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ABSTRACT
This project is aimed at developing and characterizing electrospun polyacrylonitrile
(PAN) and polyvinyl chloride (PVC) nanofiber mats to effectively catch fresh water from fog in
the atmosphere. The demand for fresh water is continually increasing. Approximately 2.8 billion
people in the world have at least one month of clean water shortages, and 1.2 billion people lack
access to clean drinking water. This problem can be solved effectively utilizing new technologies
in a cost-effective manner.
It is estimated that the atmospheric fresh water found on the earth is about 8% of the total
surface water. Although desalination could create a much higher amount of available freshwater
to the world’s population, it is a fairly costly, energy-intensive, and time-consuming process. In
order to address some of the water scarcity concerns, the electrospinning technique was used to
produce superhydrophilic nanofibers to absorb the water in a foggy atmosphere. In this study,
PAN and PVC powder were separately blended with polyvinylpyrrolidone (PVP), chitosan, and
polyethylene glycol (PEG) at 0, 4, 8, 16, and 32 wt%, and dissolved in dimethylformamide
(DMF) and acetone at different ratios (90:10). Prepared solutions were electrospun at different
DC voltages, pump speeds and tip-to-collector distances.
The produced nanofibers were characterized using scanning electron microscopy (SEM),
Fourier-transform infrared spectroscopy (FTIR), and water contact angle measurements. The
fibers were mainly in the nanosize range with uniform shapes and few beads. At higher
concentrations (e.g., 16 and 32 wt%) of PVP, PEG, and chitosan, most of the electrospun fibers
were superhydrophilic (water contact angle < 5 in 0.5 seconds). Humidifier tests indicated that
superhydrophilic fibers collect fog up to 58% of their weight, which indicates that these
functional materials can be utilized to catch fog in air in locations where water is scarce.
vi
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CHAPTER 1
INTRODUCTION
1.1

General Background
More than 71% of the earth’s surface is water in the form of ice/solid, liquid, and vapor,

and mainly includes oceans, lakes, underground water, lakes, rivers, and atmospheric water
(water in the air). Most of the ocean water and some of the groundwater are salty and are not
useful for people, animals, and crops. Also, the fresh water in ice, the atmosphere, and the
biosphere cannot easily be extracted and used for drinking, agriculture, gardening, showering,
industrial, and other humanitarian uses [1]. Table 1 provides percentages of the earth’s water
sources [1-3].
TABLE 1
PERCENTAGES OF WATER SOURCES ON EARTH
Water Sources

Percent Water on Earth

Oceans

96.4

Ice

1.8

Underground Water

1.8

Surface Water (Rivers, Streams, Lakes, Ponds, Dams)

0.014

Atmosphere

0.001

Biosphere

0.001

The highest percentage (96.4%) of water on our planet is found in the oceans. Ice water
and underground water each represent about 1.8% of the earth’s total water. The surface water in
rivers, streams, lakes, ponds, and dams represents about 0.014% of the total water. A very small
percentage of water exists in the atmosphere and the biosphere, with about 0.001% each [1].
Today, approximately, 2.8 billion people in the world have at least one month of clean water
1

shortages, and 1.2 billion people lack access to clean drinking water, which represents a large
population. The global exhaustion of water is doubling nearly every twenty years, twice the rate
of the increase in population, and it is assumed that by 2025, more than a billion people will be
living in cities where it will be difficult or undesirable to meet essential water needs.
Rainwater harvesting means catching and using rainwater when it falls on the surface of
the earth. This can be collected in dams or underground for future use. Often, this system saves
much time and energy but can only be used in areas with abundant rainfall. Over a period of
time, stored water can become contaminated and used only after many treatment processes,
which creates additional effort and time.
Farming consumes a considerable amount of fresh water; therefore, drip irrigation can be
beneficial in areas where water is scarce or expensive. Drip irrigation uses water more efficiently
than conventional irrigation by releasing the water slowly to a specific area (targeting plant
roots). Instead of wasting more water that cannot be absorbed into the ground, the water
provided through a drip irrigation system has time to be absorbed where plants need it most.
However, it would be very costly to convert all of the current irrigation systems to this method.
Fresh water utilized by industry can be recovered after waste water processes.
Since most of the earth’s surface is covered by ocean water, efficient desalination
processes can be developed and used for public, agricultural, and industrial uses. Desalination
can produce more water; however, it is very costly and energy-intensive, and large amounts of
money are necessary to set up desalination units on a large scale [2].
1.2

Motivation
Recent advances in nanotechnology offer leapfrog opportunities to develop next-

generation water supply systems. The current water treatment, distribution, and self-discharge
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systems, which heavily depend on a carriage and centralized operations, are no longer
sustainable for the world demand. Nevertheless, the highly efficient, modular, and
multifunctional processes enabled by nanotechnology can be used to produce more affordable
water for different locations.
Nanotechnology-enabled water and wastewater treatment promise not only to overcome
major challenges faced by existing treatment technologies but also provide new treatment
abilities that could allow economic utilization of unconventional water sources to expand the
water supply. This thesis provides an overview of recent development in nanotechnology for
water and wastewater treatment. The primary applications of nanomaterials are critically
reviewed based on their functions and parameters in unit operation processes [3].
Nanomaterials vary in size from 1 nm to 100 nm in at least one direction. Such small
particles of material have different properties than their larger-size counterparts, and they behave
more effectively and can be used for water treatment and desalination purposes. Some of these
applications utilize the smooth, scalable, size-dependent properties of nanomaterials that relate to
a high specific surface area, such as fast dissolution, high reactivity, and strong sorption [4].
Nanosorbents are nanoscale particles of chemical or natural materials that are able to
absorb different organic and inorganic substances. Most environmental implementations of
nanosorbents are in the area of wastewater treatment and drinking water production, with other
implementations mainly focused on air pollutants or groundwater contamination. Nanosorbents
have shown to have excellent chemical and physical properties over traditional sorbents, such as
a large surface area and high substance specificity. They also provide the ability to combine
some reactive agents and allow good control over mass transport properties [5, 6].

3

1.3

Objectives of Study
This study has a number of research objectives, some of which are briefly mentioned

below:
•

To

develop

superhydrophilic

electrospun

polyacrylonitrile

(PAN)

nanofibers

incorporated with various hydrophilic polymers.
•

To characterize the properties of those nanofibers using different techniques.

•

To utilize superhydrophilic nanofiber mats to capture water (in this case humidifier fog).
In the present study, PAN powder was separately blended with polyvinylpyrrolidone

(PVP), chitosan and polyethylene glycol (PEG) at 0, 4, 8, 16, and 32 wt%, and dissolved in
dimethylformamide (DMF) and acetone at different ratios. A higher acetone concentration in
DMF usually makes the nanofibers more hydrophilic, while a lower acetone concentration in
DMF makes the nanofibers superhydrophobic when there is less PVP, PEG, or chitosan.
Prepared solutions were electrospun at different DC voltages, pump speeds, and tip-to-collector
distances. The produced nanofibers were characterized and then utilized for the fog-capturing
purpose.
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CHAPTER 2
LITERATURE REVIEW
About two-thirds of the world’s population will experience water shortages in the near
future, although 70% of the earth’s surface is covered by water [7]. It has become necessary to
produce much cleaner water for the next generation. New technologies must be developed to
produce cleaner water in an easier and cheaper way for various purposes such as drinking,
agriculture, industries, and so on. Since the amount of polluted water has been rising, it can
create some health concerns when it is consumed. Today, the water that is acquired from natural
water resources is in most cases saline water, which is unsuitable for direct human consumption
and other uses. It is reported that currently about a billion people are not able to get fresh clean
water for drinking [8].
In the dry and desert regions, water is hardly available due to the lack of rain and heavy
solar emissions, which easily dry up the surface water in lakes and some rivers. Some of climate
researchers have indicated that many regions get less than 1 mm/year rainfall, and sometimes
almost no rainfall in some of the driest regions [9, 10]. In dry lands, precipitation is extremely
low when compared to the desired level, so access to water by new water production systems is
essential for those regions [11]. Dry lands cover about 41% of the earth’s surface [12], which
substantially affects the planet’s largest biome (plants, animals, and microorganisms). Enhancing
our understanding of the essential factor by controlling dry land work, water accessibility can be
addressed [13]. Absorbing water or moisture from air or fog can be an effective approach in
obtaining clean water for some of the regions in the worlds (e.g., Chili, Morocco, and
Himalayas).

5

2.1

Moisture in the Air
Vapor droplets in the atmosphere comprises approximately 13 thousand trillion liters of

water [14]. Water in the air is a common asset that might resolve some of the water scarcity
issues worldwide. Although some research studies discuss water in the air and producing it
effectively [15], new techniques are required to effectively capture the water droplets/fog that
has a higher relative humidity, that is, in the vicinity of 100% relative humidity (RH) in some
regions. Alternately, an extensive measure of energy would make it unfeasible to catch fog in the
atmosphere. Ideally, the water-collecting framework ought to work effectively with less energy,
labor, and time in order to make it feasible.
There are two types of moisture problems: leaks and condensations. When warm
moisture comes into contact with a surface that is too cold, the moisture in the air condenses or
forms water on the cold surface. Water and frost that can be seen collecting on windows are
visible examples of condensation [16]. Condensation can also collect inside exterior walls where
it can, overtime, cause mold, wood rot, and structural decay. Over time, if the air inside is too
humid, the result may cause severe damage to a house structure, furnishings, personal
possessions, and possibly even the health of those living in the home.
Condensation that occurs on cold surfaces is mainly due to three reasons: too much
moisture in the air, insufficient indoor-outdoor air exchange or ventilation, and the availability of
cold surfaces upon which moisture in the air can condense. Previous studies on both fog and dew
harvesting have demonstrated that the efficiency of water collection is strongly correlated with
surface wettability as well as structural features on the surface. Motivated by certain species
found in arid areas, various biomimetic artificial surfaces have been developed by incorporating
similar wettability and roughness features as their natural counterparts.

6

Investigations involving air humidity open new horizon that there is a general increment
of moisture with air temperature [17]. Air dampness content expanded with air temperature
might be anticipated by the Clausius-Clapeyron hypothesis. In any case, there were some tropical
and subtropical land areas (e.g., South America and Asia, and many other districts) where
researchers found that dampness diminished with air temperature. Analysis of this connection
between temperature and water vapor at an annual time size for 11 years of study and
atmosphere show various vertical environmental layers [18]. Their discovery, for the most part,
yielded positive connections, yet there are additional negative connections over certain land
regions that are presumably identified with territorial subsidence-related drying and warming.
A current report utilizing information from an Atmospheric Infrared Sounder (AIRS)
uncovered mostly positive relationships between relative humidity and air temperature in the
lower and upper tropical troposphere [19]. This investigation additionally uncovered many local
varieties, conceivably connected with convective climb and subsidence, albeit normal conditions
over the troposphere followed the Clausius-Clapeyron relationship. A high shifting connection
proposes that these connections uncovered by surface perceptions alone may not precisely mirror
the dampness and temperature relationship over the whole climatic segment. The vast provincial
changeability is likewise affirmed by Dessler that consider on five winters’ worldwide relative
mugginess of AIRS perceptions [20]. An investigation on the relationship between a month’s
mean environmental aggregate water vapor and the sea surface temperature (SST) uncovered a
relationship looked like the Clausius-Clapeyron bend when the SST was more noteworthy than
15°C, yet Stephens cautioned of a potential substantial distinction in the relationship over land
zones. Authentic station records and remote detecting items were used to look at the connections
between barometrical dampness and surface air temperature over northern Eurasia. The
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outcomes demonstrate that the change in rate of environmental water vapor over the
investigation area does not remain steady, but instead diminishes with expanding air temperature.
The most-elevated rates of increment with temperature occur in winter, with least-elevated rates
occurring in summer. The water vapor change with air temperature relies on Clausius-Clapeyron
only in winter, with a normal rate of 7.57%°C [21, 22].
2.2

History of Water Harvesting from Fog/Air
Many research approaches have some advantages to collecting water from air. Well-

studied behavior of water adsorption on a molecular level indicates good performance driven by
aggregation of water molecules into clusters within the pores. Climatic water is an asset identical
to ~10% of all new water in lakes on the earth. In any case, an effective procedure for catching
and conveying water from the air, particularly at low dampness levels (down to 20%), has not
been created.
A recent study investigated water harvesting from air with an metal-organic framework
(Zr6O4(OH)4(fumarate)6) powered by natural sunlight. This framework catches water from the
climate at surrounding conditions by utilizing poor quality warmth from normal daylight at a
transition of under 1 sun (1 kilowatt for every square meter). It was reported that this process is
capable of harvesting 2.8 liters of water per kilogram of metal organic framework daily at
relative humidity levels as low as 20%. It also does not require additional energy input [23].
Cloete et al. developed a mist catcher to gather haze for higher heights and higher altitude
districts in Peru which involved a 1 x 1 m board placed 2 m above ground level. This work
utilized a mist component composed of a two-fold layer with 40% open areas. The screen-type
board can catch fog effectively during heavy periods of fog. Through this process, many of the
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regions in this area received a sufficient fresh water supply. Mist accumulation rates were 1–10 L
m-2 per day [23].
2.3

Applications of Nanotechnology in Water
Nanomaterials are ordinarily characterized as smaller materials, ranging from 1–100 nm.

At this scale, materials frequently have novel-size subordinate properties not quite the same as
their contemporaries, many of which have been investigated for applications in water and
wastewater treatment. Some of them are easily used because of quick disintegration, high
porosity and reactivity, and solid sorption [22]. Some studies suggested that there are consistent
properties, such as surface attraction, limited surface plasmon reverberation, and quantum
repression impact, which drastically affect the treatment abilities. Various applications for
nanotechnology for water treatment are given below [22-24]:
2.3.1 Adsorption
Adsorption is normally utilized as a cleaning process to expel natural and inorganic
contaminants during water and wastewater treatments. The proficiency of ordinary adsorbents is
normally restricted by the surface region or dynamics, the absence of selectivity, and the
adsorption energy. Nanoadsorbents offer noteworthy change with their high surface area and
related sorption region, short particle dispersion, and tunable pore size and surface quality [20].

2.3.2 Carbon-Based Nanoadsorbents
Carbon nanotubes (CNTs) have demonstrated higher proficiency on the adsorption of
different natural chemicals/compounds in water [20]. Their high adsorption limit chiefly comes
from their high surface area with different contaminant interactions. The accessible surface area
for adsorption on individual CNTs is their outer surfaces [21]. The hydrophobic region of CNTs
also makes these nanomaterials appealing for various water treatments [22]. Although activated
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carbon has a similarly measured surface range as CNT groups, it contains countless natural
atoms to interact with numerous anti-toxins and pharmaceuticals [23]. Accordingly, CNTs have
considerably higher adsorption levels with regard to some other natural particles, in view of their
larger pores and more available sorption locales. The real downside of activated carbon is its low
adsorption capability for low atomic weight polar natural mixes [24].
2.3.3 Potential Application in Water Treatment
Nanoadsorbents can be promptly incorporated into existing treatment systems as slurry
reactors or absorbers. In powder form, nanoadsorbents in slurry reactors can be exceptionally
effective since all surfaces of the adsorbents are used and the blending with other absorbents can
exceedingly encourage the mass exchange. Nonetheless, an additional divided unit is required to
recuperate the nanoparticles and absorbents. Nanoadsorbents can also be utilized as a part of
settled or fluidized absorbers as pellets/dots or permeable granules stacked with other adsorbents.
Settled bed reactors are typically connected with mass exchange impediments, so this does not
adversely affect the future treatment process. Uses of nanoadsorbents for arsenic removal have
been popularized, and their application and cost have been contrasted with other adsorbents in
pilot tests [25].
2.3.4. Nanofiber Membranes
Nanoscale membranes are a new set of materials that can be utilized to treat surface water
and wastewater. Surface coatings/modifications can be additional ways to modify surfaces of
nanofiber membranes in an effort to increase biocompatibility and hydrophilicity. This technique
often does not involve direct attachment of chemical groups or chemical alteration of the surface
in the way that conventional chemical modification techniques do, but this method can still alter
the surfaces for increased hydrophilicity. More hydrophilic membranes will allow water filtration
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rates to be much higher. In a solution coating, the preparation conditions are a key factor on the
performance of the membranes.
In recent studies, three kinds of surface coating were employed in order to construct a
superhydrophilic surface: dip coating, spin coating, and spray coating [26]. The dip coating
process involves the emersion of a substrate in a liquid coating solution, which is then withdrawn
from the solution and allowed to dry. This process is also referred to as emersion precipitation.
Numerous research studies have investigated the preparation of a superhydrophilic surface via
dip coating. For example, a superhydrophilic organic/inorganic hybrid surface was fabricated on
a blended membrane of polyvinylidene fluoride (PVDF) and polystyrene-maleic anhydride
(PSMA) [27]. The blended membranes prepared from PVDF/PSMA were mixed in a solution via
an emersion precipitation process in an ethanol bath [28]. However, with each soak/dry cycle,
the surface hydroxyl groups were increasingly displaced from the TiO2 surface, which in turn
restricted its ability to form van der Waals and hydrogen bonds with water, and thus prevented
the instantaneous wetting behavior of titanium dioxide (TiO2). From other research, it was found
that with the increase in film thickness, the surface roughness of the film decreased [29].
Similarly, an increase in the agglomerate size of the sols resulted in a smoother film surface.
Finally, surface roughness was observed to be the key parameter governing the durability of
superhydrophilic wetting of the TiO2.
2.4

Concepts of Hydrophilic and Hydrophobic Surfaces
Behavior of water droplets on a solid surface can be defined as either hydrophobic or

hydrophilic surfaces. Figure 1 shows these two aspects, whereby a hydrophilic material attracts
water, while a hydrophobic material resists water molecules. This basic definition indicates the
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functionality of a wide range of solids with distinctive wetting qualities, normally considered in
three-stage frameworks with air, water, and solid (oil as liquid) [30].

Figure 1: Schematic views of superhydrophilic, hydrophilic, hydrophobic, and superhydrophobic
surfaces (left to right).
Wettability is an important characteristic of a solid surface, which is controlled by its
chemical composition and geometrical structure [31]. Material with different degrees of
wettability has a wide range of applications, such as self-cleaning, anti-fogging, absorptions, and
development of biomedical devices [32].
2.4.1 Hydrophilic and Superhydrophilic Surfaces
The term “superhydrophilicity” is relatively new, introduced after many research studies
on superhydrophilic surfaces in response to the demand for surfaces and coatings with an
exceptionally strong affinity to water [33]. The definition of superhydrophilic substrates has not
yet been clarified, and unrestricted use of term “hydrophilic” has stirred controversy in the last
few years in the surface chemistry community [34]. A hydrophilic surface is commonly used to
describe incongruous behavior of water on a solid surface. This surface has a strong affinity to
water, whereas a hydrophobic surface repeals water. The simple definition is too general for the
classification of a variety of different solids having different wetting characteristics, typically
studied in three-faced systems with water and air, or water and oil as fluid [33].
The spreading of water on anatase, a form of TiO2, is the result of both its hydrophilic
properties when exposed to ultraviolet (UV) radiation and the submicroscopic roughness of the
12

coating; therefore, the effect of water spreading was entirely attributed to the photo-induced selfcleaning capability of TiO2 [34]. Historically, substances, including molecules and ions, have
been called hydrophilic if they are readily soluble in water, in contrast to hydrophobic substances
that are poorly soluble in aqua environments. Hydrophilic solids are often hygroscopic and pick
up water from the air [35]. Since surfaces of salt and sugar crystals are chemically identical to
the bulk composition of their crystals, they can be hydrophilic as well.
The enhancement of surface hydrophilicity can be approached through either deposition
of a molecular or microscopic film of a new material that is more hydrophilic than the substrate,
or modification of the chemistry of the substrate surface [36]. Molecular modifications or
depositions of coatings are more common for inorganic substrates, whereas the modification of a
substrate’s surface chemistry is broadly used in the case of polymeric materials [37]. Over the
last few decades, many advances have been made in developing surface treatments involving
plasma, corona, flames, photons, electrons, ions, x-rays, gamma rays, and ozone to alter the
chemistry of polymer surfaces without affecting their bulk properties. Plasma treatment in an air
or oxygen environment are the most distinguished techniques in the oxidation of polymer
surfaces. Polymer is also oxidized and degraded under UV light; for example, polymeric outdoor
consumer products need the addition of UV absorbers when exposed to sunlight in order to
inhibit discoloration, cracking, and fading. Ultraviolet light has a wave length in the range of 10–
400 nm (energy of 3–124 eV) and an incident photon which has enough energy for breaking the
intermolecular bonds of most polymers [38].
In the last few years, superhydrophobic materials and coatings have attracted attention
from a large number of researchers all over the world. The term “superhydrophobicity” was
introduced to describe unusually high water contact angles, which are not observed on flat or
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smooth hydrophobic materials. The commonly accepted meaning of a superhydrophobic surface
is a surface on which the water contact angle is at least 150° and the contact angle hysteresis as
well as the sliding angle do not exceed 5–10°. Superhydrophobic surfaces were inspired by
biological specimens and their artificial substitutes that were manufactured by chemical,
physical, and mechanical modifications of both organic and inorganic materials [38]. A common
feature of superhydrophobic surfaces is their proper two-level topography, with micro- and nanosize posts, similar to what was first observed on lotus leaves and two hundred other waterrepellant plant species. Since surface roughness is a necessary feature of superhydrophobicity, it
can be said that the principle of this phenomenon is based on the different mechanisms of
wetting on rough surfaces.
On the other hand, the hydrophilic surface attracts water, and the water contact angle
should be less than 90°. A true 0° contact angle has very important implications for the energy
balance expressed by Young’s equations. Thus, perfect superhydrophilicity prompts a contact
angle () nearing 0° and is accomplished according to Young’s condition:

 s   sl   l cos 

(1)

where  s is the solid surface energy,  l is the liquid surface energy,  sl is the interfacial energy
solid/liquid, and θ is the equilibrium contact angle. Now if the contact angle is reduced to zero,
then the equation becomes:

 s   sl   l

(2)

This case occurs rarely, if ever, in practical systems, and the zero contact angle is usually taken
as the limit of the Young’s equation. In the case of two liquids, the components of the equations
are either liquid surface tension or liquid-liquid interfacial tension and, therefore, are measurable.
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Applications of superhydrophilic surfaces include anti-fogging and fog-catching surfaces.
The need for anti-fogging surfaces arises in response to the challenge of visualization under high
humidity. Swimming goggles offer an obvious example of such a scenario. Since the relative
humidity is a strong function of temperature, the vapor can easily reach its saturation limit due to
the temperature fluctuation or at a relatively cold solid surface, such as a lanes or a transparent
wall. As a result, significant condensation in the form of tiny droplets can be induced. The
originally transparent solid surfaces will then fog and lose their optical clarity [36]. A
superhydrophilic surface can prevent fog because water spreads on the rough hydrophilic surface
to form a thin film instead of droplets. Such an effect can be easily illustrated by placing a piece
of superhydrophilic polyester film on top of a cup filled with hot water [37]. The progress on
fabrication and characterization of superhydrophilic surface and coatings, along with
understanding how liquid spreads on materials, is driven by a broad application of
superhydrophilic surfaces in products with anti-fogging screens, windows, and lenses;
microfluidic devices; and many other. Because the research of superhydrophilicity is a highly
dynamic field, more interesting products with superhydrophilic surfaces are being developed for
use in the near future.
2.5

Electrospinning
Electrospinning provides a simple and versatile method for generating ultra-thin fibers

from a rich variety of materials, including polymers, composites, and ceramics. A onedimensional (1D) nanostructure has been the subject of intensive research due to its unique
properties and applications in many areas. A large number of synthetic and fabrication methods
have already been demonstrated for generating 1D nanostructures in the form of fibers, wires,
rods, belts, tubes, and rings from various materials [33]. Unlike other methods for generating 1D
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nanostructures, the formation of thin fiber via electrospinning is best when it involves the
uniaxial elongation of a visco-elastic jet derived from a polymer solution. This technique is
similar to the commercial process for drawing micro-scale fiber, except for the use of
electrostatic repulsion between surface charges. The electrospinning technique may be
considered a variant of the electrostatic process. Both of these involve the use of high voltage to
induce the formation of a liquid jet. In electrospinning, a solid fiber is generated as the electrified
jet [39].
The setup for electrospinning is extremely simple, and the spinning mechanism is rather
complicated. As in electrospraying, electrospinning also involves complex electro-fluid
mechanical issues. Recent experimental observations demonstrate that the thinning of a jet
during electrospinning is mainly caused by the bending instability associated with the electrified
jet. Based on experimental observations and electro hydrodynamic theories, mathematical
models have been developed to investigate the electrospinning process [40]. One researcher
calculated the three-dimensional trajectory for the jet using a linear Maxwell equation, and the
computed results were in agreement with the experimental data. This study clearly shows that the
spinning process only involves the whipping of a liquid jet [41]. The whipping instability is
mainly caused by the electrostatic interactions between the external electric field and the surface
charges of the jet. The formation of fibers with fine diameters is mainly achieved by the
stretching and acceleration of the fluid filament in the instability region. One model was
described to have the motion of a highly charged liquid jet in an electric field, and the role of
nonlinear rheology in the stretching of an electrified jet was also examined [38]. All of these
studies provide a better understanding of the mechanism responsible for the electrostatic
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spinning process, which may provide a better control over the diameter and structure of the
electrospun nanofiber [39].
Early work on electrospinning mainly dealt with conventional organic polymers that
could be synthesized with sufficiently high molecular weights and would be dissolved in an
appropriate solvent. In an effort to greatly expand the functionality and thus the scope of
applications associated with these fibrous structures, a variety of methods has recently been
developed to increase the diversity of materials that can be adopted for use in electrospinning
[42]. A number of functional polymers with applications have been directly electrospun into
nanofibers. Polyvinylidene fluoride, a well-known piezoelectric fluorescent polymer, was
successfully electrospun into nanofibers by several researchers who then demonstrated their
application in optical sensing. Intrigued by their potential applications in cell biology and tissue
engineering, a large number of biodegradable polymers that include polyglycolide (PGA) and
polyactide (PLA) have been directly electrospun into nanofibers [40].
The nanofibers prepared by electrospinning could be modified in a number of different
ways to improve their properties and to increase the diversity of materials that could be
processed as fibrous nanostructures. Surface coating seems to represent the simplest approach in
this regard. In addition, physical or chemical vapor deposition could be exploited to coat or
decorate as-spun fiber with polymers, metals, or ceramics. To these ends, various researchers
have demonstrated that the surface of titanium nanofibers could be readily coated with
nanoparticles of noble metals by taking advantages of the photocatalytic activity of anatase.
Chemical modification provides, by far, the most versatile route to nanofibers characterized by
new compositions and functionality [43]. The past few years have witnessed tremendous
progress in the area of electrospinning, which has now emerged as a technique capable of
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processing a rich variety of organic polymers and composite materials into ultra-thin fibers with
controllable diameters.
Numerous

solvents

are

utilized

in

the

electrospinning

process,

including

dimethylformamide, ethanol, acetone, dimethylacetamide, and tetrahydrofuran. DMF is one of
the best solvents for polyacrylonitrile. In electrospinning process, a charge is induced in the
liquid with the solvent by an electric field. Mutual charge repulsion creates tangential forces that
overcome the surface tension, resulting in the formation of a cone and a jet that emanates from
the cone [44]. The jet travels linearly for some distance, then experiences perturbations, and
finally is gathered on a collector screen placed at some distance from the capillary tube [45].
Typically, bending instability causes the jet length to elongate at the rate of 1000,000 s-1, which
is more than 10,000 times faster than the interval of time. Such an enormous drawing rate
effectively stretches the PAN’s micromolecular chains into ultra-fine fibers and aligns them
along the fiber axis. In addition to evaporation of the solvent, i.e., more than 99% percent of the
solvent in electrospinning jets could be removed during or shortly after bending instability, the
macromolecular orientation in the electrospun PAN nanofibers are likely to be retained on a
collector screen [46].
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CHAPTER 3
EXPERIMENTAL PROCEDURE
3.1

Materials
Polyacrylonitrile (CAS No. 25014-41-9, 0.2%, molecular weight 150,000 g/mole),

dimethylformamide (CAS No. 68-12-2, 99.8%), polyvinylchloride (CAS No. 9002-86-2),
polyethylene glycol (CAS No. 25322-68-3, average molecular weight 8,000 g/mole),
polyvinylpyrrolidone (CAS No. 9003-39-8, molecular weight 10,000 g/mole), and chitosan
(CAS No. 9012-76-4) were purchased from Sigma-Aldrich. These materials were used in the
experiments without any further modification or purification.
3.2

Electrospinning
Electrospinning is a method that can create continuous polymeric micro- and nanofibers.

The process involves the application of an external electric field imposed on a spinneret
containing the polymer solution. Electrospun fibers possess several attractive structural features,
including better tensile strength, high surface area per unit volume, interconnected open pores,
and high porosity. In a typical electrospinning process, the polymeric solution (a mixture of
polymer and solvent) at the end of a capillary tube is held by its surface tension. In the
electrospinning process used in this research, PAN powder was dissolved in DMF, which is one
of the best solvents for PAN, although dimethylacetamide and other solvents are also used. Here,
a charge is induced in the liquid by an electric field. Mutual charge repulsion [52] creates
tangential forces that overcome the surface tension, resulting in the formation of a cone (Taylor
cone), from which a jet emanates [47]. The jet travels linearly for some distance, experiences
perturbations, and finally is collected on a collector screen placed some distance from the
capillary tube (Figure 2) [48, 49, 50].
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Figure 2: Schematic view of electrospinning process.
The phenomenon of disturbances during electrospinning is referred to as “bending
instability,” a dominant thinning mechanism in electrospinning. Typically, the bending
instability causes the jet length to elongate at a rate of 1,000,000/s, more than 10,000 times in a
very swift interval of time. Such an enormous drawing rate efficiently stretches the PAN
macromolecular chains into ultra-fine fibers and aligns them along the fiber axes. In addition to
fast evaporation of the solvent, i.e., more than 99% solvent in the electrospinning jets could be
removed during or shortly after bending instability, the macromolecular orientation in the
electrospinning PAN nanofibers is likely to be retained on a collector flat sheet [50]. Figure 2
shows the schematic view of the electrospinning process, and Figure 3 shows the actual high DC
voltage supply and the electrospinning pump.
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(a)

(b)

Figure 3: Electrospinning images: (a) high DC voltage supply, and (b) electrospinning pump.
3.3

Fabrication of Superhydrophilic Nanofibers
PAN and PVC powders were separately mixed with PVP, PEG, and chitosan (0, 4, 8, 16,

and 32 wt%) and dissolved in the polar DMF solvent at a 90:10 weight ratio. Acetone was also
added into the DMF ratio to increase the superhydrophilicity of the produced nanofibers. During
the dissolution process, a mechanical stirring hotplate was used at 70C and 300 rpm for 30
minutes. The polymeric solutions were allowed to cool to room temperature and then transferred
to a 10-ml plastic syringe having an inner diameter of 0.5 mm. A copper electrode with a 0.25mm diameter was attached to the syringe at one end, while the other end of the electrode was
attached to a high DC power supply. The electrospinning process was carried out with a DC
voltage of 25 kV, a feed rate of 3 ml/hr, and a spinneret-to-collector distance of 25 cm. These
process parameters were kept constant during the experiments because of previous experiences.
All experiments were completed at room temperature under ambient conditions.
3.4

Water Contact Angle
The water contact angle values of PAN and PVC fibers were measured via a water contact

angle goniometer (KSV Instruments Ltd., Model #CAM 100). The contact angle goniometer is a
compact video-based instrument that measures contact angles between 1 and 180 with an
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accuracy of ±1. Computer software provided by KSV Instruments Ltd. precisely recorded and
measured the contact angles and took pictures of the measured contact angles. . Figure 4 shows
images of a schematic view of the water contact angle measuring device and the actual contact
angle goniometer.

(a)

(b)

Figure 4: Contact angle measurement images: (a) schematic of water contact angle measuring
device, and (b) contact angle goniometer.
A surface area is hydrophobic if it tends not to absorb water or the static contact angle
(𝜃) is greater than 90o. A surface area is supposed to be hydrophilic if it manages to absorb water
or is wetted by water by making a static contact angle less than 90o [47]. Superhydrophobic
surfaces manifest high contact angles (𝜃 > 150o) with low contact hysteresis [51]. Solid surfaces
with a low water contact angle (𝜃 < 5 in 0.5 seconds) are commonly referred to as
superhydrophilic. These terms describe the interaction of the boundary layer of a solid phase
with a liquid or vapor water. A surface is wet if water spreads over the surface evenly without
the formation of droplets, commonly referred to as hydrophilic [47]. However, on a hydrophobic
surface, water forms distinct droplets that roll off smoothly without wetting the surface.
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Thermodynamically,

water

cannot

interact

with

the

surface

on

hydrophobic

and

superhydrophobic surfaces
3.5

SEM Analysis
A scanning electron microscopy (SEM) device (FEI Nova NanoSEM 450) was used to

characterize the surface morphology, size, and shape of the produced electrospun nanofibers.
This microscopy uses a powerful focused ion beam to obtain data at near 2 nm. Surface
preparations were conducted prior to SEM analysis on the selected samples.
3.6

Humidity Chamber Test
Humidity is one of the most misunderstood topics when it comes to environmental test

chambers. This is because the relative humidity percentage is based on the temperature. For
example, the amount of moisture in the air at 20˚C and 50% RH is not the same as 10˚C and 50%
RH. As the temperature of air decreases, its ability to hold moisture is also reduced. Therefore,
for a provided amount of water vapor in the atmosphere, the lower the temperature, the higher
the RH. The standard controllable temperature/moisture range for most producers is –34oC to
190oC

(–30oF to 375oF) with 10% to 98% RH, limited by a 7oC (44oF) dew point. The

prevention of this limited dew point can be very confusing. Since the amount of moisture
changes at every temperature, the chamber manufacturers use dew point to describe the RH
limitation. Inside the humidity test chamber, there is a refrigerated coil that is controlled at a
temperature very close to the freezing point, i.e., 0˚C (32°F). Also, there are three types of these
chambers: water pan, boiler, and atomizer. Humidity water is deionized (DI) water, which has
been suggested for use with humidity systems. Water conductivity must be between 0.05 and 2
MΩ resistivity. Distilled water or reverse osmosis (RO) water exceeding these limits may cause
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corrosion. Figure 5 shows the humidity chamber utilized in these studies to capture fog through
nanofiber mats. Information on additional humidity chamber tests is provided in the Appendix.

Figure 5: Humidity chamber used to capture fog through nanofibers.
3.6

Humidifier Test Experiment
Humidifier tests were performed using a warm steam humidifier in order to understand

the fog-capturing ability of various polymeric nanofibers produced using PAN, PVC, PVP, PEG,
and chitosan. The humidifier unit (Vicks Warm Steam Vaporizer Humidifier), as show in Figure
6, can produce vapor at different rates based on the requirements using clean water and electric
power. The polymers developed to capture fog were kept 15 cm away from the top of the
humidifier, and the experiment was carried out for 60–130 minutes. Figure 7 shows the vapor
generation and nanofiber mat capturing the produced fogs.
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Figure 6: Experimental setup for humidifier tests.

Figure 7: Polymeric nanofibers capturing fog from humidifier.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

SEM Analysis
A scanning electron microscopy device was used to study the morphological properties of

PAN and PVC electrospun nanofibers. The SEM images were taken from four different locations
on the nanofibers, without and with additive concentrations of 0, 8, 16, and 32 wt% PVP, PEG,
and chitosan in PAN and PVC. The inclusion concentrations were 0 (baseline), 4, 8, 16, and
32 wt%. After the 32 wt% concentrations were used, it was found that erosion rates of the
nanofibers substantially increased. In the first study, no additives were included with the PAN
and PVC. Figure 8 shows low, medium, and high magnifications of PAN nanofibers without any
polymer additives/blends at a voltage of 25 KV DC, pump speed of 3 ml/hr, and spinneret-tocollector distance of 25 cm. Fiber diameters are between 100 nm and 2 micron meter, with an
average of approximately 450 nm. The surface of the fibers seems relatively smooth at lower
magnifications and rougher at higher magnifications.

(a)
(b)
(c)
Figure 8: SEM images of PAN nanofibers without any blends/additives: (a) low, (b) medium,
and (c) high magnification.
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Other SEM images are mainly of selected nanofibers with different polymeric inclusions.
Figure 9 displays the SEM images of PAN nanofibers incorporated with 8 wt% of PVP at all
three magnifications. The SEM analysis revealed that surface morphologies of the nanofiber
were slightly deviated, which may be because of the addition of the highly soluble PVP polymer
into the PAN polymer. In general, these nanofibers as well as their cross sections are mainly
uniform. Fiber diameters are usually between 300 and 500 nm.

(a)
(b)
(c)
Figure 9: SEM images of PAN nanofibers incorporated with 8 wt% PVP: (a) low, (b) medium,
and (c) high magnification.
Figure 10 shows the SEM images of PAN nanofibers incorporated with 16 wt% of PVP
at all three magnifications. These images confirm that the nanofibers have mainly uniform crosssectional fibers with almost the same diameter and smooth surface. At high magnification,
shown in Figure 10(c), there are some small asperities and bumps, which may affect the surface
hydrophobicity of the nanofiber mats.
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(a)
(b)
(c)
Figure 10: SEM images of PAN nanofibers incorporated with 16 wt% PVP: (a) low,
(b) medium, and (c) high magnification.
Figure 11 exhibits the SEM images of PAN nanofibers incorporated with 32 wt% of PVP
at all three magnifications. As can be seen, some of the fibers were attached to each other at this
higher PVP concentration, which may be attributed to the higher solubility rates of the polymer.
Viscosity may also be changed in the presence of the PVP polymers in PAN. The fibers are fairly
uniform, with diameters between 300 and 600 nm. The SEM image shown in Figure 11(b)
confirms some bead formations on the nanofiber at this higher PVP concentration.

(a)
(b)
(c)
Figure 11: SEM images of PAN nanofibers incorporated with 32 wt% PVP: (a) low,
(b) medium, and (c) high magnification.
In the second set of SEM analyses, PAN powder was mixed with chitosan powder and
then dissolved in DMF plus acetone (70:30 ratio) prior to the electrospinning process. Figure 12
shows the SEM images of PAN nanofibers incorporated with 16 wt% of chitosan at low and high
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magnifications. The produced nanofibers are highly uniform, with an avarage diameter of 200
nm. This indicates that polymeric inclusions have a big impact on fiber morphology and size.

(a)
(b)
Figure 12: SEM images of PAN nanofibers incorporated with 16 wt% chitosan: (a) low
and (b) high magnification.
In the following tests, PVP was added into the PVC powder before the dissolution and
electrospinning processes. Figure 13 shows the SEM images of PVC nanofibers incorporated
with 16 wt% of PVP at all three magnifications. SEM analysis manifests non-uniform crosssectional fibers with various diameters, but the surface of the fibers is considerably smooth. The
smallest diameter of the fibers is around 150 nm, while the largest diameter is around 800 nm.

(a)
(b)
(c)
Figure 13: SEM images of PVC nanofibers incorporated with 16 wt% PVP: (a) low,
(b) medium, and (c) high magnification.
In addition to PAN nanofibers incorporated with other inclusions, PVC nanofibers with
and without any inclusions were also analyzed using SEM studies. Figure 14 shows the SEM
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images of PVC nanofibers without any blends/additives at low, medium, and high
magnifications. From these images, it can be seen that the PVC fibers were uniform in size with
an average diameter of about 400 nm. The surfaces of the fibers are slightly rougher at higher
magnification.

(a)
(b)
(c)
Figure 14: SEM images of PVC nanofibers without any blends/additives: (a) low, (b) medium,
and (c) high magnification.
In the last set of experiments, PEG was added into PAN and then electrospun to produce
micro- and nanofibers for fog catching. Figure 15 shows the SEM images of PAN nanofibers
incorporated with 32 wt% of PEG at all three magnifications. These images indicate non-uniform
cross-sectional fibers with various diameters and rougher surfaces. Some of the fibers merged
together and became larger fibers. In general fiber diameters are between 300 and 50 nm.

(a)

(b)

(c)

Figure 15: SEM images of PAN nanofibers incorporated with 32 wt% PEG: (a) low,
(b) medium, and (c) high magnification.
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4.2

Fourier-Transform Infrared Analysis
Fourier-transform infrared spectroscopy (FTIR) is a procedure based on the infrared

spectrum of absorption for mainly solids but can also be utilized for liquids and gases. This
technique simultaneously gathers information over a wide range of spectra. It has some major
advantages over many other spectrometers because of the measured intensity over a small range
of wavelengths. Figure 16 shows the FTIR absorption spectra of PAN powder only without any
inclusions. It can be seen that the vibration characteristics of PAN powder are those of the nitrile
group, corresponding to 1454 cm-1, and the peak intensities at 2341 cm-1 and 3632 cm-1 are
assigned to the aliphatic C-H group vibration of different modes in C-H and N-H, respectively.

Figure 16: FTIR absorption spectra of PAN powder only sample without any inclusions.
In the second test, PVC powder was analyzed using the same FTIR studies. Figure 17
shows the FTIR absorption spectra of PVC powder only sample without any inclusions. As can
be seen, the vibration characteristics of the PVC powder have a weak absorption band at 1394
cm-1. This is assigned to a C=C double-bond stretching vibration. The curve obtained from the
PVC sample exhibits several absorption bands not observed in other polymers. The band at 1658
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cm-1 is assigned to the carbonyl vibration of the catalyst, benzoyl peroxide. Benzoyl peroxide
shows an absorption near 1066 cm-1 and 668 cm-l, probably because of the amine N-H groups.

Figure 17: FTIR absorption spectra of PVC powder only sample without any inclusions.
Figure 18 shows the FTIR absorption spectra of PVP powder only without any
inclusions. The vibration characteristics of the PVP powder are those of the nitrile group,
corresponding to 1653.06 cm-1. The other peak intensities at 1965.57 cm-1, 1298 cm-1, and
3710.21 cm-1 are assigned to the amide N-H stretch group vibration of different modes in C=C,
C-F, alkyl halide, and N-H,. The PAN and PVP powders have some of the same peaks at 2341
cm-1, which is the CH group. Generally, the functional groups in PVP polymer are better than
those in PVC polymer.
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Figure 18: FTIR absorption spectra of PVP powder only sample without any inclusions.
Figure 19 shows the FTIR absorption spectra of PEG powder sample without any
inclusions. The FTIR spectra of the PEG polymer are those of the organic group, corresponding
to 528.34 cm-1. The other major peak intensities at 840 cm-1, 945 cm-1, 1058 cm-1, and 1339 cm-1
are assigned to the alkyl halide C-Br group vibration of different modes in 2=C-H and alcohol
group C-O, respectively. Similarly, the peak intensity at 2882 cm-1 is assigned to the aldehyde CH group.

Figure 19: FTIR absorption spectra of PEG powder only sample without any inclusions.
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Figure 20 shows the FTIR absorption spectra of chitosan powder only, without any
inclusions. The spectra indicate that chitosan polymer has a chemical compound comparable to
669 cm-1. The peak intensities at 1375 cm-1 and 3271 cm-1 are assigned to the alkene group =CH, with strong intensity, alkane group CH3 deformation, and alcohol group O-H with strong and
broad intensity, respectively.

Figure 20: FTIR absorption spectra of chitosan powder only sample without any inclusions.
Figure 21 shows the FTIR absorption spectra of PAN powder incorporated with 32 wt%
of PVP powder. The vibration characteristics of this combination are those of the organic group
corresponding to 1289 cm-1. The other peak intensities at 1430 cm-1 and 2241 cm-1 are assigned
to the acid C-O group vibration of different modes in the -C-H alkane group and CN nitrile
group individually. Adding PVP to PAN causes some additional bond stretching, which may
affect the water contact angle values.
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Figure 21: FTIR absorption spectra of PAN powder incorporated with 32 wt% PVP powder.
Figure 22 shows the FTIR absorption spectra of PAN powder incorporated with 32 wt%
of PEG powder. The FTIR spectra depicting the vibration characterization of this combination
indicate they are of the organic group, corresponding to 1100 cm-1. In addition to this peak, there
are other peaks at 1338 cm-1 and 1451 cm-1, which are assigned to the alcohol group C-O with
strong and sharp intensity, and the amine group C-N and aromatic group C=C with weak and
sharp intensity, respectively.

Figure 22: FTIR absorption spectra of PAN powder incorporated with 32 wt% PEG powder.
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Figure 23 shows the FTIR absorption spectra of PAN powder incorporated with 16 wt%
chitosan powder. The FTIR spectra of this combination provide some nitrile groups,
corresponding to 668 cm-1. Also, the peak intensities at 1453 cm-1, 2341 cm-1, and 2932 cm-1 are
assigned to the amine N-H group vibration of different modes: the -C-H alkane group, the P-H
phosphine group, and the alkyl C-H stretch group, respectively.

Figure 23: FTIR absorption spectra of PAN powder incorporated with 16 wt% chitosan powder.
Figure 24 shows the FTIR absorption spectra of PVC powder incorporated with 16 wt%
chitosan powder. The spectra vibration characteristics of this combination correspond to the
wavelength of 754 cm-1. Other major peaks at 1288 cm-1, 1673 cm-1, 2920 cm-1, and 3623 cm-1
are assigned to the alcohol and phenol groups with O-H bend vibration (out-of-plane) of different
modes: C-N amine group, C=C alkene group, alkyl C-H stretch group, and O-H (free) group.
FTIR studies indicate that blending hydrophilic compounds (PVP, PEG, and chitosan) with PAN
and PVC create new peaks, which may be useful for producing superhydrophilic nanofibers
using electrospinning.
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Figure 24: FTIR absorption spectra of PVC powder incorporated with 16 wt% chitosan powder.
4.3
Water Contact Angle Tests
Water contact angle tests were conducted on the prepared PAN and PVC nanofibers in
the presence and absence of PVP, PEG, and chitosan inclusions (at 0, 4, 8, 16, and 32 wt%).
These inclusions were selected mainly because of their hydrophilic nature and higher dissolution
rate in most solvents. After adding these inclusions into PAN and PVC, they were rapidly
dissolved prior to the electrospinning process. It is believed that hydrophilic and
superhydrophilic fiber mats can easily attract fog in the atmosphere.
Figure 25 shows the water contact angles of PAN fibers incorporated with 16 wt% of
PVP polymers at intervals of 0 and 2 seconds. It was difficult to monitor the water contact angle
values of the hydrophilic nanofibers and especially the superhydrophobic nanofibers. Within 2
seconds, the water bubble flattened on the nanofiber surface and was absorbed completely by the
mat. Most of the fibers showed water contact angles below 5 within a few seconds.
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(a)
(b)
Figure 25: Water contact angles of PAN fibers incorporated with 16 wt% PVP polymers
at two intervals: (a) 0 seconds, and (b) 2 seconds.
Similar tests were conducted on the PVC nanofiber incorporated with the same amount of
PVP (16 wt%) materials, and the test results are presented in Figure 26. The contact angles of
these nanofiber samples were less than 5 in a 0.5-second time frame. When the concentration of
PVP was increased to 32 wt% in both PVC and PAN, water absorption rates were much higher,
and water contact angles instantly became zero degrees.

Figure 26: Water contact angles of PVC fibers incorporated with 16 wt% PVP polymers.
Table 2 provides the water contact angles of PAN and PVC nanofibers incorporated with
PVP, PEG, and chitosan inclusions. The DMF:acetone ratio was 90:10 during the
38

electrospinning process. At lower DMF:acetone ratios (75:25), these values drastically increased
to hydrophobic levels. Determining the reason for this requires further study. As can be seen, at 0
wt% for all inclusions, the water contact angles of PAN and PVC were 14 and 22, respectively.
In the presence of 4, 8, 16, and 32 wt% of PVP, the water contact angles were 10.9, 4.3, 0,
and 0 for PAN and 13.2, 6.8, 0, and 0 for PVC. Similar observations were seen for the other
polymeric nanofibers. These results clearly indicate that the produced nanofibers can be utilized
for fog-catching purposes.
TABLE 2
WATER CONTACT ANGLES OF PAN AND PVC NANOFIBERS INCORPORATED
WITH PVP, PEG, AND CHITOSAN INCLUSIONS
PVP Inclusion (wt%)
Water Contact
Angle of PAN ()
Water Contact
Angle of PVC ()

0

4

8

16

32

14

10.9

4.3

<5 in 0.5 sec <5 in 0.5 sec

22

13.2

6.8

<5 in 0.5 sec <5 in 0.5 sec

PEG Inclusion (wt%)
Water Contact
Angle of PAN ()
Water Contact
Angle of PVC ()

0

4

8

14

12.8

7.9

22

16.4

8.3

16

32

<5 in 0.5 sec <5 in 0.5 sec
5.0

<5 in 0.5 sec

Chitosan Inclusion (wt%)
Water Contact
Angle of PAN ()
Water Contact
Angle of PVC ()

0

4

8

16

32

14

11.7

6.3

4.2

<5 in 0.5 sec

22

15.8

9.4

5.1

<5 in 0.5 sec
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4.4

Humidifier Tests for Fog Catching
A number of humidifier tests were conducted on the prepared PAN and PVC nanofibers

incorporated with different percentages of PVP, PEG, and chitosan. The size of the nanofibers
was 4 x 4 cm, which was kept constant during the experiments. The primary reason for
conducting the present studies was to determine the fog-catching ability of these nanofibers.
Figure 27 shows the humidifier test results conducted on PAN-only nanofibers. At the
beginning, the dry PAN nanofibers were about 2.7 gm, and after 110 minutes under the
humidifier fog, the moisture gain went up to 3.21 gm, corresponding to an 18% moisture
improvement in the nanofibers. After 90 minutes of testing, the moisture gain was slowed down
considerably.

Figure 27: Humidifier test results conducted on PAN-only nanofibers.
The same moisture gain tests were also conducted on the PVC fibers. Figure 28 shows
the humidifier test results conducted on PVC nanofibers without any inclusions. The dry PVC
nanofibers were about 2.45 gm, and after 110 minutes under the humidifier fog, the sample
weight was increased to 2.94 gm, an approximately 20% moisture gain. The moisture
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absorptions of both PAN and PVC nanofibers without the hydrophobizing polymers were close
to each other.

Figure 28: Humidifier test results conducted on PCV-only nanofibers.
The next set of humidifier tests were conducted on the blended nanofibers. Figure 29
shows the humidifier test results conducted on PAN nanofibers incorporated with 16 wt% of
PVP. As can be seen, the moisture gain increased considerably for the first 70 minutes and then
slowed down. At the beginning, the dry sample weight was 2.50 gm and then reached 3.94 gm
after 110 minutes of testing, corresponding to a 57.6% moisture gain and a more than 320%
improvement.

41

Figure 29: Humidifier test results conducted on PAN nanofibers incorporated
with 16 wt% PVP.
The same humidifier tests were also conducted on PVC samples for comparison. Figure
30 shows the humidifier test results conducted on PVC nanofibers incorporated with 16 wt% of
PVP. The moisture gain was relatively high up to 60 minutes of the fog tests and then was
reduced considerably. At the beginning, the dry sample weight was 2.40 gm and then reached
3.21 gm before leveling off. This is about a 33.8% moisture gain compared to the baseline of the
dry PVC nanofiber at 0 time. Similar humidifier tests were also conducted on the other
nanofibers prepared during these studies, and test results indicated that moisture gain was
primarily based on the surface hydrophilicity of the nanofiber mats.
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Figure 30: Humidifier test results conducted on PVC nanofibers incorporated
with 16 wt% PVP.
A close examination of the prepared nanofibers after the humidifier tests revealed
moisture droplets visible on the surfaces. There was some condensation on the nanofiber mats as
well. Figure 31 shows the humidifier test results conducted on the prepared 4 x 4-cm
superhydrophilic nanofiber samples. This study indicates that the nanofibers were soaked with
considerable moisture from the humidifier and filled the pores of the nanofiber. Interestingly,
when the moisture gain was higher, the nanofiber mats started self-discharging because of the
effects of gravity. This may be beneficial for future use of these superhydrophilic nanofibers.

(a)
(b)
Figure 31: Humidifier test results conducted on prepared 4 x 4-cm superhydrophilic
nanofiber samples.
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CHAPTER 5
CONCLUSIONS
In the present study, PAN and PVC nanofibers were produced using the electrospinning
method in the presence and absence of hydrophilic polymer inclusions (i.e., PVP, PEG, and
chitosan). The inclusion concentrations were 0 (baseline), 4, 8, 16, and 32 wt%. Following the
32 wt% inclusions, erosion rates of the nanofibers were substantially increased. Electrospinning
tests were conducted at 25 DC voltage, 3 ml/hr pump speed, and 25-cm tip-to-collector distance.
Selected nanofibers were analyzed using the SEM analysis technique to determine
surface morphologies and fiber diameters of the samples. Most of the SEM data showed that the
nanofibers were below 500 nm with fairly uniform shapes. Adding hydrophilic inclusions
changed the fiber diameters and morphologies. SEM studies also revealed that surface roughness
and beads were slightly increased at higher concentrations.
FTIR studies were conducted on pure PAN, PVC, PVP, PEG, and chitosan powder and
their blends after the electrospinning process. All characteristic peaks were similar to those in the
literature studies. In the presence of hydrophilic inclusions into the PAN and PVC, new peaks
were formed, indicating the integrity of the polymeric inclusions in the prepared nanofibers.
A number of water contact angle measurement tests were conducted on the prepared
PAN and PVC nanofibers in the presence and absence of hydrophilic inclusions. Without any
inclusions, the PAN and PVC provided 14 and 22 contact angle values; however, in the
presence of hydrophilic polymers, these numbers were dropped down to 5 and in most cases
closer to 0, depending on the concentrations.
Various humidifier tests were also conducted on the prepared PAN and PVC samples
with different hydrophilic polymers. In the absence of hydrophilic polymer in these samples, the
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moisture gain was between 18 and 20 wt%; however, when hydrophilic agents were added into
those nanofibers, the moisture absorption went up to 58%. These tests indicate that
superhydrophilic nanofibers can be another candidate for fog absorption from the atmosphere in
different regions of the world.
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CHAPTER 6
FUTURE WORK
This study has revealed considerable new knowledge and skills, which can be considered
by other researchers working in this field. Some recommendations for future work are
summarized below:
•

Various nanoparticles, such as Al2O3, Fe3O4, CoFe2O4, and NiFe2O4 could be added into
nanofibers to increase the moisture absorption capability and strength of the nanofibers.

•

X-ray diffraction (XRD), differential scanning calorimetry (DSC), energy-dispersive
spectroscopy (EDS), and Raman spectroscopy analyses could be applied on the prepared
nanofibers to determine additional physical and chemical properties.

•

The self-discharge mechanisms of hydrophilic nanofibers could be increased to produce
continuous fresh water from atmospheric fog.

•

During a foggy period, the prepared samples could be tested to determine the actual
performance of the nanofibers.

•

Simulation and modeling studies could be performed to further analyze the nanofiber fogcatching abilities.

•

Economic analysis of the process could be studied in detail.
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APPENDIX
ADDITIONAL HUMIDITY CHAMBER TESTS
Additional humidity chamber tests were conducted on the prepared electrospun
nanofibers, and test results are provided here.
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Figure A1: Humidity test of 90:10 of PAN and DMF at 5C and 100% RH.
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Figure A2: Humidity test of 90:10 of PVC and DMF at 5C and 100% RH.
54

32

16 wt% PVP in PAN, 5oC, 100% RH
3.05

3.01

3.01

Weight (gm)

3
2.93

2.95
2.9
2.85
2.79

2.8
2.73

2.75
2.7
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

Time (minutes)

Figure A3: Humidity test of 16 wt% PVP in PAN at 5C and 100% RH.
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Figure A4: Humidity test of 16 wt% PVP in PAN at 25C and 100% RH.
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Figure A5: Humidity test of 16 wt% PVP in PAN at 50C and 100% RH.
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Figure A6: Humidity test of 16 wt% PVP in PVC at 5C and 100% RH.
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Figure A7: Humidity test of 16 wt% PVP in PVC at 25C and 100% RH.
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Figure A8: Humidity test of 16 wt% PVP in PVC at 50oC and 100% RH.
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