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ABSTRACT
This research is focused on the production of nanofibers from the electrospinning process
with and without a Teflon™ emulsion. Research on superhydrophobic surfaces and its
applications in different fields has garnered keen interest around the globe. Among the various
processes of fabricating a superhydrophobic surface, electrospinning is the most simple and
versatile method for producing these fibers. In this study, polystyrene (PS) and polyvinyl
chloride (PVC) were separately dissolved in dimethylformamide (DMF) and dimethylacetamide
(DMAc), respectively, to prepare polymeric solutions for electrospinning. Different volumes
(2 ml, 4 ml, and 8 ml) of a Teflon™ emulsion were allowed to dry so that all aqueous content
evaporated, leaving behind only solid particles 0.18 μm in size, which were added to the polymer
solution prior to the electrospinning. Here, Teflon™ was used to increase the hydrophobicity of
the fibers. The polymer solution with and without Teflon™ particles were electrospun to obtain
three-dimensional (3D)-structured fibers. The diameter of the PS fibers ranged from 400 nm to
1 μm, and the PVC fiber ranged from 200 to 600 nm. These nanofibers were then heat treated at
different temperatures (50°C, 75°C, 100°C, and 125°C) and different time intervals (30 minutes,
1 hour, 2 hours, and 4 hours). The hydrophobicity of the fibers was investigated by contact angle
measurement. Results indicate that all the fibers were hydrophobic in nature. With the addition
of Teflon™ particles along with heat treatment, the water contact angle for the PS fibers
increased to 155.75° and for the PVC fibers increased to 151.62°, confirming that the fibers were
superhydrophobic in nature. The nanofibers were further characterized by using scanning
electron microscopy (SEM) and Fourier-transform infrared (FTIR) spectroscopy to study their
surface morphology and chemical composition. All fibers were in the submicron and nanoscale
ranges with Teflon™ particles uniformly distributed and can be used for different applications.
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CHAPTER 1
INTRODUCTION
1.1

General Background
Superhydrophobic surfaces exhibit many favorable properties, such as self-cleaning, non-

adhesive, and non-wetting, which has resulted in them receiving considerable attention.
Superhydrophobic surfaces have a strong water-repelling property, which is found in many
naturally occurring processes such as water droplets rolling off the wings of insects and also
lotus leaves, which is referred to as the lotus effect. Any surface with water contact angle more
than 150° is referred to as a superhydrophobic surface. A superhydrophobic surface can be
produced either by increasing the surface roughness or by lowering the surface energy of the
existing surface. There are many processes through which the superhydrophobic surface can be
prepared. Some of the processes are layer-by layer deposition, phase separation, sol-gel process,
template synthesis, and electrospinning. Among these, electrospinning is used in this research
because it is simple, and all the parameters can be easily controlled throughout the operation.
Also, it is found that small-diameter electrospun fibers exhibit a unique surface roughness [1].
Currently, the fabrication of three-dimensional (3D) fibers has gained much attention
because of their application in various fields such as tissue engineering [2]. These fibers are nonwoven polymer fibers that are highly porous and consist of layers of nanofibers separated by
small gaps ranging from micrometers to millimeters. These types of fibers are able to return to
their original shape after compression [3].
Electrospinning has proven to be the most versatile method of fabricating nanofibers
because of its simplicity, low cost, and high efficiency. Moreover, electrospun fibers exhibit
different favorable properties such as a small diameter, good fiber morphology, and the
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interconnection of fibers forming networks that can be effectively used for different applications,
such as self-cleaning, protective coating, wound dressing, filtration, and so on [4].
Polystyrene (PS) and polyvinyl chloride (PVC) are inexpensive plastic polymers that are
used for different applications. In the case of PS, this polymer has inherent hydrophobicity,
which can be utilized to develop a superhydrophobic surface. PS films produced by the
traditional method have many limitations because of their brittleness. To improve the quality of
the films, different film-forming aids are used, but this causes the emission of volatile organic
compounds, which are hazardous to the environment and human life. There have been various
research studies on PS fabrication without its physical and chemical modification and which is
environmental friendly. Electrospinning has been evolving as the most promising environmental
friendly technique used for PS processing. The properties and morphology of the fiber mat
obtained through PS electrospinning can be controlled by varying the different parameters of the
process [4]. Electrospun PS fibers can be used for different applications, such as filtration, tissue
engineering, composite materials, ion exchange, etc. [5]. On the other hand, PVC is a widely
used plastic polymer throughout the world and can be used in different electronic devices
because it has excellent insulation properties, weathering stability, and ability for energy
recovery [6]. PVC can be electrospun on various metals such as aluminum, steel, and brass,
thereby acting as a corrosion-resistant coating for these metals [7].
Superhydrophobic nanofibers can be obtained by the means of fluorination or by adding
silicon compounds to the polymer solution that is subjected to electrospinning [1].
Polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene (FEP) can be used to
increase the hydrophobicity of electrospun fibers. These highly hydrophobic materials have a
water contact angle of 109° [8]. In addition, these fluoropolymers exhibit high thermal stability,
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resistance to chemicals, and low wettability, which make them applicable for various industrial
applications, such as aerospace, heat exchange, and so on [9]. It has been found that PTFE and
FEP are strong, flexible, elastic, and bioinert and can be used as biomaterials for biomedical
applications [10].
1.2

Objectives of Study
The aim of this research was to develop superhydrophobic nanofibers using the

electrospinning method. The objectives of this study are given below:
•

To produce fibers of PS and PVC with and without a Teflon™ emulsion by
electrospinning.

•

To study the effect of heat treatment on electrospun fibers for different temperatures and
time intervals.

•

To measure the hydrophobicity of the fibers by means of the water contact angle.

•

To characterize the fibers using scanning electron microscopy (SEM) and Fouriertransform infrared (FTIR) spectroscopy.
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CHAPTER 2
LITERATURE REVIEW
2.1

Nanofibers
Nanofibers have diameters in the range of nanometers. There are many methods to

produce nanofibers, including electrospinning, self-assembly, and template synthesis. Among
these methods, electrospinning is the most popular and widely used because it helps to produce
continuous fibers for various polymers and the diameter, composition, and orientation of the
fibers can be easily controlled [11]. The diameter of nanofibers produced by electrospinning
process range from 10 to 500 nm [12]. Figure 1 shows SEM images of electrospun nanofibers
[13].

Figure 1: SEM images of electrospun nanofibers [13].
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Electrospun nanofibers have unique properties, including high porosity, large surface
area-to-volume ratio, mechanical strength, and flexibility, which means that they are being used
in wide variety of applications [14]. The properties of electrospun nanofibers, such as
hydrophilicity, hydrophobicity, stiffness, flexibility, and mechanical strength, can be changed on
the basis of the application in order to obtain the desired results [15].
2.2

Applications of Nanofibers
Due to their unique properties of mechanical strength, large surface area-to-volume ratio,

flexibility, and porosity, nanofibers have many applications such as energy harvesting, drug
delivery, tissue engineering, microelectronics, environmental protection, and energy storage [16].
Some of these applications are summarized below.
2.2.1 Environmental Protection
Nanofibers can be used to make nanofiber mats, which have a very high absorption
capability. These nanofiber mats have layers of unwoven nanofibers and can be used to collect
pollutants from the atmosphere, hence can be used for air filtration. The diameter of the fibers is
so small that pollutants present in the atmosphere cannot pass through the mat, which makes it
more efficient than the conventional method of air filtration. On the other hand, these nanofilters
are being widely used for absorbing metal ions that are present in water and are very hazardous
to living beings. The surface area and porosity of nanofibers can be increased by the using
different coating techniques and adding property-enhancing chemicals during production in order
to improve their absorption capability [17].
2.2.2 Biomedical
Nanofibers have been used widely in biomedical applications such as tissue engineering,
cancer diagnosis, drug delivery, and wound healing. In tissue engineering, a highly porous
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matrix of nanofibers made of biodegradable polymers are used to create scaffolds in order to
regenerate tissue or to enhance the function of a particular tissue or organ. These scaffolds are
prepared by using natural polymers such as silk, protein, starch, or chitosan, or synthetic
polymers such as polylactic acid and polyglycolic acid, which are biodegradable in nature [18].
These scaffolds can be used for repairing nervous tissue, bone tissue, and blood vessels.
Nanofibers also help in the diagnosis of cancer by identifying the presence of tumors,
which are very difficult to detect because of their low number in blood stream. The use of
nanofibers in biosensors helps to detect cancer. They are also popular as drug carriers. The
reason behind this is that natural polymers such as gelatin and alginate are biocompatible and
biodegradable and can be used as carriers of biomaterial. Their physical properties such as
cylindrical morphology and high surface area-to-volume ratio allows nanofibers to have a high
drug-loading capacity. Hence, antibiotics and anticancer drugs can be encapsulated in nanofibers.
Drugs can also be added to the polymer solution, which is then subjected to electrospinning [19].
2.2.3 Energy Storage
Nanofibers can also be used for energy storage devices. Electrospun nanofibers can be
used to prepare an alternative to the platinum catalyst in a fuel cell because of its high durability
and efficiency. A nanofiber mat made of polyacrylonitrile polymer has high conductivity and
electrochemical stability and is used as a cathode in lithium ion batteries.
2.2.4 Oil-Water Separation
Nanofibers are also being used for oil-water separation because of their hydrophobicity
and hydrophilicity properties. This process is mainly used to separate oily waste from water. If it
is necessary to eliminate oily waste from water, then hydrophilic nanofibers are used to absorb
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the water, thereby acting as a filter and allowing only the water to passed through it, blocking all
oily impurities as residue material.
2.3

History of Electrospinning Process
Over many decades, different techniques have been used for producing nanofibers. Some

of these techniques are drawing, template synthesis, electrospinning, phase separation, and selfassembly. Among these, electrospinning has received considerable attention because it is a
simple method and has many advantages over other techniques.
The idea of electrospinning first came about in the late 16th century when W. Gilbert
found that a spherical droplet of water can be formed in a conical shape and ejected from the tip
of a cone under the influence of an electric field [20]. A. Formhals is the first person who
patented his invention of spinning process in the 1930s. He collected the fibers of cellulose
acetate by using two electrodes of opposite polarity under an electric field. One of the electrodes
was placed in the polymer solution and the other was left as the collector. On application of the
electric field, the solution was evaporated, ejected, and then collected on the collector electrode.
Formhals also found that the fiber undergoes drying for a longer period of time if the distance
between the nozzle and collector is increased [21].
In 1952, B. Vonnegut and R. L. Neubauer discovered that the jet of the polymer solution
can be produced by using an electrostatic force. They were able to produce a droplet about 1 µm
in size from a cloud of highly electrified droplets. In the 1960s, G. Taylor showed how the jet is
ejected during the spinning process. He revealed how the droplet of the polymer changes to a
conical shape at the tip of the needle after an electric field is supplied. The term Taylor cone with
an angle 98.6 degrees, which is formed just before the ejection of the jet, developed from his
theory [20, 21]. In 1971, P. K. Baumgarten fabricated the first polymer fiber of acrylic with
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diameters ranging from 500 to 1100 nm. He also investigated the effects of jet radius, applied
voltage, solution viscosity on fiber diameter, and the length of the jet [21].
In 1981, L. Larrondo and R. J. St. John Manley invented a melt electrospinner in which
fibers were formed by dropping a polymer melt at the tip of the spin by applying static weight to
the piston of the barrel carrying the polymer solution. They used polyethylene and nylon 12 as
test materials. The main purpose of their experiment was to determine the effect of the melt
temperature on the diameter of the fiber. They found that fiber diameter is inversely proportional
to the melt temperature, i.e., the fiber diameter decreases by increasing the temperature of the
melt [20, 22].
In 1987, I. Hayati studied the process parameters and conditions that affect the jet
stability and the process of electrospinning. They concluded that a very high electrostatic force
applied to a polymer solution creates an unstable jet that can be moved in any direction in the
looping motion [23]. In early 1990s, D. H. Reneker illustrated that nanofibers can be produced
from the electrospinning process by using different organic polymers in very cost-efficient way.
He made the process of electrospinning popular by publishing several articles about the
electrospinning of nanofibers and their applications in different fields.
In 1994, J. Doshi and D. H. Reneker performed the electrospinning of polyethylene oxide
(PEO) by varying both the concentration of the solution and the applied voltage. They produced
fibers of different diameters and various lengths by changing the electric potential [22]. Various
experiments were conducted by M. M. Hohman, A. L. Yarin, and S. B. Warner for
characterization of electrospinning process. D. F. Fang used multiple syringes in the
electrospinning process in order to produce more nanofibers through the electrospinning process
[23]. P. Gibson performed an experiment for the electrospinning of nanofibers by adjusting the

8

pH so that it can be used for the application of wound dressing. He also investigated the
properties of a fiber mat and found that they have less resistance in moisture vapor diffusion
[24].
In recent years, the production of nanofibers from the electrospinning process and using
them in different applications have gained considerable attention. One of these applications is
using nanofibers in tissue engineering. There are many laboratories throughout the world that are
producing nanofibers from various biodegradable polymers such as polyglycolic acid and
polylactic acid as well as natural polymers such as silk and hemoglobin [22].
The morphology of nanofibers is being studied by using scanning electron beam
microscopy and there is additional interest in the production of beaded nanofibers. A number of
patents have been initiated relative to the application of nanofibers in different fields, such as a
skin mask that can be directly electrospun onto skin, protective clothing, and enzyme
preservation. Many companies, such as Donaldson, Nanomatix, use electrospinning technology
for the production of nanofibers to be used in different applications.
2.4

Electrospinning
Electrospinning is one the most popular and efficient methods of producing nanofibers by

utilizing a high electric potential. The setup consists of two electrodes: one that is provided with
the electrospinning solution connected to a high-voltage source, and the other is a conductive
surface where the fibers are collected. Figure 2 shows a schematic view of the electrospinning
process [25].
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Figure 2: Schematic view of electrospinning process [25]
Electrospinning uses an electrostatic force to stretch the polymeric solution from the
syringe to form nanofibers [26]. When the high electrical potential is applied to the polymer
solution in the syringe, it becomes electrically charged. The charged solution is then ejected
towards the collector by means of an electrostatic force and then solidifies as nanofibers on the
collector plate after evaporation [16, 27, 28].
The formation of nanofibers on a collector plate is rather complicated. The polymer
solution is held in the syringe by surface tension. When an electric filed is applied to the tip of
syringe, a tangential force is created opposite to the surface tension of the polymer solution. As
the intensity of the electric potential increases, the hemispherical surface of the solution at the tip
of needle tip is elongated in order to form a conical shape. This conical shape is referred to as the
Taylor cone. With an increasing electric field, a critical value is reached, where the electrostatic
force overcomes the surface tension of the solution, which results in ejection of the charged
solution from the tip of the Taylor cone. The jet of polymer solution solidifies in the air and the
solvent evaporates before it reaches the collector plate. The charged polymer fibers are randomly
collected on the collector [18, 29, 30, 52-63]. The nanofibers thus formed can be used for
different applications because of their higher surface area. Figure 3 shows fiber formation in the
electrospinning process through the Taylor cone [31].
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Figure 3: Fiber formation in electrospinning process through Taylor cone [31]
2.5

Taylor Cone
Formation of the Taylor cone is necessary in the electrospinning process. The Taylor

cone was investigated by G. Taylor while conducting his research on the electrospray. According
to his theory, when the electric field of a certain intensity is applied to the polymer solution, the
solution droplet starts to form a conical shape. Increasing the electric field increases the
electrostatic force, and a jet is ejected from the cone tip when it reaches its limit. Figure 4 shows
the evolution of the Taylor cone during the electrospinning process [32].

Figure 4: Evolution of Taylor cone during electrospinning process [32]
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Based on Taylor’s theory, the angle of the cone should be 98.6°, which is formed right
before ejection of the jet. Due to the high viscosity of the polymer solution, the angle of the
Taylor cone tends to change. Therefore, the Taylor cone can be specified as the theoretical limit
of the cone, which has an exact predicted angle or approximate cone shape after the spinning
process begins [64-73].
2.6

Parameters Affecting Electrospinning Process
Many parameters affecting the electrospinning process directly influence the morphology

of the fiber. In order to obtain a fiber of the required uniform diameter and one that is defect-free,
these parameters play an important role. Parameters that affect the electrospinning process can be
categorize into three types—system, process, and ambient—as described below [53-61].
2.6.1

System Parameters

2.6.1.1 Polymer Concentration
The polymer concentration significantly affects the electrospinning process. When the
polymer is dissolved in a solvent, the viscosity of the solution depends on its concentration. To
obtain continuous fiber production, the polymer concentration should be optimum. A higher
concentration leads to a large fiber diameter, which are non-uniform and discontinuous. When
the concentration of the polymer solution is very low, electrospray takes place instead of
electrospinning because of the low viscosity and higher surface tension [33]. As the
concentration increases to the optimum value, the production of continuous and uniform fibers is
obtained [18].
2.6.1.2 Molecular Weight
Molecular weight of the polymer is another important factor in the electrospinning
process. The viscosity of the polymer solution depends upon the molecular weight of the
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polymer. If the molecular weight is too low, then a fiber with beads is formed during
electrospinning. By increasing the molecular weight, smooth fibers start to form, but if the
molecular weight is too high, then higher-diameter fibers are produced [18].
2.6.1.3 Viscosity
Viscosity is one of the critical parameters in the electrospinning process. It depends upon
the solution concentration and molecular weight of the polymer. Low viscosity results in no fiber
formation, whereas high viscosity makes the electrospinning process difficult because the
polymer solution is not ejected from the syringe. The viscosity of the polymer solution should be
optimum, which can be adjusted by changing the concentration of the solution [33, 34].
2.6.1.4 Conductivity
The solution should be conductive for the electrospinning process. Fibers with a small
diameter is formed if the solution is conductive. A non-conductive solution leads to the
formation of fiber with beads and pores. Conductivity of the solution can be increased by adding
salt, such as NaCl, CaCl2, NaH2PO4, and KH2PO4, to the polymer solution [18, 35].
2.6.1.5 Surface Tension
The quality of the electrospun fiber also depends upon the surface tension of the
polymeric solution. If the surface tension is low, then nanofibers without beads are produced.
But this is not true all the time because surface tension of the solution depends upon the type of
solvent. Hence, the solvent should be selected in such a way that the concentration of the
solution is fixed, whereas the surface tension is as low as possible in order to produce smooth
nanofibers [29].
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2.6.2

Process Parameters

2.6.2.1 Electrical Potential
During the electrospinning process, fibers are produced when the applied voltage exceeds
the threshold voltage. In this process, as voltage is applied, an electrostatic force is generated at
the jet, which results in a reduction in the jet diameter and fiber ejected from the Taylor cone [18,
34]. In this research, an electric potential of 25 kV was applied.
2.6.2.2 Flow Rate
The morphology of the fiber produced depends upon the flow rate of the polymer
solution from the syringe. When the flow rate is low, the solvent has enough time to evaporate,
which results in the production of fiber without beads. A higher flow rate results in beaded and
porous fibers.
2.6.2.3 Distance between Syringe Tip and Collector
The distance between the syringe tip and the collector has some significance in
electrospinning process. As the distance between the tip and the collector increases, the fiber
diameter decreases. Beaded fibers are produced when the distance is too small. The distance
between the tip and the collector should be adjusted in such a way that there is enough time for
evaporation of the solvent before it is deposited on the collector.
2.6.3 Ambient Parameters
Temperature and humidity are two parameters that significantly affect the fiber diameter
and morphology during the electrospinning process. An increase in temperature helps to increase
the evaporation rate of the solvent, which in turn decreases the fiber diameter. On the other hand,
an increase in humidity results in pores in the fiber.
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2.7 Contact Angle
Contact angle is the measure of wettability of the solid surface by the contact of liquid on
it. Contact angle can be defined as the angle made by the liquid droplet at the point where the
liquid-vapor interface meets the solid surface. The contact angle measurement is not limited to
the liquid-vapor interface on the solid surface but is also applicable to the liquid-liquid interface
on the solid surface. The main purpose of the contact angle measurement is to determine whether
the liquid has the capability to wet the surface by spreading over a large area on the surface of
the solid. If the liquid spreads on the surface, then a small contact angle is observed, whereas if
the liquid beads on the surface of the solid, then a large contact angle is obtained. Therefore, the
surface is favorable for wetting if the contact angle is small, and as the contact angle increases,
its resistance to the liquid also increases. Figure 5 shows a schematic representation of the
contact angle [36].

Figure 5: Schematic representation of contact angle [36]
All the parameters required for the contact angle measurement can be seen in Figure 5.
The imaginary tangent line is drawn from the contact point to the profile of the liquid droplet.
The interface or line where the solid, liquid, and vapor (fluid) coexist is known as the three-phase
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contact line. From Figure 5, it can be seen that the contact angle is the angle formed by the
intersection of the solid-liquid interface and the liquid-vapor interface.
The shape of the liquid droplet on the solid surface plays an important role in the
measurement of the contact angle, which is determined by the surface tension of the liquid.
Surface tension is defined as an intermolecular force of the liquid that attracts all particles toward
the surface layer of the liquid in order to shrink itself to the minimum surface area as possible.
For pure liquid, each molecule of the liquid is pulled equally by the neighboring molecules in all
directions, which results in a zero net force. But in the case where the liquid is exposed to the
surface where there are no neighboring molecules in all the directions to balance the force, the
molecules are pulled inward by the neighboring molecules, which generates internal stress on the
liquid. As a result, the liquid droplet contracts within a small surface area in order to minimize
the free surface energy, and the liquid droplets gain the spherical shape, which is the minimum
surface area to the given volume. Under practical conditions, there is an external force, such as
gravity, which may deform the shape of the liquid droplets. Figure 6 shows the contact angle as
described by Thomas Young [37].

Figure 6: Contact angle as described by Thomas Young [37].
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The first mathematical formulation for the contact angle measurement was obtained by Thomas
Young in 1805. Based on Young, the contact angle was measured for the liquid droplet on an
ideal solid surface that is in equilibrium under the action of three interfacial forces and is
expressed by [12, 62-73]:
γSG - γSL = γLG cosθ
where γSG is the interfacial tension between solid and gas phases, γSL is the interfacial tension
between solid and liquid phases, γLG is the interfacial tension between liquid and gas phases, and
θ is the contact angle.
Wenzel also found a mathematical expression for contact angle. According to him, when
the liquid droplet is in contact with a microstructured surface, the contact angle can be measured
as [12]
cosθw = rcosθ
where θw is the Wenzel contact angle, and r is the ratio of the actual area of liquid to the
projected area of the liquid.
According to Wenzel, the contact angle is greater than the original contact angle when
the surface microstructure becomes rougher, and vice versa. In the Wenzel state, the water
droplet is in contact with solid surface asperities, while in the Cassie-Baxter state, the water
droplet rests on the top of the solid asperities. Because of this, only the fraction of area of the
solid surface is in contact with the water droplet. The contact angle in this case is known as the
Cassie-Baxter contact angle and can be obtained by [12]
CosθCB * = φ (cos θ + 1) – 1
where φ is the fraction area of the solid surface in contact with liquid droplet. Figure 7 shows the
water droplet in the Wenzel and Cassie-Baxter states.

17

Figure 7: Water droplet in Wenzel and Cassie-Baxter states [38]
2.8 Contact Angle Hysteresis
The value of the contact angle given by Young’s equation is a unique contact angle
without any disturbance. But in a practical condition, there is disturbance and the contact angle
obtained is not equal to the Young’s contact angle. The reason behind this is that the liquid
spreads more to wet the surface of the solid and results in a dynamic contact angle. A dynamic
contact angle is formed by expanding and contracting the liquid droplet on the solid surface, and
results in an advancing contact angle and a receding contact angle as shown in Figure 8.

Figure 8: Illustration of advancing and receding contact angles [39]
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Therefore, the contact angle hysteresis is defined as the difference between the advancing angle
and the receding angle:
H = θa – θr
where H is the contact angle hysteresis, θa is the advancing contact angle, and θr is the receding
contact angle
2.9 Hydrophilicity and Hydrophobicity
Surfaces can be classified as hydrophobic or hydrophilic. The contact angle of the
hydrophilic surface is less than 90 degrees. Here, the liquid droplet having a high surface energy
spreads over the large surface area of the solid, which makes the surface favorable for wetting. If
the contact angle is zero, then complete wetting of the surface takes place. But in the case of a
hydrophobic surface, the low surface energy of the liquid droplet causes minimal contact with
the solid surface, which results in the formation of a compact liquid droplet. As a result, the
contact angle for hydrophobic surface is more than 90 degrees, and the hydrophobic surface is
not favorable for wetting. Figure 9 shows the wetting capacity of different surfaces.

Figure 9: Wetting capacity of different surfaces [40]
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The wetting capability of solid surfaces can be controlled by changing the chemical
composition and geometric structure of the surface in order to be used for different applications,
such as antifogging, self-cleaning, biomedical applications [41].
2.10 Classification of Surfaces
Surfaces can be classified into four categories based on the value of the contact angle
made by the droplet on it, which is shown in Figure 10:

Figure 10: Classification of surfaces [42]
2.10.1 Superhydrophobic Surfaces
Superhydrophobic surfaces are those surfaces in which the contact angle of the liquid
droplet is more than 150 degrees. The wettability of superhydrophobic surfaces is almost zero,
which resists all liquid droplets falling on it and gives rise to almost perfect spherical droplets.
This effect can be termed as the “lotus effect,” which is observed in the environment where the
lotus leaf resists all water droplets falling on it. This effect shows two layers of topography,
which are in microscales and nanoscales. Figure 11 shows the lotus effect.
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Figure 11: Lotus leaf effects on the surfaces [43]
A superhydrophobic surface should have high surface roughness. During the
electrospinning of the nanofibers, the roughness of nanofibers can be increased by adding
graphene particles, Teflon™ nanoparticles, or TiO2 particles to the polymer solution.
2.10.2 Hydrophobic Surfaces
Hydrophobic surfaces are those surfaces in which the contact angle of the liquid droplet
falls between 90 and 150 degrees. These types of surfaces resist wetting because the water does
not spread out to form a droplet. These surfaces can be used to improve corrosion resistance,
prevent surface icing, prevent fouling in condensers and evaporators, detect moisture, and so on.
2.10.3 Hydrophilic Surfaces
Hydrophilic surfaces have a water-absorbing property in which the liquid spreads out due
to its high surface energy. The contact angle for these types of surfaces is below 90 degrees.
These surfaces can be used for biomedical and filtration applications.
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2.10.4 Superhydrophilic Surfaces
Superhydrophilic surfaces have a high water-absorbing property and can be considered as
completely wetted surfaces. The water contact angle for these types of surfaces is zero or almost
zero. These surfaces have very high surface energy so that water easily spreads out without
forming any droplets. Superhydrophilic surfaces can be used for fog catching, filtration
application.
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CHAPTER 3
EXPERIMENTAL PROCEDURE
3.1 Materials
In this research work, nanofibers were produced from two types of polymers: polystyrene
and polyvinyl chloride, which were mixed separately with the solvents dimethylformamide and
dimethylacetamide, respectively, to obtain polymer solutions for the electrospinning process. A
Teflon™ emulsion was used as the hydrophobic agent and added to the polymer solution to
increase the hydrophobicity of the fibers. Three of the chemicals (PS, PVC, DMAc) were
purchased from Sigma Aldrich, DMF was purchased from OM chemicals, and the Teflon™
emulsion FEP was purchased from Fuel Cell Earth and used without any modification
throughout the research work.
3.1.1 Polystyrene
Polystyrene is a polymer made of the monomer styrene, which contains synthetic
aromatic hydrocarbon. The molecular formula of PS is (C8H8)n, and its molecular weight is
192,000 g/mol. PS is widely used for different applications, such as electronics, buildings,
household appliances, and protective packings, because it is light in weight, easy to mold,
inexpensive, and chemically inert [44].
Polystyrene is a transparent and hard material with high electrical resistance and low
dielectric loss. Many research studies show that PS can be used as a polymer to produce PS
fibers from the electrospinning process. These PS fibers can be used in different applications,
such as filtration, composite materials, ion exchange, and tissue engineering [5].
The type of solvent used for the electrospinning of polystyrene greatly influences the
morphology of the fibers. Studies have shown that N, N-Dimethylformamide (DMF) is the most
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favorable solvent for PS because it yields uniform round fibers with smooth surfaces [5]. The
melting temperature of PS is 240°C, and the glass transition temperature is 100°C. Figure 12
shows the polystyrene used in this research.

Figure 12: Polystyrene
3.1.2 Polyvinyl Chloride
Polyvinyl chloride is one of the most widely used plastic polymers in the world. It is a
solid plastic made of the vinyl chloride monomer. The molecular formula of PVC is (C2H3Cl)n.
Pure PVC is white and brittle in nature, insoluble in alcohol, and chemically resistant to acids
and bases. This polymer is widely used in different applications such as plumbing, flooring,
insulation of electrical cables, construction, clothing, and so on. One of the drawbacks of using
PVC is that it has low thermal stability. At high temperature, it loses its useful properties because
it loses hydrogen chloride. PVC electrospinning can be carried out without losing any of its
properties. It was found that beaded nanofibers are formed at 12% of PVC in a polymer solution,
and smooth fibers are formed at 14% to 16% of PVC in a polymer solution used for the
electrospinning process. The diameters of the smooth fibers thus formed range from 250 to 275
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nm [45]. Also, the quality of the fibers is good when 20 wt% of PVC is used for electrospinning,
but this concentration of PVC is very hard to electrospin because the polymer solution frequently
blocks the needle. At low concentrations, such as 10 wt% of PVC, it was found that the
electrospinning process was not uniform because more electrospraying occurred rather than
electrospinning.
The melting temperature of PVC is 160°C, and glass transition temperature is 80°C. The
average molecular weight of PVC is 80,000 g/mol. Figure 13 shows the polyvinyl chloride used
in this study.

Figure 13: Polyvinyl chloride
3.1.3 Dimethylformamide
Dimethylformamide is a colorless organic compound in a liquid state that can be easily
mixed with water and many other organic liquids. Therefore, it is used as solvent for various
chemical reactions. The chemical formula of DMF is C3H7NO, and the molecular weight is
73.10 g/mol. The boiling temperature of DMF is 153°C, and it is widely used as an industrial
solvent, and in the production of fibers, coatings, etc. DMF has unique properties such as high
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dielectric constant, high electrical conductivity, and low vapor pressure. Hence, it is used as a
solvent for the electrospinning of various polymers [46].
DMF is hazardous to humans and animals because it is toxic when inhaled and may cause
eye irritation; therefore, it should be carefully handled. Figure 14 shows the dimethylformamide
used in this study.

Figure 14: Dimethylformamide
3.1.4 Dimethylacetamide
Dimethylacetamide, an organic compound that is colorless and has a high boiling point,
is widely used as a solvent. The chemical formula of DMAc is C4H9NO, its boiling temperature
is 165°C, and the molecular weight is 87.12 g/mol. DMAc has a high dielectric constant, low
vapor pressure, and low surface tension, which makes it a favorable solvent for the
electrospinning process. However, the viscosity of the DMAc is higher than that of DMF, which
leads to the formation of a viscous gel when added excessively with polymer, thereby disturbing
the steady-state electrospinning by forming beads on the fibers [47].
DMAc is widely used as a solvent for fibers in the adhesive industry and also as an
excipient for drugs. It should be properly handled because it is toxic in nature and can cause eye
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irritation and is harmful when inhaled or comes in contact with the skin. Figure 15 shows the
dimethylacetamide used in this study.

Figure 15: Dimethylacetamide
3.1.5 Teflon™ Emulsion
Teflon™, commonly known as polytetrafluoroethylene, is a synthetic polymer of
tetrafluoroethylene. The chemical formula of PTFE is (C2F4)n, and its melting temperature is
327°C. This higher molecular weight compound consists of carbon and fluorine and is
hydrophobic in nature.
This research work involved a Teflon™ emulsion of fluorinated ethylene propylene,
which is a copolymer of tetrafluoroethylene and hexafluoropropylene. It possesses similar
properties of PTFE, but the melting temperature of FEP is 260°C, and it is soft and more
transparent. FEP has low surface tension and a high contact angle with water, so it can be used to
increase the hydrophobicity of electrospun fibers. Figure 16 shows the Teflon™ emulsion used
in this research.
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Figure 16: Teflon™ emulsion with average particle size of 180 nm.
The Teflon™ emulsion has a 55% solid content, with an average diameter of 0.18 μm
and a density of dispersion of 1.41 g/cm3. It has excellent chemical resistance, high service
temperature, and good electric properties. Other properties are as follows:
•

Stable at high temperature.

•

Good dielectric properties.

•

Weather resistant.

•

Inert to most solvents and chemicals.
The Teflon™ emulsion is mostly used for metal coating and as cast film for capacitor

dielectrics [48]. It is nontoxic and inert to body tissue at low temperature, but it should be used in
a well-ventilated area for hot processing because FEP fumes can cause flu-like symptoms. It
should be stored at a temperature range of 7–24°C in order to maximize the stability of
dispersion [49].
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3.2 Equipment
The equipment used in this research is described below.
3.2.1 Weighing Machine
A weighing Machine was used to measure the weight of polymers polystyrene and
polyvinyl chloride, and the solvents dimethylacetamide, dimethylformamide, and Teflon™
emulsion in order to obtain the required concentration of solution for electrospinning. Figure 17
shows the weighing machine.

Figure 17: Weighing machine [50]
3.2.2 Hot Plate/Magnetic Stirrer
The homogeneous solutions of PS-DMF and PVC-DMAc were obtained by applying heat
and stirring them on a hot plate/magnetic stirrer. The temperature was set to 75oC, and the speed
was set to 500 rpm. Figure 18 shows the hot plate/magnetic stirrer.

Figure 18: Hot plate/magnetic stirrer
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3.2.3 Probe Sonicator
Once the solution of PS-DMF and PVC-DMAc was obtained, the Teflon™ emulsion was
added in the required amount and then fed to the probe sonicator. The probe sonicator uses sound
waves to agitate the Teflon™ particles in solution and helps to accelerate their dissolution.
Figure 19 shows the probe sonicator used in this study.

Figure 19: Probe sonicator [51]
3.2.4 Electrospinning Chamber and High-Voltage Source
Once the homogeneous solution was obtained after sonication, the polymer solution was
fed into a 10-ml syringe and attached to the feeding pump. The feed rate was set at 2 ml/hr. The
tip of the needle of syringe was connected to a DC voltage supply. Aluminum foil was used as
the collector and placed a distance of 25 cm from the tip of the needle. The electrospinning
chamber was closed after setting up the syringe in the feed pump, and the aluminum foil was
placed in position as the collector. The electrospinning process was carried out when 25 kV was
supplied through the DC voltage source. All parameters were kept constant for the
electrospinning of all samples. The experiments were completed at room temperature under
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atmospheric conditions. Figure 20 shows the electrospinning chamber, Figure 21 shows the highvoltage source, and Figure 22 shows the syringe used for the electrospinning.

Figure 20: Electrospinning chamber

Figure 21: High-voltage source

Figure 22: Syringe
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3.2.5 Hot Oven / Dryer
The electrospun nanofibers were kept in an oven for heat treatment for 30 minutes,
1 hour, 2 hours, and 4 hours. PS nanofibers were heat treated at 50oC, 75oC, 100oC, and 125oC,
whereas PVC nanofibers were heat treated at 50oC, 75oC, and 100oC. Heat treatment on the
nanofiber helps to enhance the mechanical properties and also remove moisture. Figure 23 shows
the hot oven.

Figure 23: Heating oven
3.2.6 Optical Contact Angle Machine (Goniometer)
Contact angles of the electrospun fibers were measured with a goniometer. This optical
contact angle machine accumulates a droplet on the surface using a digital image which is then
processed by the software to determine the accurate measurement of the contact angle. The
goniometer has a high-resolution camera, which is controlled using CAM 100 software to obtain
a clear interface of the liquid and the solid. This instrument can measure contact angles between
1° and 180°. Figure 24 shows the optical goniometer.
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Figure 24: Optical goniometer
The nanofiber sample was attached to the metal plate and placed on the stage which can
be adjusted vertically and can be rotated. The syringe was filled with water and adjusted to the
goniometer in such a way that the tip of the needle is visible on the screen of the computer. The
high-resolution camera was focused to the sample so that clear image is formed on the screen.
The syringe was handled manually in such a way that only one drop of water is dropped on the
sample for contact angle measurement.
If the surface is hydrophilic the water droplet spread out and contact angle is measured
less than 90° but for hydrophobic surface the water droplet doesn’t spread out and contact angle
is measured above 90°. The contact angle is more than 150° for superhydrophobic surface.
3.2.7 Scanning Electron Microscope
The scanning electron microscope provides detailed high-resolution images of the sample
by scanning the surface with a focused beam of electrons. This microscope can achieve a
resolution of 1 nanometer. Magnification in the microscope can be controlled over a range of
about six orders of magnitude from about 10 to 500,000 times.
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The scanning electron microscope is one of the widely used instruments to study
polymers. It helps to characterize the size, shape, and morphology of the nanofibers, as well as to
study the change in morphology of the fiber formation due to the change in process parameters
[52].
SEM images of the nanofibers were obtained by using the JOEL 6460LV electron
microscope in the National Institute for Aviation Research at Wichita State University. The
resolution of the microscope is 10 nm, and it uses AnalySIS® imaging software. All samples
were arranged and marked on the sample holder, as shown in the Figure 25. The SEM software
was opened in the screen, the sample holder was placed on the chamber by using tongs, and the
chamber door was closed gently. The required amount of voltage was applied to the sample
through an electron beam. Once the software indicates “ready,” the sample was moved under the
electron beam to focus the sample, and images were taken at different required magnification.
Figure 26 shows the scanning electron microscope.

Figure 25: Preparation of samples for SEM
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Figure 26: Scanning electron microscope
3.2.8 Fourier-Transform Infrared Spectrometer
Fourier-transform infrared (FTIR) spectroscopy is a technique used to obtain the infrared
spectrum of the absorption or emission of material. It measures the intensity of the infrared
beams transmitted or absorbed by the material. Figure 27 shows the Avatar 360 FTIR
spectrometer. FTIR analysis helps to determine the chemical composition of materials because
every chemical bond absorbs and transmits light at different frequencies. When the infrared
beam is focused on the material, the wavelength of the light being absorbed or transmitted can be
seen in the spectrum, which helps to determine its chemical composition and structure. For
unknown materials, the spectrum is compared to a reference spectrum in order to identify the
material, as shown in the Figure 28.
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Figure 27: Avatar 360 FTIR spectrometer

Figure 28: Reference spectrum to determine wavelength of different chemical bonds [74]
FTIR analysis can be used to evaluate very small samples, but they need to be very thin
so that the infrared light can easily pass through. The frequency range is measured within the
range of 4000–500 cm-1 wavenumbers.
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3.3 Methodology
The methodology involving this research is described below:
•

Polystyrene was dissolved in a dimethylformamide solution in the ratio of 20:80, and
polyvinyl chloride was dissolved in a dimethylacetamide solution in the ratio 15:85,
using a magnetic stirrer in a hot plate for 1 hour.

•

Teflon™ emulsions in the amounts of 2 ml, 4 ml, and 8 ml were measured and allowed to
dry separately so that all aqueous solution was evaporated.

•

Teflon™ particles were then added to the previous solution and sonicated for 20 minutes
using a probe sonicator.

•

The solution was placed in a syringe which was then fed to a pump for electrospinning at
25 kV DC, 25 cm distance, and 2ml/hr. pump speed.

•

As the electrospinning began, the electrospun fibers started to collect on the collector
plate.

•

The fibers thus obtained were heat treated at 50°C, 75°C, 100°C, and 125°C in an oven
for different time intervals, and then contact angles of those fiber were obtained by using
the goniometer setup (CAM 100).

•

Nanofibers were then characterized by using FTIR and SEM analyses.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Water Contact Angle Tests
The polystyrene and polyvinyl chloride nanofibers were obtained without Teflon™
emulsions and with solid particles of 2 ml, 4 ml, and 8 ml of Teflon™ emulsions. The fibers
were then heat treated at different temperatures for different time intervals to stabilize the fibers
and to study the effect of heat treatment on the fibers. PS has a higher melting temperature and
glass transition temperature than PVC. The PS nanofibers were heat treated at 50°C, 75°C,
100°C, and 125°C, whereas the PVC nanofibers were heat treated at 50°C, 75°C, and 100°C. The
heat treatment of fibers was done for different time intervals of 30 minutes, 1 hour, 2 hours, and
4 hours. After the heat treatment, electrospun fibers of PS and PVC were used for contact angle
measurements by using the CAM 100 contact angle goniometer. For the contact angle
measurements, thin films of the fibers were attached on the goniometer’s glass plate by using
double-sided tape in such a way that the surface of the fiber for contact angle measurement was
laid flat without any irregularities. A single drop of water was placed on the surface of the films
by using the syringe attached to the goniometer. The high-resolution camera of the goniometer
captured images of the water droplets on the film, and water contact angles were measured with
the help of the CAM 100. Measurements were repeated three times for each sample and the
results averaged for their respective nanofibers films.
4.1.1 Water Contact Angle Tests for PS Nanofibers
Polystyrene nanofibers showed that their water contact angles increased with the increase
in the heat treatment temperature. Maximum contact angles were obtained at 100°C. Above
100°C, the water contact angle started to decrease for each sample because the glass transition
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temperature of PS is 100°C. With the heat treatment of PS nanofibers below the glass transition
temperature, fibers began to stabilize by enhancing their mechanical properties. Above the glass
transition temperature, fibers began to lose hardness and become flexible, and also there was a
change in surface composition, porosity, and size of the fiber diameter, which lowers the contact
angle value. Some of the water contact angles of PS-DMF nanofibers in the superhydrophobic
state are shown in Figures 29 and 30.

Figure 29: Water contact angle for PS-DMF with 8 ml Teflon™ heat treated at 100ºC for
30 minutes (left) and PS-DMF with 4 ml Teflon™ heat treated at 100ºC for 1 hour (right)

Figure 30: Water contact angle for PS-DMF with 4 ml Teflon™ heat treated at 100ºC for 2 hours
(left) and PS-DMF with 4 ml Teflon™ heat treated at 100ºC for 4 hours (right)
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PS-DMF fibers were heat treated at temperatures 50°C, 75°C, 100°C, and 125°C. The
water contact angles of the fibers with different amounts of Teflon™ particles and heat treated
for 30 minutes are tabulated in Table 1. All contact angle values are above 90°, which indicates
that the fibers are in a hydrophobic state; however, it can be seen that for all samples, the water
contact angle is maximum at 100°C. With the addition of the Teflon™ emulsion, the water
contact angle increased for all fiber samples. When 4 ml of Teflon™ emulsion was added to the
PS-DMF fibers and 8 ml of Teflon™ emulsion was added to the PS-DMF fibers and heat treated
for 30 minutes at 100°C, the water contact angles were 150.04° and 154.28°, respectively, which
proves that these two fiber samples are superhydrophobic in nature.
Table 1: Contact angles of PS-DMF nanofibers with various Teflon™ emulsions heat treated
at different temperatures for 30 minutes
Polymer Type
PS and DMF
PS-DMF and 2 ml
Teflon™ Emulsion
PS-DMF and 4 ml
Teflon™ Emulsion
PS-DMF and 8 ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
125ºC
Temperature
124.05

134.68

130.09

139.58

117.89

131.69

133.44

136.77

146.05

122.91

127.91

138.97

145.99

150.04

118.39

128.89

139.82

143.83

154.28

118.91

Contact angles can also be plotted, as shown in Figure 31, which indicates how these
angles change with temperature for different samples of PS-DMF nanofibers.
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Figure 31: Plot of contact angle vs temperature of PS-DMF nanofibers with various Teflon™
emulsions heat treated for 30 minutes
Table 2 shows the contact angles of PS-DMF nanofibers with different amounts of
Teflon™ particles heat treated at various temperatures for 1 hour. As shown, the 1-hour heat
treatment of PS-DMF nanofibers with 4 ml of Teflon™ emulsion at 100°C indicates a
superhydrophobic nature, with the water contact angle measured at 150.09°. Figure 32 shows the
plot of contact angle vs temperature of PS-DMF nanofibers with various Teflon™ emulsions
heat treated for 1 hour.
Table 2: Contact angles of PS-DMF nanofibers and various Teflon™ emulsions
heat treated at different temperatures for 1 hour
Polymer Type
PS and DMF
PS-DMF and 2 ml
Teflon™ Emulsion
PS-DMF and 4 ml
Teflon™ Emulsion
PS-DMF and 8 ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
125ºC
Temperature
124.79

132.34

136.80

139.66

122.15

126.28

131.20

139.21

144.00

124.95

130.43

144.72

146.00

150.09

128.94

128.43

135.90

141.10

149.11

119.52
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Figure 32: Plot of contact angle vs temperature of PS-DMF nanofibers with various Teflon™
emulsions heat treated for 1 hour

Table 3 shows the contact angles of PS-DMF nanofibers with various Teflon™ emulsions heat
treated at different temperatures for 2 hours. For 2 hours heat treatment only PS nanofiber with 4
ml of Teflon™ emulsion at 100°C shows superhydrophobic nature which measure the water
contact angle as 154.51°. Figure 33 shows the plot of contact angle vs temperature of PS-DMF
nanofibers with various Teflon™ emulsions heat treated for 2 hours.
Table 3: Contact angles of PS-DMF nanofibers with various Teflon™ emulsions heat treated
at different temperatures for 2 hours
Polymer Type
PS and DMF
PS-DMF and 2 ml
Teflon™ Emulsion
PS-DMF and 4 ml
Teflon™ Emulsion
PS-DMF and 8 ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
125ºC
Temperature
122.37

129.87

133.52

140.98

125.69

128.18

135.28

143.21

146.48

129.07

130.93

136.11

145.32

154.51

124.00

135.89

140.11

142.63

147.24

133.57
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Figure 33: Plot of contact angle vs temperature of PS-DMF nanofibers with various Teflon™
emulsions heat treated for 2 hours
Table 4 gives the contact angle values of PS-DMF nanofibers with various Teflon™
emulsions heat treated at different temperatures for 4 hours. As can be seen, all the PS-DMF
nanofibers with Teflon™ emulsions at 100°C show a superhydrophobic nature. The water
contact angles are 153.32°, 155.75°, and 153.89° for PS-DMF nanofibers with 2 ml, 4 ml, and 8
ml of Teflon™ emulsions, respectively. Figure 34 shows the plot of contact angle vs temperature
of PS-DMF nanofibers with various Teflon™ emulsions heat treated for 4 hours.
Table 4: Contact angles of PS-DMF nanofibers with various Teflon™ emulsions heat treated
at different temperatures for 4 hours
Polymer Type
PS and DMF
PS-DMF and 2 ml
Teflon™ Emulsion
PS-DMF and 4 ml
Teflon™ Emulsion
PS-DMF and 8ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
125ºC
Temperature
123.86

133.36

138.09

143.11

128.96

131.08

139.40

141.82

153.32

134.28

135.12

139.31

146.32

155.75

134.68

133.98

136.00

144.42

153.89

124.28
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Figure 34: Plot of contact angle vs temperature of PS-DMF nanofibers with various Teflon™
emulsions heat treated for 4 hours
4.1.2 Water Contact Angle Test for PVC Nanofibers
Polyvinyl chloride nanofibers were heat treated at 50°C, 75°C, and 100°C. Contact angle
results were similar to those of the polystyrene nanofibers, with contact angles increasing with
the increase in heat treatment temperature. For all PVC nanofiber samples, the contact angle was
maximum at 75°C and deceased at 100°C because the glass transition temperature of PVC is 80°.
Above this temperature, PVC is no longer in a brittle state, which results in a decrease in the
contact angle. Some of the contact angle measurements of the PVC-DMAc nanofibers are shown
in Figures 35 and 36.

44

Figure 35: Water contact angle for PVC-DMAc with 8 ml Teflon™ heat treated at 75ºC for
1 hour (left) and PVC-DMAc with 4 ml Teflon™ heat treated at 75ºC for 30 minutes (right)

Figure 36: Water contact angle for PVC-DMAc with 2 ml Teflon™ heat treated at 75ºC for
2 hours (left) and PVC-DMAc with 8 ml Teflon™ heat treated at 75ºC for 2 hours (right)
The contact angles of all samples were tabulated at different time intervals of heat
treatment, and graphs were plotted for contact angle vs temperature to observe how the contact
angles change with the change in temperature. Table 5 shows the water contact angles for PVCDMAc nanofibers with and without Teflon™ particles heat treated at different temperatures for
30 minutes. The superhydrophobic state was obtained for PVC-DMAc fiber with 8 ml of
Teflon™ emulsion and heat treated at 75°C, which is at a contact angle of 150.54°. For PVCDMAc nanofibers with 4 ml of Teflon™ emulsion heat treated at 75°C, the contact angle
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measurement is 149.68°, which is close to the superhydrophobic state. Figure 37 shows the plot
of the water contact angle measurements for PVC-DMAc nanofibers with various Teflon™
emulsions heat treated at different temperatures for 30 minutes.
Table 5: Contact angles of PVC-DMAc nanofibers with various Teflon™ emulsions heat treated
at different temperatures for 30 minutes
Polymer Type
PVC and DMAc
PVC-DMAc and 2 ml
Teflon™ Emulsion
PVC-DMAc and 4 ml
Teflon™ Emulsion
PVC-DMAc and 8 ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
Temperature
130.52

136.28

139.32

126.05

135.67

140.74

146.54

132.73

141.15

140.04

149.68

130.72

139.84

141.53

150.54

136.28

Figure 37: Plot of contact angle vs temperature of PVC-DMAc nanofibers with various Teflon™
emulsions heat treated for 30 minutes
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Table 6 shows the water contact angles for PVC-DMAc nanofibers with various Teflon™
emulsions heat treated at different temperatures for 1 hour. Only the PVC-DMAc fiber with 8 ml
of Teflon™ emulsion heat treated at 75°C shows a superhydrophobic nature, which measures the
contact angle at 151.62°. Figure 38 shows the plot of contact angle vs temperature of PVCDMAc nanofibers with various Teflon™ emulsions heat treated for 1 hour.
Table 6: Contact angle values of PVC-DMAc nanofibers with various Teflon™ emulsions
heat treated at different temperatures for 1 hour
Polymer Type
PVC and DMAc
PVC-DMAc and 2 ml
Teflon™ Emulsion
PVC-DMAc and 4 ml
Teflon™ Emulsion
PVC-DMAc and 8 ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
Temperature
127.38

135.13

139.06

125.74

133.13

137.60

145.63

120.94

126.41

136.90

148.77

123.17

132.66

141.49

151.62

118.31

Figure 38: Plot of contact angle vs temperature of PVC-DMAc nanofibers with various Teflon™
emulsions heat treated for 1 hour
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Table 7 shows the water contact angles for PVC-DMAc nanofibers with various Teflon™
emulsions heat treated at different temperatures for 2 hours. All the nanofibers had contact
angles of more than 90°, which indicates that they are hydrophobic but not in the
superhydrophobic state. Figure 39 shows the plot of contact angle vs temperature of PVC-DMAc
nanofibers with various Teflon™ emulsions heat treated for 2 hours.
Table 7: Contact angle values of PVC-DMAc nanofibers with various Teflon™ emulsions
heat treated at different temperatures for 2 hours
Polymer Type
PVC and DMAc
PVC-DMAc and 2 ml
Teflon™ Emulsion
PVC-DMAc and 4 ml
Teflon™ Emulsion
PVC-DMAc and 8 ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
Temperature
126.15

131.26

133.29

119.94

130.64

130.43

140.51

123.26

128.08

136.41

141.44

127.00

129.86

138.95

149.11

127.71

Figure 39: Plot of contact angle vs temperature of PVC-DMAc nanofibers with various Teflon™
emulsions heat treated for 2 hours
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Table 8 shows the contact angle measurements for PVC-DMAc nanofibers with various
Teflon™ emulsions heat treated for 4 hours. None of the nanofibers appear to be
superhydrophobic in nature. The PVC-DMAc nanofibers with 8 ml of Teflon™ emulsion at
75°C were in the superhydrophobic state when heat treated for 30 minutes and 1 hour, but they
lost their superhydrophobicity when heat treated for 2 hours and 4 hours. This is due to the low
thermal stability of the PVC-DMAc nanofiber. Figure 40 shows the plot of contact angle vs
temperature of PVC-DMAc nanofibers with various Teflon™ emulsions heat treated for 4 hours.
Table 8: Contact angle values of PVC-DMAc nanofibers with various Teflon™ emulsions
heat treated at different temperatures for 4 hours
Polymer Type
PVC and DMAc
PVC-DMAc and 2 ml
Teflon™ Emulsion
PVC-DMAc and 4 ml
Teflon™ Emulsion
PVC-DMAc and 8 ml
Teflon™ Emulsion

Contact Angle (degrees) at Different Temperatures
Room
50ºC
75ºC
100ºC
Temperature
125.86

130.09

133.87

125.66

128.30

131.74

139.76

128.00

125.01

132.24

149.56

132.22

129.44

138.84

148.09

131.65

Figure 40: Plot of contact angle vs temperature of PVC-DMAc nanofibers with various Teflon™
emulsions heat treated for 4 hours
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The contact angles of all PVC-DMAc nanofibers were above 90°, which indicates that
they are hydrophobic in nature. Only two sample nanofibers of PVC-DMAc showed contact
angles more than 150°. The PVC-DMAc nanofiber with 8 ml of Teflon™ emulsion heat treated
at 75°C measure for 30 minutes had a contact angle of 150.54°, and the PVC-DMAc nanofiber
with 8 ml of Teflon™ emulsion heat treated at 75°C for 1 hour had a contact angle of 151.62°.
Hence, these two samples of PVC-DMAc nanofibers are in a superhydrophobic state.
The Teflon™ particles were added to the polymer solution to increase its hydrophobicity
by changing the surface roughness. From the above contact angle values, it can be seen that the
contact angle measurement increases with the addition of the Teflon™. Also, the contact angle
of PS-DMF nanofibers are comparatively higher than PVC-DMAc nanofibers although the
diameter of the PVC fibers is smaller than that of the PS fibers. This may be due to the surface
roughness, molecular structure, and inbuilt hydrophobicity of PS nanofibers.
4.2 SEM Analysis
Scanning electron microscopy images of the nanofibers were obtained by using a JOEL
6460LV scanning electron microscope. The main purpose of SEM analysis is to study the
morphology of the electrospun nanofibers. Among the various samples of electrospun
nanofibers, only a few samples were selected for SEM analysis. Teflon™ particles in the solid
form were used for the analysis. PS fibers with 4 ml of Teflon™ emulsion had the highest
contact angle (155.75°) at 100°C for 4 hours of heat treatment, and the PVC fibers with 8 ml of
Teflon™ emulsion had the highest contact angle (151.62°) at 75°C for 1 hour of heat treatment.
Therefore, these nanofiber samples were used for SEM analysis.
Figure 41 shows SEM images of Teflon™ particles at different magnifications. The
Teflon™ emulsion is dried in other to evaporate all the aqueous content so that only the solid
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content remains, which is then used for analysis. As provided by the manufacturer, the size of the
particle is 0.18 μm. As can be seen in Figure 41, the Teflon™ particles are clustered together.
From the SEM analysis, the diameter of the PS nanofibers is found to be in the range of 400 nm
to 1 μm. The Teflon™ particles, which act as a hydrophobic agent, are attached to the PS fibers,
thereby increasing the surface roughness of the fiber mats.

Figure 41: SEM images of Teflon™ particles at different magnifications.
Figures 42 to 45 shows SEM images of PS nanofibers at different temperatures and
magnifications. It can be seen that the Teflon™ particles are uniformly distributed throughout
the fibers, and at higher magnification, the Teflon™ particles are woven by a number of strings
of PS fibers. The surface of the PS fibers is smooth, but there is variation in the diameter as
indicated by some fibers being thicker than others. Below the glass transition temperature
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(100°C), the morphology of the fiber does not change much, but above the glass transition
temperature, it can be seen that the fibers are fused with each other forming overlapping fibers.
As shown in Figure 45, when the fibers are heat treated at 125°C, there is a slight increase in
their mean diameter compared to fibers that are heat treated at low temperature, which is due to
the interconnection of fibers at high temperature.

Figure 42: SEM images at different magnifications of PS-DMF with 4 ml of Teflon™ emulsion
for 4 hours of heat treatment at 50ºC
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Figure 43: SEM images at different magnifications of PS-DMF with 4 ml of Teflon™ emulsion
for 4 hours of heat treatment at 75ºC

Figure 44: SEM images at different magnifications of PS-DMF with 4 ml of Teflon™ emulsion
for 4 hours of heat treatment at 100ºC
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Figure 45: SEM images at different magnifications of PS-DMF with 4 ml of Teflon™ emulsion
for 4 hours of heat treatment at 125ºC

Figure 46: SEM images at different magnifications of PVC-DMAc with 8 ml of Teflon™
emulsion for 1 hour of heat treatment at 50ºC
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Figure 47: SEM images at different magnifications of PVC-DMAc with 8ml of Teflon™
emulsion for 1 hour of heat treatment at 75ºC

Figure 48: SEM images at different magnifications of PVC-DMAc with 8 ml of Teflon™
emulsion for 1 hour of heat treatment at 100ºC
In the case of PVC nanofibers, the fiber diameter ranges from 200 to 600 nm. From the
SEM images, the PVC nanofibers are more uniform than the PS nanofibers, which may be due to
the difference in molecular structure of the polymers. One important thing to be noticed is that
the diameter of the PVC fibers is comparatively smaller than that of the PS fibers, but the water
contact angles of the PS fibers are higher than that of the PVC fibers. Usually fibers that are
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small in size show higher contact angles, but, here, this is not true. The contact angle of PS fibers
is high, even though the fiber size is large, which is due to the initial hydrophobicity and surface
roughness of the PS fibers.
From SEM images of the PVC nanofibers shown in Figures 46 to 48, it can be seen that
the fibers are randomly oriented and formed like a web. The Teflon™ particles that are
distributed throughout the fibers are woven by the PVC nanofibers. Although the surface of the
fibers is smooth, PVC fibers are non-uniform in the cross section. Overlapping of the fibers can
be seen when they are heat treated at 100°C.
4.3 FTIR Analysis
Fourier-transform infrared analysis of the electrospun fibers was done with an AVATAR
360 FTIR spectrometer. The advantage of this analysis is the intensity of the spectra within a
small range of wavelengths can be measured.
Fluorinated ethylene propylene is also known as the Teflon™ emulsion. The FTIR
spectrum of the Teflon™ emulsion can be explained by the simple chemical structure (-CF2-)n.
Figure 49 shows the FTIR spectrum for the Teflon™ emulsion. The vibrations at 1201cm -1 and
1149 cm-1 are due to the CF2 stretching of CF2-CF2. The peak at 984 cm-1 is attributed to the
stretching of CF3, whereas the peak at 750 cm-1 is due to the stretching of CF-CF3. The
deformation of CF2 is represented by peaks at 642 cm-1, 557 cm-1, and 505 cm-1.

56

Figure 49: FTIR absorbance spectrum of Teflon™ emulsion
Figure 50 shows the FTIR absorbance spectrum of PS nanofibers without the Teflon™
emulsion. For PS, there are many peaks in FTIR spectrum. The absorption bands at 2933 cm-1
and 3028 cm-1 show the presence of aromatic groups. The peak at 1601 cm-1 is due to the
functional group C=O. The vibrations at 1491 cm-1 and 1452 cm-1 are due to C-H bending. The
peaks at 760 cm-1 and 698 cm-1 are due to stretching of the C-H bond in monosubstitution of the
aromatic ring. The peak corresponding to 1103 cm-1 represents the stretching of amine group.
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Figure 50: FTIR absorbance spectrum of PS fiber without Teflon™ emulsion
Figure 51 shows the FTIR spectra for PS fibers with different amounts (2 ml, 4 ml, and
8 ml) of Teflon™ emulsion. These FTIR spectrums are similar, with the peaks representing the
functional group of all the molecular compounds being the same and appearing almost at the
same wavenumbers. When comparing these spectra with that of the PS fiber without any
Teflon™ emulsion, there are some additional peaks at 1252 cm-1 and 1159 cm-1, which indicate
the presence of CF2 (Teflon™ emulsion) in the PS fibers.
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Figure 51: FTIR absorbance spectra of PS fibers with different amounts of Teflon™ emulsion.
Figure 52 shows the FTIR spectrum of PVC fiber without any Teflon™ emulsion. The
many peaks in this spectrum of PVC indicate the different functional groups. The peaks at
698 cm-1, 631 cm-1 and 615 cm-1 represent stretching of C-Cl. The stretching of C-C corresponds
to the peaks 968 cm-1 and 1105 cm-1. The absorbance band at 2916 cm-1 is due to stretching of
C-H from CH2, and the absorbance band at 2978 cm-1 is due to stretching of C-H from CH-Cl.
The peak at 1676 cm-1 confirms the presence of an amide group. The peaks at 1257 cm-1 and
1333 cm-1 indicate stretching of the amine group. The bending of methyl is indicated by the peak
at 1431 cm-1.
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Figure 52: FTIR absorbance spectrum of PVC fiber without Teflon™ emulsion
Figure 53 shows the spectra of PVC nanofiber with different amounts of Teflon™
emulsion. Comparing these spectra with each other and with the PVC fiber without the Teflon™
emulsion shows that there are no significant differences. The addition of Teflon™ emulsion in
the PVC nanofiber should indicate the presence of CF2 by the peaks in the range at 1150 cm-1 and
1200 cm-1. Due to stretching of the C-C bond and amine group, these peaks corresponding to CF2
might not have been clear in the spectra.
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Figure 53: FTIR absorbance spectra of PVC fibers with different amounts of Teflon™ emulsion
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CHAPTER 5
CONCLUSIONS
In this research work, PS and PVC nanofibers were produced by using the
electrospinning process under 25 kV DC, 2 ml/hr pump speed, and 25 cm tip-to-collector
distance. All these parameters were kept constant throughout the study. The PS and PVC fibers
were produced with and without Teflon™ emulsions. The amounts of 2 ml, 4 ml, and 8 ml of
Teflon™ emulsions (~180 nm) were allowed to dry separately so that only the solid particles of
its fluorinated ethylene propylene makeup could be added to the polymer solution. The
electrospun fibers were then heat treated at different temperatures and time intervals.
Temperatures for the heat treatment were selected based on the melting temperature and glass
transition temperature of the polymer used for electrospinning. The main objective of the heat
treatment was to stabilize the fibers and evaporate all moisture from the fibers.
The water contact angles of the heat-treated fibers were measured using a goniometer. It
was found that all the fibers had contact angles of more than 90° (hydrophobic), and the addition
of the Teflon™ particles to the polymer increased the water contact angle of the fibers. The
highest contact angle for PS fiber was measured at 155.75° and for PVC fiber was 151.62°. It
was noticed that the contact angle measurement was greater if the fiber was heat treated to near
the glass transition temperature of the polymer.
Based on contact angle measurements, those fibers with the highest contact angles were
selected for SEM analysis to study their morphologies. The diameter of the PS fibers ranged
from 400 nm to 1 μm, and the diameter of the PVC fibers ranged from 200 to 600 nm. The fibers
were randomly oriented with Teflon™ particles distributed throughout the fibers. It was
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observed that the heat treatment of the fibers above the glass transition temperature of the
polymer caused the fibers to fuse together, thereby resulting in overlapping.
FTIR analysis of the fibers with Teflon™ particles was also conducted. All characteristic
peaks of the spectra were like the respective wavenumber of the functional group and chemical
bond of the materials used for this research work.
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CHAPTER 5
FUTURE WORK
This research could be used as information for other researchers investigating
superhydrophobic nanofibers. Future work based on this study is provided below:
•

A study could be conducted by producing different fibers by changing the various
parameters of electrospinning, such as feed rate, concentration of the solution, etc.

•

The polymers PVC and PS could be replaced by using other polymers such as
polycarbonate, polyethylene, polyvinyl fluoride, etc., based on the required applications.

•

The electrospun fibers could be further analyzed by using X-ray diffraction, energydispersive spectroscopy, and Raman spectroscopy to study additional properties of the
fibers.

•

The superhydrophobic fibers obtained could be applied in different compatible fields and
their performance studied.
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