoien [39], in 1998. Shahrzad Zakoob [40, 41] used
electrospinning technique to fabricate silk nanofibers and matched them with natural silk fibers.
Elliot L. Chaikof and coworkers [42], in 1999, established the electrospinning of synthetic
elastin-mimetic peptide. Reneker and Fong [32, 36, 43, 44] produced the beaded structure of
nanofibers by electrospinning using the polymeric solution of poly (ethyleneoxide).

In 1999, MacDiarmid [45], produced a conducting electrospun mat from polymeric
solution with a mixture of conducting material. In this process, he used polyaniline as a

conducting polymer and doped it with poly (ethyleneoxide) and camphorsulfonic acid. The
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conductivity of the electrospun mat was found to be lower than the cast film, due to porosity
effects in the fiber texture. Jong-Sang Kim [46] studied the thermal characterization of
electrospun  polynaphthalene terephthalate, polyethylene terephthalate, polyester and
polyethylene terephthalate-co-polynathalene terephthalate. Greiner [47, 48] electrospun
polylactide from organic solution and added organosoluable salt and found that the fiber
diameter was reduced.

In 2001, F. Ko used carbon nanotubes to produce composite nanofibers. G. Chase [49]
incorporated glass fibers with nylon and polyacrylonitrile polymeric solution and produced
composite nanofibers. Electrospinning of biodegradable polymers and biopolymers is of interest
by many researchers, and some very promising results were published by Bowlin [50] on
electrospinning of collagen, and their use as a band-aid. Several patents on biomedical
applications are reported in recent years; prominent amongst them is the one reported by Renekar
and coworkers [51], wherein they fabricated skin mask by directly electrospinning fibers on the
skin. Another research was conducted by P. Gibson [52] where he reported the production of
electrospun fibers containing pH adjustment substances for use in wound dressing. In 2003, poly
(ethylene terephthalate-co-ethylene isophthalate copolymers, poly (hexyl isocyanate), cellulose,
poly (3, 4 ethylenedioxythiophene) and acrylonitrile-butadiene-styrene were electrospun from
different polymeric solutions [16]. Electrospinning technology has been used for enzymes
preservation and chemical warfare protective clothing. Recently, Fang [53] has reported the

ability of electrospinning using multiple syringes thus increasing the production of nanofibers.

In this modern era, electrospinning technique draws attention by many researchers and
scientists around the globe. This attention is increasing every year. A sudden rise in research on

electrospinning is due to latest knowledge of industrial applications of nanofibers. Several
6



companies such as Donaldson, Espin, Star and Nanomatrix are applying this technology to

produce nanofibers.

2.2 Electrospinning Process

Electrospinning uses an electrical charge to form a mat of micro or nanosize polymeric
fibers [1]. In a electrospinning process, an electric potential is utilized to create an electrically
charged jet of polymer solution or melt, which dries or solidifies to leave a nanoscale polymer
fiber on a specified surface. One electrode is placed into the spinning solution, and the other is
attached to a grounded surface where the fibers are collected. Electric voltage is applied to the
end of a capillary tube that consists of the polymeric solution held by its surface tension. Charge
repulsion causes tangential forces directly opposite to the surface tension of the polymer, which
needs to overcome to form fibers. When the intensity of the electric field is increased, the
hemispherical surface of the fluid at the tip of the capillary tube elongates to form a conical
shape called the Taylor cone [54]. By increasing electric field, a critical value is achieved as a
repulsive electrostatic force that overcomes the surface tension, and a charged jet of fluid
emerges from the tip of the Taylor cone [54]. The jet of the discharged polymer solution
undergoes a drying process in the air where the solvent evaporates, and leaves behind a charged
polymer fiber. Then lays itself randomly (non-woven) on a grounded collecting metal screen. At
the end of the spinning process, the discharged jet totally solidifies in a few hours, and then is
collected on the grounded surface [1, 55-59]. Thus, the resultant product is a nanoporous non-
woven nanofiber film, which can be used for various applications because of its higher surface
area and higher aspect ratio [54,76-81]. Figure 2-1 shows a simplified schematic of the

electrospinning process and resulting electrospun polymeric fibers [60].
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Figure 2-1: A schematic illustration of an electrospinning process.

Nanofibers are of great interest because of the extreme small sizes. Diameters of
nanofibers are generally in the range of 10 nm to 500 nm and these nanofibers can be made from
a wide variety of polymeric solutions. Nanosize particles can be encapsulated in polymeric
solution during electrospinning to produce nanofiber composites [76-81]. The surface area of the
electrospun fibers is 3-5 orders of magnitude higher than the conventional fibers, for instance
fiberglass, mineral wool, polymeric fibers/cloths, open cell foam and wood fibers. With higher
surface area to volume ratios, flexibility and high aspect ratio, nanofibers offer a wide variety of
applications, and because of that research and development in these materials have been
accelerated for over a decade [1, 55].

Some of the significant applications of the nanofibers include (but are not limited to) air
and liquid filtration, high frequency antenna, photonics catalytic substrates, drug delivery,
protective clothing, cell scaffolding, sound absorption and wound healing. Different applications

require different nanofiber properties, so based on the properties, such as mechanical strengths,



hydrophobicity / hydrophilicity, stiffness and biodegradability / biocompatibility, flame

resistance and flexibility, material use can vary [3, 56-58].

2.3 Mathematical Model for Initiation of Jet

Renekar et al [61, 62] proposed a mathematical model to describe the whipping or
chaotic motion of the jet also known as the bending instability of the jet. The bending
instabilities can be thought as a system of connecting viscoelastic dumbbells. Consider a
rectilinear liquid jet in an electrostatic field emerging from the capillary tube parallel to its axis.
We can model a segment of the electrified jet by a viscoelastic dumbbell as shown in Figure 2-2

[61, 62].

Figure 2-2: Viscoelastic dumbbells showing a segment of the rectilinear portion of the jet [54].

The beads, A and B possess a charge “e” and a mass “m”. Suppose the position of bead A
is fixed by the non- coulomb forces. The coulomb repulsive force acting on bead B is —e?/I%. “I”
is the filament length. The force applied on B due to the electrostatic field is —e E/H, where “E”

is the applied field and ”H" is the distance from the pendent drop to the collector. The dumbbell,



AB, represent a model of viscoelastic Maxwellia jet. Therefore, the stress, o, pulling back B to A

can be given by [61, 62],

do _Gdl_go (2.1)
dt It

Where “t” is the time, “G” and “p” are the elastic modulus and viscoelasticity, respectively. The

momentum balance for bead B can be given by [61, 62]

Ly 1 (2.2)

where " is the cross-sectional radius of the filament, “v” is the velocity of bead B that satisfies

the kinematics equation [61, 62].

dt
—=-v 2.3
Y (2.3)

Based on the experimental observations, several mathematical models have been
developed to investigate the electrospinning process. Reneker and co-workers took the charged
liquid jet as a system of connected, viscoelastic dumbbells and provided an interpretation for the
formation of bending instability [63, 64]. They calculated the three —dimensional trajectory for
the jet using a linear Maxwell equation and the computed results were in agreement with

experimental results. Rutledge and co-workers treated the jet as a long, slender object and
10



thereby developed a different model to explain the electrospinning process [65]. Their
experimental and theoretical studies reveal that the electrospinning process involves whipping
instability of a liquid jet. The whipping instability is mainly caused by electrostatic interactions
between the external applied field and surface charges on the jet. The fiber formation in nano-
size is due to the stretching and accelerating fluid filament in the instability zone. They also
showed that the model could be extended to predict the saturation of whipping amplitude, and
the diameter of the resulting fibers [66]. Feng proposed another model to show the motion of a
highly charged jet in an electrostatic field, and the role of non-Newtonian rheology in the
stretching of an electrified jet was examined [67]. All these models provide a better

understanding of the electrospinning process with their limitations.

2.4 Effects of System and Processing Parameters on Electrospun Fibers

There are two types of parameters that affect the morphology of electrospun nanofibers
including system parameters and process parameters. These parameters are described below.
» System Parameters:
1. Polymer and solvent types

2. Viscosity, conductivity and surface tension of polymers

» Process Parameters:
1. Electric potential, flow rate and polymer concentration
2. Distance between the capillary and collection screen

3. Temperature, humidity, and air velocity effects in the chamber

11



2.4.1 System Parameters

2.4.1.1Polymer and solvent types

Some of polymers can be electrospun in different solvents. The polymer for
electrospinning should have moderate molecular weight. If the molecular weight is too high, then
electrospinning will be very difficult. If it is too low, electrospinning will result in spherical and

beaded structures. The solvent should be such that it can dissolve polymer easily.

2.4.1.2Viscosity, conductivity and surface tension of polymers

Viscosity plays a major role in electrospinning. It has significant influence on the
electrospun fiber diameters. If the viscosity is too high, electrospinning sometimes becomes
impossible. A high viscosity results in large fiber diameter. Beads and pores are not formed
when the viscosity is high. As the viscosity of the polymeric solution increases, the
hemispherical shape at the apex of the capillary tubes changes to conical shape. The diameter of
the fiber increases as the viscosity increases. The solution should be conductive. If it is non-
conducting, calcium chloride may be added to make it conductive. When the conductivity of the
solution is high, the fiber diameter is low. For having fiber diameter at nano range, the
conductivity of the polymeric solution should be high. Beads and pores are observed, when the
conductivity of the solution is low. When the surface tension of the polymeric solution is low,
nanofibers without beads or pores can be obtained. Surface tension should not be too low or too
high for electrospinning, but should be a compromise between the two for having fibers at nano

range.
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2.4.2 Process Parameters

2.4.2.1Electric potential, flow rate, polymer concentration and molecular weight

The jet diameter is reduced as it progresses to the target, because the solvent is
evaporating and the fiber is continuous stretching caused by the jet electrostatic forces. The fiber
diameter decreases as the applied electrical potential increases. An increase in the applied
electrical potential increases the field strength, which in turn accelerates changes in the
electrified jet and instability region. This will result, in producing fibers that are sub-micron
size. The drift velocity of the charge carriers is related to mobility of charge carriers by the

following equation [68].

u=myV (2.4)

where “u” is the drift velocity, "m;" is the mobility of charge carriers and "V" is the applied
field. The morphology of the fibers depends upon the flow rate of the solution. When the flow
rate is in excess, fibers are obtained with defects such as beads and pores. The polymer
concentration should be a compromise between minimum and maximum. If the polymer
concentration is too high, a beaded structure is obtained. The diameter of electrospun fibers
increases as the polymer concentration increases. The shape of the beaded structure changes
from spherical to spindle, when the polymer concentration increases. Higher polymer
concentration (higher viscosity), will result in large fiber diameter. When the molecular weight is

high, viscosity will be high and electrospinning will result in beaded structure.
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2.4.2.2Distance between the capillary and collection screen

The fiber diameter reduces as the distance between capillary and collection screen

increases. When this distance is too small, we observe some beaded structure.

2.4.2.3Temperature, humidity, and air velocity effects in the chamber

Electrospinning process is usually carried out at room temperature under normal
conditions. However, if the temperature is little above the room temperature, the evaporation rate
will be high, and this will help in reducing the fiber diameter. Increased humidity will reduce
fiber diameter to some extent. High airflow will increase the evaporation rate due to convection

and will help in reducing fiber diameter.

2.5 Properties of Nano-Fibers

1. High Aspect ratio

2. Nano- size diameter with high surface area
3. Good surface morphology

4. Large surface area to volume ratio

5. Thermally and chemically stable

6. Low ohmic resistance

7. High porosity

8. High directional strength

9. Flexibility

10. Biocompatibility and biodegradability

14



2.6 SEM Characterization of the Electrospun Fibers

When the filament in the electron gun is sufficiently charged, it emits electrons, which
are focused onto the sample surface using a series of lenses. The sample surface when struck
with these electrons emits secondary electrons which when detected by the scanner the sample
topography is reproduced and the SEM image is formed. SEM uses electrons that are emitted
from the specimen to reconstruct the image. The operating conditions of the SEM are
accelerating voltage of 10Kev, Spot Size of 4, and a work distance of 12 mm. Images are taken
at various magnifications and across various areas for each sample. Resolution can easily go

below 10 nm.

2.7 Sol-Gel Process

Development in the sol-gel processing of ceramics and glass materials started early 1800s
with Ebelman, and Graham's studies on silica gels. There is great potential for achieving high
levels of chemical homogeneity in colloidal gels. The sol-gel process in the mid-1900s was used
to produce a large number of novel ceramic oxide compositions, involving Ti, Al, Zr and Si that
could not be made using traditional ceramic powder processes. The final diameter of the
spherical silica powder depends upon the initial concentration of ammonia and water, the kind of
silicon alkoxide (esters, pentyl, ethyl, and methyl) and alcohol (butyl, methyl, pentyl, and ethyl)
blend used, and temperature of the reactant. Sugimoto and Overbeek discovered that nucleation
of particles in a short time followed by growth with no supersaturation will yield monodispersed
colloidal oxide particles. Matijevic and co-workers worked on these concepts to fabricate
colloidal powders with controlled dimensions and morphologies, counting oxides

(Fe,0,,TiO,, a — Fe,0,,Ce0, ) carbonates, hydroxides, metals, and sulfides.
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Three approaches are used to make sol-gel monoliths: method 1, gelation of a solution of
colloidal powders; method 2, hydrolysis and polycondensation of alkoxide or nitrate precursors
followed by hypercritical drying of gels; and method 3, hydrolysis and polycondensation of
alkoxide precursors followed by aging and drying under ambient atmospheres. Sols are
dispersions of colloidal particles in a liquid. Colloids are solid particles with diameters of 1-100
nm. All the steps for sol-gel are given below:

Step 1 Mixing: In method 1 a suspension of colloidal powders, or sol, is formed by

mechanical mixing of colloidal particles in water at a pH that prevents precipitation. In methods
2 and 3 a liquid alkoxide precursor, such as Si(OR),where R isCH,,C,H,C,H,, is hydrolyzed
by mixing with water.

Step 2 Casting: The sol is a low-viscosity liquid, it can be cast into a mold. The mold has
to be selected to avoid adhesion of the gel.

Step 3 Gelation: With time the colloidal particles and condensed silica species link

together to become a three-dimensional network. The physical characteristics of the gel network
depend significantly upon the size of particles and extent of cross-linking prior to gelation.

Step 4 Aging: Aging of a gel called syneresis, involves maintaining the cast object for a
period of time, completely immersed in liquid. Throughout aging, polycondensation continues
along with localized solution and reprecipitation of the gel network, that increases the thickness
of inter particle necks and decreases the porosity. The strength of the gel thereby increases with
aging. An aged gel must develop enough strength to resist cracking during the drying.

Step 5 Drying: Throughout drying the liquid is removed from the interconnected pore
network. Capillary stresses can build up during drying when the pores are small (<20 nm).
Because of these stresses the gels are going to crack catastrophically unless the drying process is

controlled by decreasing the liquid surface energy by addition of surfactants or elimination of
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very small pores (method 1), by hypercritical evaporation, which avoids the solid-liquid interface
(method 2), or by obtaining monodispersed pore sizes by controlling the rates of hydrolysis and
condensation (method 3).

Step 6 Dehydration or Chemical Stabilization: The removal of surface silanol

(Si —OH) bonds from the pore network results in a chemically stable porous solid. Porous gel-
silica made in this manner by method 3 is optically transparent with interconnected porosity and
has sufficient strength to be used as optical components when impregnated with optically active

polymers such as fluors, wavelength shifters, dyes, or nonlinear polymers.

Step 7 Densification: Heating the porous gel at high temperatures causes densification to
occur. The pores are eliminated, and the density ultimately becomes equivalent to fused quartz or

fused silica [69].

TiO, nanosize particles are used for industrial applications, for instance pigments,
cosmetics, catalysts, catalyst supports, and electronic devises and so on. Fine TiO, nanoparticles

received significant interest for their high photo catalytic activity, and are applied for
environmental purification, and antibacterial purposes. Currently, they are also applied for dye-
sensitized solar cells to improve the various functions; morphological control as well as the

conventional powder refinement [2].
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2.8 Hydrophobicity and Superhydrophobicity

Hydrophobicity refers to the physical property of a surface on which hydrophobe
molecules repel water molecules, causing higher water contact angles, 6, (over 90°). In another
word, hydrophobic means a surface that water does not spread on it and thermodynamically is
unstable. The water stands up in the form of drops on and a contact angle can be measured from
plane of the surface. Superhydrophobicity is a physical property of a surface where a water
contact angle exceeds 150°. Hydrophobic (hydro — water, phobic — fearing) molecules can be
non-polar natural and synthetic materials, such as alkanes, oils, fats and greasy substances.

This following effect may tend to increase the apparent contact angle to a greater value
than the true one. Surface roughness may be enhanced by the repellent coating [74] and additives
such as graphene, TiO,as well as varying the parameters of electrospinning. When the true
contact angle is larger than 90°, then the angle can be increased by the roughness. According the
Wenzel relation:

cos &,,, = Rcos 6, (2.5)

true

where R is the ratio of actual to projected area. Of course, if @ is less than 90°, roughness

appears to enhance wetting [70].

2.9 Theory of Contact Angle

In 1805, Thomas Young defined the theory of contact angle, 0, by analyzing the three
acting forces on a surface of water droplet surrounded by air. Based on the Young’s definition,
the process of a water droplet standing on a surface may be shown in Figure 2-3 at which the

droplet stays on the solid surface and orients through air with a contact angle. The equilibrium
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between the three interfacial energies can be expressed by Young's equation associated with the

contact angle [6,7]:

Figure 2-3 : Schematic representation of water contact angle on a solid surface.

Vse =VsL T 7L COSO (2.6)

at which 75¢ is interfacial tension between the solid and gas, VS L is interfacial tension between
the solid and liquid, and VL& is interfacial tension between the liquid and gas. Wenzel
determined that when the liquid is in intimate contact with a microstructured surface, 6 will

change to Wenzel contact angle 6yw* [6,7]:

cosBw * = rcos6 (2.7)

where r is the ratio of the actual area to the projected area. The Wenzel's equation reviles that
surface microstructures play important roles on hydrophobicity of the surfaces, and have always
the natural tendency of the surface. Another words, in the Wenzel approach, hydrophobic surface
becomes more hydrophobic if the surface microstructures are changed (or rougher and more
voids), where new contact angle becomes greater than the original one. Conversely, hydrophilic
surface becomes more hydrophilic, or the new contact angle of hydrophilic surface becomes less

than the original value.
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Cassie and Baxter found that if the liquid is suspended on the tops of highly propos

microstructures, 0 will change to Ocg * [6,7]:

cosOcg *=0(cos 0 +1)-1 (2.8)

where ¢ is the area fraction of the solid that interacts with a water droplet. It is reported that
water droplet in the Cassie-Baxter state is more mobile than in the Wenzel state. Since the
surface morphology of the solid is rough, and the water droplet is in intimate contact with the
solid asperities, called Wenzel state. When the water droplet rests on the tops of the asperities,
this state is called Cassie-Baxter state. Figure 2-4 shows a droplet resting on a solid surface and

its Wenzel and Cassie-Baxter states [6,7].

Gas

Wenzel Cassie-Baxter

Figure 2-4 : Drawings of the water droplet on a solid surface (left), and its Wenzel and Cassie-Baxter states.
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3. EXPERIMENTAL

3.1 Materials:
Polyvinyl chloride (PVC), polystyrene (PS), dimethylformamide (DMF) and
dimethylacetamide (DMAC) were purchased from Sigma Aldrich. Nano graphene with a

thickness of less than 10 nm was purchased from Angstron Materials. TiO, nanoparticles

(powders) were fabricated by sol gel process in-house. These products were directly used in the
electrospinning process without further purification. Organoalkoxysilane was purchased from

Momentive Performance Materials.

3.2 Polyvinyl Chloride

Polyvinyl Chloride ([-CH, =CH —Cl],,) (PVC) is a member of a family of polymers

referred to as vinyls [71]. Around 100 years ago there was the first definite report of the
polymerization of vinyl chloride. When vinyl chloride was first reported it was described as a
white solid that could be heated to 130°C without degradation, however right after 130°C it
becomes a black brown substance where the evolution of copious acid vapors occurs.

The first important breakthrough in the development of PVC was around 1930. Around
1930 several workers discovered that PVC could be plasticized by esters such as dibutyl
phthalate. Early development of PVC was in Germany. Therefore, PVC was first produced on a
full scale commercial basis in Germany in 1937. After discovery of PVC, continuous
development has been observed in its formulation, particularly in the development of effective
lubricants, stabilizers, processing aids and processing machinery properly designed to the needs

of PVC [72].
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Properties of PVC are below:

1.

Low cost

The ability to be compounded to a wide range of flexible and rigid forms, including

foams and coatings.

Good physical, chemical, and weathering properties.

Utility in a broad range of large volume applications.

Processability by a wide variety of techniques, solution and latex coating and

impregnation.

PVC is almost everywhere in today’s society such as uses in garden hoses, shower

curtains, electrical insulation, auto and furniture upholstery, wall and floor coverings, dolls, toys,

bottles, pipe, window and sliding frames, rain gutters and downspouts [71]. PVC is shown figure

3-1.

Figure 3-1: Polyvinyl Chloride (PVC)
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3.3 Polystyrene

Polystyrene (PS) was named for a family of plastics derived of styrene monomer. Over

100 years ago styrene polymers were recognized in a laboratory setting. The discovery of styrene

monomer was in the 1800’s by Simon a German apothecary. The linear formula for polystyrene

iIS[CH,CH(C,H,)], . Polystyrene is softened by heat and when cooled down it hardens like other

thermoplastics. General good properties of polystyrene are below:

1.

2.

o

Light in weight.

Easy to mold. In high speed injection machine polystyrene can be molded.

Tasteless; nontoxic and odorless.

Very good electrical properties.

Resistant to water as well as many chemicals; especially corrosive; inorganic liquids like
acids or bases.

Good optical properties.

Melt index for PS is 200°C; average Mw (molecular weight) of PS is 192000 and

softening point is 107°C. The physical properties of PS are dependent on its average Mw.

Polymer has a low softening temperature in low molecular weight. Polystyrene is used to

fabricate a great number of products due to low material cost; good physical properties and easy

processability using several different methods such as injection molding, extrusion and sheet

forming. Polystyrene is used in appliances, electronics, building, packaging and housewares like

washers and dryers, tape recorders, signs, disposable cups and toys [73].
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PS granules are shown in Figure 3-2.

Figure 3-2: Polystyrene (PS) granules in a plastic cup

3.4 Surfactant

Materials exhibiting the characteristic of modifying interfacial interactions by way of
enhanced adsorption at interfaces are generally referred to as surface active agents or surfactants.
Surfactant are used in applications such as motor oils and other lubricants, personal care
products, laundry detergents specialized pharmaceutical formulations and food additives.
Surfactants possesses a characteristic chemical structure that consists of molecular components
that will have little attraction for the solvent or bulk material, called a hydrophobic group and
chemical units that will have a strong attraction for the solvent or bulk phase, called hydrophilic
group [74].

24



The hydrophilic (or head) group will be ionic or highly polar, so that it can act as a
solubilizing functionality. In a nonpolar solvent such as hexane the same groups will function in
the opposite sense [74]. The hydrophobic group is generally a long-chain hydrocarbon radical,
although there are examples using halogenated or oxygenated hydrocarbon or siloxane chains.
The most useful chemical classification of surfactant is primarily based upon the nature of the
hydrophile, with subgroups being based upon the nature of hydrophobe. There are four general
groups of surfactants which are defined as follows [74]:

1. Anionic: the hydrophilic group carrying a negative charge.

2. Cationic: the hydrophile bearing a positive charge.

3. Nonionic: the hydrophile has no charge, however derives its water solubility from

polar groups.

4. Amphoteric (and Zwitterionic), in which the molecule contains or can potentially

contain, both a negative and a positive charge [74].

3.5 AFM Characterization
Atomic force microscopy (AFM) is an emerging tool for nanocharacterization and has
wide spread application owing to its capability to operate in various modes for getting different
information. AFM modes include lateral force microscopy, force modulation microscopy,
electrostatic force microscopy. In AFM, a cantilever is vibrated across the sample surface that
detects the sample topography, which is converted into an image with help of a laser on the tip
and a photosensitive position detector unit. AFM is employed to distinguish the size of the

particle shown in Figure 3-3.
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Figure 3-3 : TiO2 cluster particle size of 59nm measured by AFM
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3.6 Method

PS and PVC were separately dissolved in solvents (dimethylformamide and
dimethylacetamide) at a ratio of 0.8:0.2 prior to the electrospinning process. Electrospinning
experiments were conducted at various pump speeds, DC voltages and spinning distances.
Nanosize graphene (thickness less than 10 nm with a diameter of 600 nm) and

TiO, nanoparticles (10-25 nm) were added into polymeric solutions at varying percentages. Fiber

size and morphologies were analyzed using scanning electron microscopy (SEM) as shown in
Figure 3-4 to 3-14. Figure 3-15 shows the electrospinning of polymeric solutions and resultant
nanofibers on the grounded collector. Electrospun PVVC and PS fibers with different diameters
were used in the contact angle measurements. CAM 100 contact angle goniometer was used to
determine the water contact angle of the fiber films as shown in Figure 3-16. Thin films of
electrospun fibers were placed on a glass plate, and a single drop of DI water was transferred on
top of the films by a syringe. At least, five static contact angle measurements were read and the

results were averaged for each sample. TiO, nanoparticles were fabricated using a sol-gel
process. Following chemicals were utalized to prepare TiO, nanoparticles (or nano powders):

Isopropanol and Titanium (IV) Butoxide were mixed for about 10 minutes, and then 10% HCI
solution was added drop wise using a pipet. As the gel forms, it was dried at 150°C for 24 hours
(or until completely solidified). After the mortar grinder step or pulverizing, the amorphous

TiO, nanoparticles were annealed at 550°C for 2 hours.
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Figure 3-4 : SEM images of PVC fibers with processing parameters (PVC&DMAC (80:20), d=25cm, v=25kv
m=2.5ml/hr).

Figure 3-5 : SEM images of PVC fibers with processing parameters (PVC&DMAC (80:20), d=15cm, v=15kv
m=4ml/hr).
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Figure 3-6 : SEM images of PVC fibers with processing parameters (PVC&DMAC (80:20), 0.5%Graphene
d=30cm, v=25kv m=1.5ml/hr).

Figure 3-7 : SEM images of PVVC fibers with processing parameters (PVC&DMAC (80:20), 1%Graphene d=30cm,
v=25kv m=1.5ml/hr).
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Figure 3-8 : SEM images of PS fibers with processing parameters (PS&DMF (80:20), 1% TiO2 d=25cm, v=25kv
m=1ml/hr).

Figure 3-9 : SEM images of PS fibers with processing parameters (PS&DMF (80:20), 2% TiO2 d=25cm, v=25kv
m=1ml/hr).
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Figure 3-10 : SEM images of PS fibers with processing parameters (PS&DMF (80:20), 4% TiO2 d=30cm, v=25kv
m=1ml/hr).
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Figure 3-11 : SEM images of PS fibers with processing parameters (PS&DMF (80:20), 8%TiO2 d=30cm, v=25kv
m=2.5ml/hr).
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Figure 3-12 : SEM images of PVC fibers with processing parameters (PVC&DMAC (80:20), 2% TiO2 d=30cm,
v=25kv m=1.5ml/hr).

Figure 3-13 : SEM images of PVC fibers with processing parameters (PVC&DMAC (80:20), 4% TiO2 d=30cm,
v=25kv m=1.5ml/hr).
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Figure 3-14 : SEM images of PVC fibers with processing parameters (PVC&DMAC (80:20), 8% TiO2 d=30cm,
v=25kv m=2.5ml/hr).
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Figure 3-15 : Photograph showing the electrospun nanofibers on the grounded collector.
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Figure 3-16: Contac angle measurement goniometer set up (CAM 100).
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4. RESULTS AND DISCUSSION

4.1 Superhydrophobic Behavior of Electrospun Micro and Nanofibers

Figure 4-1 shows the SEM images of PVC and PS electrospun fibers that were obtained
at 2.5 ml/hr pump speed, 25 kV DC voltage and 25 cm spinning distance. As can be seen, fibers
diameters of PVC are between 200 and 500 nm, while that of and PS are between 400 nm and
1.25 pm. We also determined that the distributions of PVVC fibers are more uniform than that of
PS fibers, which may be because of the different viscosity and molecular structures of the
polymers. Additionally, changing in the electrospinning conditions resulted in different fiber size

and shape.

—_—
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Figure 4-1 : SEM images of PVC (left) and PS electrospun fibers obtained at 2.5 ml/hr pump speed, 25 kV DC
voltage and 25 cm spinning distance.

Superhydrophobic properties of the polymeric fibers should improve significantly by
changing the roughness, voids, fiber size and shape and surface hydrophobicity of the polymers
[2, 13]. In our study, we determined that the water contact angles are usually higher as the fiber

diameters become in smaller sizes. Figure 4-2 shows the water contact angle values of PVC and
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PS fibers, respectively. Although the fiber diameter of PVC is smaller than that of PS, the water
contact angle value (165°) of PS fibers (0.800 — 1.29 um) is higher than that (152°) of PVC
fibers (0,2-0,5 um). This may be attributed to the molecular structure, initial hydrophobicity and
surface roughness of PS fibers. Figure 4-2 shows the water contact angle values of PVC and PS
electrospun fibers. Table 4-1 also gives the contact angle values of various size polymeric fiber

films.

Tilt: 0.2 ded

Figure 4-2 : Water contact angle values of PVC (above) and PS fibers obtained at 2.5 ml/hr pump speed, 25 kV DC
voltage and 25 cm spinning distance.

Table 4-1 : Contact angle values of various size PS and PVC fiber films.

Fiber Diameter Contact Angle
Polymer Types
(Hm) ©)
0.800 —1.29 164.55
Polystyrene 1.90-2.40 123.69
4.81-7.60 127.02
0.200 -0.500 152.00
Polyvinylchloride 0.230-0.280 142.00
0.870-1.03 138.17
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4.2 Superhydrophobic Behavior of Electrospun PVC Nanofibers with Graphene

Inclusion

In this research, nanosize graphene flakes were added into PVC polymeric solution at
different weight percentages (0.5, 1, 2, 4%), and then electrospun at 30 cm distance, 25 kV DC
voltage and 1.5 ml/h pump speed to determine the amount of graphene on the water contact
angle (superhydrophobicity). The reason for adding graphene particles in the polymer are to
increase the surface roughness, voids and hydrophobicity of the electrospun fibers, which may
directly affect the superhydrophobicity. Figure 4-3 shows the contact angle values of graphene
added nanocomposite fibers. The water contact angles of the test results are also given in Table

4-2.

.‘

Tilt: 0.0 deg

— ¢ * .
R Rl i Tit 0.4 deq

L ]

Tilt: 2.6 deg

Figure 4-3 : Water contact angle values of PVC fibers (PVC&DMAC 80:20), 0.5%Graphene (d=30cm, v=25kv,
m=21.5ml/hr)obtained a, 1%Graphene b, 2%Graphene c, 4%Graphene d.

37



Table 4-2: Contact angle values of various size nano graphene into PVVC fiber films.

Polymer Types Graphene Percentage Contact Angle
v )
0.5 141.81
1 151.53
Polyvinylchloride 2 165.29
4 166.26

As is seen from Figure 4-3 and Table 4-2, increasing graphene concentration into the
electrospun fibers gradually increases the water contact angle values. In the absence of graphene,
water contact angle of the fibers is below 140°; however, the water contact angle values of 0.5, 1,
2 and 4% graphene added nanocomposite fibers are 141.8, 151.5, 165.3 and 166.3°, respectively.
This indicates that graphene inclusions in the polymeric fibers drastically change the surface
morphology and chemistry, which results in higher contact angles and the superhydrophobic

surfaces. Note that graphene concentration higher than 4% affected the electrospinability of the

polymeric solutions.
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4.3 Superhydrophobic Behavior of Electrospun PS and PVC Fibers with TiO2
Nanoparticles
In the present study, sol-gel driven TiO, nanoparticles (10-25 nm) were added into PVC
and PS polymeric solutions at different weight percentages (1, 2, 4, 8), and then electrospun at 25
cm distance, 25 kV DC voltage and 1 ml/h pump speed to determine the effects of TiO,

nanoparticles on the contact angle values of nanocomposite fibers. Figures 4-4 and 4-5 show the
water contact angle values of PVC and PS nanocomposite fibers. Table 4-3 also gives the water

contact angle values of the same PVC and PS nanocomposite fibers.

Tilt: -3.5 deg

Tilt: -4.1 deg

Tilt: -0.2 deg

Figure 4-4 : Water contact angle values of PS nanocomposite fibers (PS&DMF 80:20), 1%TiO2 (d=25cm, v=25kv,
m=1ml/hr)obtained a, 2% TiO, b, 4%TiO, c, 8%TiO, d.

39




*

Tilt: -0.5 deg

Tilt: 5.2 decl ; e e S

Figure 4-5 : Water contact angle values of PVC nanocomposite fibers (PVC&DMAC 80:20), 1% TiO2 (d=25cm,
v=25kv, m=1ml/hr) obtained a, 2% TiO, b, 4%TiO, c, 8%TiO, d.

As can been seen from Table 4-3, the PS nanocomposite fibers obtained at 1, 2, 4 and 8%
TiO2 nanoparticles give 155.5, 156.1, 164.5 and 177.5° water contact angle values, respectively,
while the PVVC nanocomposite fibers with the same concentrations and spinning conditions give
151.3., 164.3, 168.3 and 165.0°. The highest contact angle value (177.5°) was received from the
PS nanocomposite fiber obtained at 8% TiO2 nanoparticles. Additionally, increasing TiO2
nanoparticles in both polymers result in higher contact angle values. TiO2 is a hydrophilic

material (6 below 5°) [82], and we assume that the most of the TiO2 nanoparticles were

40




embedded into polymeric solution. Thus, there is no direct interaction between the water
molecules and TiO2 nanoparticles to reduce the contact angle values.

Initially, it was expected that the graphene added nanocomposite fibers might offer
higher superhydrophobicity than TiO2 nanoparticles since graphene has much higher water
contact angle value (6 over 80°). However, the results show that TiO2 nanocomposite fibers
have higher contact angle values, which may be because of the nanoscale gaps/bumps/voids
formed on the fiber in the presence of TiO2 nanoparticles. A further study needs to be conducted

to clarify the situation.

Table 4-3 : Contact angle values of various size TiO2 nanoparticles into PS and PVC fiber films.

Polymer Types Tio, Nanoparticles Contact Angle
% ©)
1 155.50
2 156.08
Polystyrene 4 164.53
8 177.48
1 151.28
2 164.32
Polyvinylchloride 4 168.32
8 164.98
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4.4 Heat Treatment Effects on Superhydrophobici Behavior of Electrospun
Fibers

In this part of the work, we studied the effects of heat treatment on the contact angle
values of electrospun PVC and PS fibers at 60, 80, 100 and 120°C in the presence and absence of
nanoscale inclusions. Figures 4-6 to 4-10 show the effect of the heat treatment effects on the
contact angle values for various PS samples produced using different DMF solvents. Higher
concentration typically produces larger diameters of fibers, which result in lower contact angle
values on the fiber films. Table 4-4 gives the water contact angle value of PS fibers obtained at

varying temperatures.

" V .
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Figure 4-6: Water contact angle values of PS fibers (PS&DMF (80:20), d=20cm, v=20kv m=3ml/hr)obtained at 60
°C a,80°C b, 100°C cand 120°Cd.
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Figure 4-7: A Water contact angle value of PS fibers (PS&DMF (70:30), d=20cm, v=20kv m=3ml/hr) obtained at
60°C a, 80°Ch, 100°C cand 120°Cd
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Figure 4-8: Water contact angle values of PS fiber (PS&DMF (60:40), d=20cm, v=25kv m=3ml/hr) obtained at
60°C a, 80°C b, 100 °C c and 120 °C d.
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Table 4-4 : Contact angle values of PS fibers obtained at varying temperatures.

Contact Angle Values at Different Temperatures
Polymer Types
60°C 80°C 100°C 120°C
PS&DMF (80:20) 156.95 158.09 155.38 101.03
PS&DMF (70:30) 132.07 138.59 150.07 121.57
PS&DMF (60:40) 145.92 146.27 157.39 130.84

At smaller fiber diameters obtained using PS&DMF at 80:20 solvent concentrations
(Table 4-4), heat treatment effects on contact angle values are fairly low, and after 100° C, the
contact angle value reduces from 155.4 to 101.0°. The same effects on larger fiber diameters are
reasonably high. For instance, PS fiber obtained using PS&DMF (60:40) has a contact angle

value of 157.4° at 100 °C heat treatment, and then reduce to 130.8° at 120° C.

High molecular weight polystyrene is a hard, glassy solid at room temperature. However,
when it is over 100°C it becomes flexible. At higher temperatures it may became somewhat
rubbery. Temperature at which it softens is known as the second-order or glass transition

temperature, T,. Below the transition temperature point polymer chains are rigid and segments
of the chains cannot move. When the polymer goes above the T, chain segment undergoes

rotation; since the chains can slip past each other and when stress is applied, the material
becomes more flexible [72]. Rotation occurs due to carbon-carbon bonds in the chain and they
can be twisted easily. Two bonds can act as an axis of rotation permitting carbon atoms (and the
groups attached to them) to rotate. Glass transition temperature (Tg) of polystyrene is around 100

°C [72], and exceeding the Tg can permanently change size, shape, porosity and surface
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composition of the fibers, which result in lower contact angles on the surface of PS fibers.
Additionally, Tg effects on smaller fibers are higher than the larger fibers. This may be related to
the surface area, surface energy and Tg shift at nanoscale. A future studies will be need to

identify this assumptions.

*

Tilt: -4.1 deq
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Figure 4-9 : Water contact angle values of PVC fibers (PVC&DMAC (80:20), d=25cm, v=25kv m=1ml/hr)
obtained at 60 °C a, 80°C b, 100°C c, and 120 °C d.

Similar experimental results were seen on PVC fibers as is shown in Figures 4-9. The
detailed experimental results of PVC fibers at different heat treatments were also given in Table
4-5. Glass transition temperature of PVC is around 82°C [70]. When the temperature of PVC is
below Tg, it is in a brittle state. But, aboveT, it shows greater resilience, impact strength and
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flexibility. Additionally, other physical and physicochemical properties of PVC fibers can
drastically change above the Tg point, which in turn may affect the contact angle values of the

PVC fibers.

Table 4-5 : Water contact angle values of PVC fibers obtained at various temperatures.

Contact Angle Values at Different Temperatures
Polymer Types
60°C 80°C 100°C 120°C
PVC&DMAC(80:20) 143.51 149.25 137.73 132.85
m=1ml/hr
PVC&DMAC(80:20) 134.35 137.97 139.67 120.44
m=2.5ml/hr
PVC&DMAC(80:20) 140.54 140.94 143.54 119.23
m=4ml/hr
PVC&DMAC(85:15) 164.69 151.36 137.75 128.66
m=2.5ml/hr

In order to determine the heat treatment effects on the contact angle values of the PVC
nanocomposite fibers, a number of experiments were conducted at various temperatures. PVC
nanocomposite fibers were produced using nanoscale graphene inclusions. Figure 4-10 shows the
contact angle values of PVC nanocomposite fibers as a function of graphene and temperatures.
The same results are also presented in Table 4-6. As is seen, the contact angle values of PVC
nanocomposite fibers obtained using 0.5% graphene are 145.9, 151.2, 152.9 and 135.1° at 60, 80,
100 and 120° C, respectively. The contact angle values of PVC nanocomposite fibers obtained
using 4% graphene are 158.1, 162.1, 149.4 and 138.5° at the same heat treatments. This indicates
that the nanoscale graphenes in the PVC fibers considerably increase the contact angle vales of

the PVC fibers by changing some physical and physicochemical properties.
47




*

Tilt: 3.9 deg

Tilt: -2.5 -,‘ i

*

*

) Tik 0.8 deg

Tilt: -7.9 deq

Figure 4-10 : Water contact angle values of PVC nanocomposite fibers(PVC&DMAC (80:20), d=30cm, v=25kv
m=1.5ml/hr) obtained at 60 °C heat treatment and 0.5%Graphene a, 80 °C and 1%Graphene b, 100°C and 2%
Graphene ¢, and 120°C and 4%Graphene d.
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Table 4-6: Water contact angle value of PVC nanocomposite fibers obtained at various temperatures.

Polymer Types Contact Angle Value In Different Temperature
60°C 80eC 100°C 120°C
PVC&DMAC 145.85 151.23 152.86 135.08
0.5% Graphene

PVC&DMAC 1% 155.38 161.33 151.16 140.13
Graphene

PVC&DMAC 2% 155.65 152.70 154.73 138.25
Graphene

PVC&DMAC 4% 158.10 162.13 149.40 138.53
Graphene

4.5 Superhydrohobic Behavior of Electrospun Fibers with Surfactant Treatment
In this study, surfactant solutions were prepared using Organoalkoxysilane with DI water

at various weight percentage (0.25, 0.5, 1), and then the PVC nanocomposite fibers produced
using graphenes were dipped into these solutions. Effects of surfactant surface treatment are

shown in both Figures 4-11 and Table 4-7.
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Tilt: 1.4 deg

Figure 4-11 : Water contact angle values of PVC nanocomposite fibers (PVC&DMAC (80:20), solution d=30cm,
v=25kv m=1.5ml/hr) obtained at 1% graphene into 0.25% Organoalkoxysilane a, 0.5% graphene into 0.5%
surfactant solution b, 2% graphene into 1% surfactant solution c, and 4% graphene into 1% surfactant solution d.

Table 4-7 shows that the PVC nanocomposite fibers produced using 0.5% graphene gave
141.5, 148.0 and 155.3° contact angles values at 0.25, 0.5 and 1% surfactant concentrations,
respectively. At higher graphene loadings, the contact angle values tend to decrease, which may
be due to the orientation of the surfactant molecules, where hydrophobic graphene surface
interact with the hydrophobic tails of the surfactant molecules rather than hydrophilic heads [70].

Thus, hydrophilic heads may reduce the contact angles values of the nanocomposite fibers at

higher graphene concentrations.
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Table 4-7 : Contact angle values of PVVC nanocomposite fibers obtained at various weight percentages of surfactant

solutions.
i i 0,
Polymer Types Contact Angle Value at Different Surfactant Concentrations (%)
0.25% 0.5% 1%
PVC&DMAC with 141.52 148.00 155.34
0.5% Graphene
PVC&DMAC 1% 168.19 157.65 149.34
Graphene
PVC&DMAC with 161.20 164.78 158.47
2% Graphene
PVC&DMAC with 159.04 153.12 151.99
4% Graphene
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5. CONCLUSION

Micro and nanofibers of polystyrene and polyvinyl chloride were fabricated using
electrospinning process at various spinning conditions. Also additives such as TiO,and nano

graphene were added into polymeric solutions to produce micro and nanocomposite fibers.
Water contact angle measurements were conducted on those electrospun fibers before and after
the surface treatment and heat treatment. The measurements revealed that the contact angle
values not only depended on the fiber diameter, but also on the chemical structures of the
polymers and surface roughness of the fiber. The present data shows that these flexible and high
surface area nanocomposite fibers can have a number of industrial applications in textile,
military, electronics and biomedical engineering as self cleaning surface, non-wettable fabric,
antibacterial surface, low friction devices, as well as MEMS, NEMS, microfluidics and

nanofluidics parts.
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