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Abstract

Membrane technology has been playing a vital role in water filtration and purification. Various
technologies such as sand filtration, reverse osmosis, treatment with chemical disinfectants, and
distillation have been used in the past for clean water sources. Membrane technology is a relatively easy
method with many important features, including low operational temperature, low power consumption,
and free of chemical additives. Membrane filtration can be further improved by using nanofibrous media
in portable forms for drinking water supplies. Electrospun nanofibers possess high porosities, high surface
area, good permeability and flexibility, unidirectional orientation, and well-connected pore structures,
and therefore, an ideal candidate for portable water filtration purposes. Electrospinning is a novel method
of fabricating nanofibers in various forms. In this study, nanofibrous membranes were fabricated using
two polymers (polyacrylonitrile - PAN and polyethylene glycol -PEG), one solvent (dimethylformamide -
DMF), and activated charcoal at different electrospinning conditions (DC voltages, pump speeds, and
collector distances). Different water samples from the local pond, water jet cutter water, tap water,
deionized (DI) water, and carbon black (CB) deionized water were used in this study. The water samples
were tested for turbidity, total dissolved solids (TDS), electrical conductivity (EC), pH, and refractive index.
The test results indicated that the proposed portable nanofilter system substantially improved the quality
of the water sources for drinking and other household use. It is concluded that these nanofibrous
membranes can easily purify contaminated water by eliminating impurities, such as organic and inorganic
particles, viruses, bacteria, algae, and other pathogens.

Keywords: Wastewater, Electrospinning, Nanofibrous Membrane, Water Treatment, Drinking Water.

1. Introduction

Nanomaterials are relatively new with many potential applications in various industries (medicine,
aerospace, energy, textile, defense, electronics, and environment), and have been used in wastewater
treatment and drinking water production for a while. Polymeric nanofiber membranes have been
receiving enormous attention due to their applications in filtration technology, biotechnology, and many
other new fields (Wendorff et al., 2012; Colvin, 2003; Dolez et al., 2009). The idiosyncratic advantage of
membrane technology is its high efficiency, low power consumption, and minimum investment.
Electrospun nanofibrous membranes possess a high surface area to volume ratio, high porosity, tunable
pore size, and ease of fabrication, which make them ideal candidates in filtration and membrane science.
Electrospinning is one of the simplest and most uncomplicated techniques for generating nanosized fibers
from polymeric solutions (Asmatulu et al., 2013; Nepal, 2018; Hammel et al., 2004).
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Water is an essential element in human life. Lack of pure water in developing countries creates
many health problems, such as diarrhea, cholera, typhoid, dysentery, malaria, jaundice, and waterborne
disease; therefore, it is very important that available water must be pure and domestically used.
Nanotechnology presents the potential for the treatment of surface water, groundwater, wastewater,
and air by toxic metal ions, organic and inorganic substances, and microorganisms. The research and
development of polymeric nanofibers have gained much interest in recent years due to their wide range
of applications in engineering and medical science. Compared to conventional microfibers, polymeric
nanofibers possess high filtration efficiency due to higher inertia impaction and interception. Nanofibers
are usually produced by the electrospinning process, a valuable technique based on the use of
electrostatic forces to produce continuous nanofibers with a diameter of about 10 nanometers to some
micrometers.

Nanofiber can remove impurities such as suspended particles, viruses, bacteria, mold, fungus,
algae, and other pathogens from water. Electrospun nanofibers possess high surface area, high porosity,
good permeability, nanosized diameter, and well-connected pore structures, which are suitable for
filtration technologies (Wang et al., 2007). Although polymeric nanofibers have been used in air filtration,
their applications in water treatment are yet to be explored. However, laboratory experiments with
electrospun nanofibers for water treatment have shown some promising results, but their commercial
applications have not been fully investigated. The membrane fabricated using an electrospinning process
are generally referred to as electrospun nanofibrous membranes (Ghorani, 2015; Yoshikawa & Isezaki,
2014; Alarifi et al., 2016; Alarifi et al., 2015; Asmatulu & Khan, 2019; Nepal, 2018).

The main objective of this research was to design a portable nanofiller system using an
electrospinning process for removing bacteria and other harmful impurities from water and purifying it
for drinking purposes. The first step in this research was to produce the electrospun nanofibrous
membrane using two polymers such as polyacrylonitrile (PAN), polyethylene glycol (PEG), and one solvent
(dimethylformamide — DMF). The goal here was to evaluate different layers of filtration and reduce the
total dissolved solids, pH, electrical conductivity, and turbidity and increase the refractive index of water.
After filtration, each parameter was compared to evaluate the performance of different layers of
nanofibers.

2. Experiment

Two polymers (PAN and PEG), one solvent (DMF), carbon black nanoparticles (~50 nm), and
activated charcoal particles (below 1 mm in diameter) were purchased from Sigma Aldrich and used
without any alterations or purification. The electrospinning process was used to fabricate the nanofibrous
membranes. Electrospinning is a versatile method to process solutions or melts, mainly of polymers into
continuous fibers with diameters ranging from a few micrometers to a few nanometers. First, the polymer
was dissolved in a solvent at 60°C and 700 rpm, and then the solution was transferred to a 10 ml syringe
mounted on a syringe pump. In this study, 9.5 wt. % of polyacrylonitrile, 0.5 wt.% of polyethylene glycol,
and 90 wt.% of dimethylformamide were used to make a polymeric solution. An electrode was inserted
into the plastic syringe and the other end of the electrode was connected to a high-voltage DC supply. The
applied voltages were maintained at 25 kV and the distance between the tip of the plastic syringe and the
collector screen was maintained at 25 cm. The pump speed was kept constant at 1 ml/hour throughout
the tests. These test parameters were determined based on the trial-and-error method. The collector
screen was grounded. Finally, the nanofiber was kept in an oven for 30 min by applying heat at 90°C. Heat
treatment on the nanofiber helps to improve its mechanical properties and chemical stability. A Thelco
Laboratory oven was used for heat treatment. Figure 1 shows SEM images of the same nanofiber without
and with heat treatment, respectively.

From the SEM images shown in Figure 1, the morphology of the nanofiber changes with the heat
treatment processes, which may be associated with the realignment of the polymeric chains in the
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nanofibers. After the heat treatment, the thermal and chemical stability of fibers could also be improved
(Mohammad et al., 2017). No beads and pores formation were observed in SEM images, which is
particularly good for water filtration. We assume that the thermal treatment is necessary since fibers
should be chemically stable and mechanically strong for the portable filtration application.

a) b)

Figure 1: the SEM images of the same nanofiber membranes a) without and b) with heat treatment processes.

3. Results and Discussion

The different water samples were filtered using three different layers of nanofiltration systems.
The total dissolved solids, electrical conductivity, turbidity, pH, and refractive index of different water
samples are discussed for each sample.

3.1 Treating Pond Water

Pond water is one of the most widely available water resources, however, it is not exempt from
impurities that can hinder its use in domestic and industrial applications. These impurities include dust,
fine sand, clay, dirt, metal pieces, and biological contaminants. Pure water is tasteless, colorless, and
odorless, but pond water sources, rainfall, streams, and wells, are known to contain harsh chemicals and
elements, including acid, ions, and metallic rust elements. Among all sources, pond water contains many
physical and chemical contaminants based on the locations (industrial and agricultural zones, oil, and
chemical facilities) (Asmatulu et al., 2013).

Table 1 shows the different water parameters for the pond water. After one, two, and three layers
of filtration systems combined with the activated charcoal, three layers nanofiber filtration system shows
much better test results compared to other filtration options. The pH of the collected pond water was
found to be 8.70, which is slightly high for drinking purposes, but after filtration, the pH was reduced to
8.57 for one layer of nanofiber, 8.36 for two layers of nanofiber, and 8.2 for three layers of nanofiber. The
total dissolved solids of the pond water were 610 ppm before filtration, but after filtration, the TDS was
decreased to 248 ppm for one layer of nanofilter, 225 ppm for two layers of nanofiber, and 219 ppm for
three layers of nanofiber, which are all acceptable for drinking purposes. The electrical conductivity of the
pond water was 1220 us/cm prior to the filtration, and after the filtration, the electrical conductivity
values were decreased to 496 us/cm, 450 ps/cm and 438 ps/cm for one layer, two-layer and three-layer
of nanofiber membranes, respectively. The turbidity of pond water was 18 NTU before water filtration,
and after the filtration, the turbidity was decreased to 4.8 NTU, 4.4 NTU, and 3.8 NTU for one-layer, two-
layer, and three-layer membranes, correspondingly. This indicates that the produced water is acceptable
for drinking purposes. The refractive index studies of the pond water were also conducted on the same
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samples. It was 1.3329 before the tests, and slightly increased to 1.3331 and 1.3332 after the filtration
which may be related to the dispersion of particles and clusters, but it is still acceptable to drink based on

the standards [4].

Table 1: Different water quality parameters for the pond water

Parameter TDS EC Turbidity Ph Refractive
(ppm) (nus/cm) (NTU) Index
Before Filtration 610 1220 18 8.7 1.3329
One Layer Nanofiber 248 496 4.8 8.57 1.3331
Two Layers Nanofiber 225 450 4.4 8.36 1.3331
Three Layers Nanofiber 219 438 3.8 8.2 1.3332

3.2 Treating water jet cutter water

About 500 ml of contaminated water was collected from a water jet cutter at National Institute
for Aviation Research, Wichita, Kansas, USA. This water sample contained many impurities, which can
easily be seen by the naked eye. The pH of water from the water jet cutter was found to be 8.6, which
was high for drinking purposes, but after filtration, the pH was reduced to 8.45 for one layer of nanofiber,
8.31 for two layers of nanofiber, and 8.15 for three layers of nanofiber. The total dissolved solids of water
from the water jet cutter were around 435 ppm before the filtration and after the filtration, it was
decreased to 246 ppm, 232 ppm, and 220 ppm for one-layer, two-layer, and three-layer nanofilter
membranes, correspondingly. The electrical conductivity of the same water was initially 870 pus/cm and
decreased to 492 us/cm, 464 ps/cm, and 440 ps/cm after the one, two, and three layers of nanofiber
membranes, which are acceptable for drinking purposes at this condition. The turbidity tests were also
conducted, and its value was reduced from 64 NTU to 4.7 NTU after three layers of nanofibers. The
refractive index of water from the water jet cutter was 1.3327 before filtration, it was very similar after
the layers of the filtration process.

Based on the test results, it is concluded that these treated water sources are acceptable for
drinking purposes. Table 2 shows the different parameters of water from the water jet cutter before and
after the filtration. As can be seen in Table 2 that three layers filtration system presents much better
performance, and all parameters are within the acceptable range for drinking water. Also, no significant
changes were observed in the water quality after a few weeks of shelf life (storage time in the lab
conditions).

Table 2: Different water quality parameters for water jet cutter water

Parameter TDS EC Turbidity oH Refractive
(ppm) (nus/cm) (NTU) Index
Before Filtration 435 870 64 8.6 1.3327
One Layer Nanofiber 246 492 4.7 8.45 1.3329
Two Layers Nanofiber 232 464 4.4 8.31 1.3331
Three Layers Nanofiber 220 440 4.1 8.15 1.3332
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3.3 Treating deionized water

Table 3 shows the different parameters for deionized water. Deionized water has almost all its
minerals removed; therefore, its total dissolved solids and electrical conductivity are near zero. The pH of
the collected deionized water was found to be 6.09-6.68, which was lower for drinking purposes, but after
filtration, the pH was increased to 8.46 for one layer of nanofiber, due to the presence of the activated
charcoal. The pH was decreased to 8.30 for two layers of nanofiber, and 8.25 for three layers of
nanofiber.The TDS was almost 0 ppm before filtration because of the lack of salt and other ions, but after
filtration, the TDS was increased to 13 ppm for one layer of nanofilter, 16 ppm for two layers of nanofiber,
and 18 ppm for three layers of nanofiber, which may not be acceptable for drinking purposes. The
electrical conductivity of deionized water was 0 pus/cm before filtration, but after filtration, the electrical
conductivity was increased to 26 ps/cm for one layer of nanofiber, 32 ps/cm for two layers of nanofiber,
and 36 ps/cm for three layers of nanofiber, which are not acceptable for drinking purposes. The turbidity
of the deionized water was 0 NTU before filtration, but after filtration, turbidity was changed to 1.4 NTU
for one layer of nanofiber, 1.1 NTU for two layers of nanofiber, and 0.9 NTU for three layers of nanofiber.
The refractive index of deionized water was 1.3329 before filtration but after filtration, no significant
changes were observed in the refractive index.

Table 3: Different water quality parameters for the deionized water source

Parameter TDS EC Turbidity oH Refractive
(ppm) (nus/cm) (NTU) Index
Before Filtration 0 0 0 6.68 1.3327
One Layer Nanofiber 13 26 1.4 8.46 1.3328
Two Layers Nanofiber 16 32 1.1 8.30 1.3329
Three Layers Nanofiber 18 36 0.9 8.25 1.3331
3.4 Treating tap water

This water sample (table 4) was collected from a tap located in Wallace Hall Room 125 at WSU.
The parameters of this tap water were good, but after nanofiltration, the water quality was even better.
The pH of the tap water was found to be 8.2, but after filtration, the pH was reduced to 8.15 for one layer,
7.9 for two layers, and 7.7 for three layers of nanofiber systems. The total dissolved solids of the tap water
were initially 367 ppm before the filtration, and after the three layers of filtration, it was reduced to 240
ppm for one layer, 225 ppm for two layers, and 205 ppm for three layers of nanofibers, which are
acceptable for drinking purposes. The electrical conductivity of tap water was 734 ps/cm at the beginning
and then reduced to 480 ps/cm for one layer, 450 us/cm for two layers, and 410 ps/cm for three layers of
nanofiber membranes. The turbidity of the tap water was 4.6 NTU and was decreased to 3.9 NTU for three
layers of nanofiber, which are acceptable for drinking purposes. The refractive index did not change much
after the filtration. Table 4 shows the different parameters for the tap water, whereas Figure1l0 shows the
same tap water before and after the filtration.

3.6 Microfilter tests on different water samples

In this study, the performances of microfilter and nanofilter were compared, as well.
Microfiltration removes suspended solids from water due to the small pore size of the filter. Unlike
nanofiltration, microfilters remove unwanted larger particles ranging between 0.1 and 10 microns,
including bacteria, but microfiltration cannot remove dissolved contaminants, unlike nanofiltration.
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Table 4: Different water quality parameters for the tap water

Parameter TDS EC Turbidity oH Refractive
(ppm) (nus/cm) (NTU) Index
Before Filtration 367 734 4.6 8.2 1.3328
One Layer Nanofiber 240 480 4.4 8.15 1.3329
Two Layers Nanofiber 225 450 4.2 7.9 1.3331
Three Layers Nanofiber 205 410 3.9 7.7 1.3332

Recently, membrane filtration technologies, especially those carried out with microfiltration have shown
promising results (Belibi et al., 2015; Li & Visvanathan, 2017) and 24 ppm for three layers of nanofibers.
The electrical conductivity of carbon black deionized water was 10 ps/cm at the beginning but increased
to 30 ps/cm for one layer, 36 pus/cm for two layers, and 48 ps/cm for three layers of nanomembrane
systems. The turbidity of carbon black deionized water was 17 NTU before the water treatment and
decreased to 4.1 NTU for three layers of nanofiber. The refractive index values of carbon black deionized
water were 1.3324 before the filtration and were similar after the nanofiltration processes. Table 5 shows
the different parameters for carbon black deionized water.

Table 5: Different water quality parameters for carbon black deionized water sources

Parameter TDS EC Turbidity oH Refractive
(ppm) (us/cm) (NTU) Index
Before Filtration 5 10 17 6.76 1.3324
One Layer Nanofiber 15 30 4.7 8.5 1.3327
Two Layers Nanofiber 18 36 4.5 8.41 1.3328
Three Layers Nanofiber 24 48 41 8.35 1.3331

Most portable filters employ microfilters for water filtration. Since the micro filter has a pore size of 0.1—
10 um, which is larger than the nanofilter which has a pore size of 0.1 nm—0.001 um (Manimekalai et al.,
2017). In this research, the main aim was to show that water quality was improved using a nanofilter
having a smaller pore size for a better quality of drinking water.

Table 6 shows different water parameters before and after microfiltration of different water
samples. The different water samples were filtered using microfilters instead of nanofilters. When pond
water was filtered using a microfilter, the TDS, EC, pH, and turbidity quality were not as good as in
nanofiltration, especially with three layers of nanofilters. Before microfiltration, the TDS was 610 ppm,
but after microfiltration, the TDS decreased to 390 ppm. This value was still high in comparison with the
nanofiltration results. Before microfiltration, the electrical conductivity of pond water was 1220 ps/cm,
but after microfiltration, the electrical conductivity was decreased to 780 pus/cm, which was still higher
than the pond water filtered by the nanofilter. The electrical conductivity of pond water after three layers
of nanofilters was 438 us/cm. The turbidity and pH of pond water were 18 NTU and 8.7, respectively,
before microfiltration, but after microfiltration, these values decreased to 5.2 NTU and 8.6, respectively.
However, both values were still higher than pH and turbidity results after the nanofiltration systems. It
can easily be concluded that the use of a nanofilter is much better than the use of a microfilter. In the
case of water from the water jet cutter, the TDS, electrical conductivity, pH, and turbidity were 320 ppm,
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640 ps/cm, 8.5, and 6.2 NTU, respectively, after the microfiltration. With the nanofiltration, the TDS,
electrical conductivity, pH, and turbidity were 220 ppm, 440 ps/cm, 8.15, and 4.1 NTU. This clearly shows
that nanofiltration is much better than microfiltration.

Table 6: Different water parameters for different water samples before and after microfiltration

Parameter Pond Water Water Jet Cutter Water Tap Water
Before After Before After Before After
Microfiltration | Microfiltration | Microfiltration Microfiltration Microfiltration Microfiltration

D5 610 390 435 320 367 300
(ppm)

EC 1220 780 870 640 734 600

pH 8.7 8.6 8.6 8.5 8.2 8.2

Turbidity
1 2 4 2 4, 4,
(NTU) 8 5 6 6 6 5

Similarly, with the tap water, the TDS, electrical conductivity, pH, and turbidity were 300 ppm, 600 ps/cm,
8.2, and 4.5 NTU, respectively, after the microfiltration. However, these values were 205 ppm, 410 ps/cm,
7.7, and 3.9 NTU with the nanofiltration (three layers of nanofibers). Thus, the nanofiltration due to its
small pore size is far better than the microfiltration systems. Reverse osmosis-having a pore size of less
than 0.5 nm-is generally used in desalination and microfiltration-having a pore size between 100 and
10,000 nm-is used for bacterial removal. Ultrafiltration having a pore size between 2 to 100 nm is used in
bacterial and virus removal (Muntha et al., 2017). Nanofiltration and reverse osmosis are pressure-driven
processes. The application of nanofiltration lies between ultrafiltration and reverse osmosis; particularly,
the nanomembrane retains organic molecules smaller than ultrafiltration membranes and has fewer
monovalent ions compared to the reverse osmosis membrane (Ferrarini et al., 2001).

3.7 Fourier-Transform infrared spectroscopy analysis

The FTIR spectroscopy analysis was used to obtain an infrared spectrum of the absorptions of the
three different polymer samples. Figure 2 shows the spectrums for PEG, PAN, and PAN/PEG nanofiber,
respectively. As can be seen, the three samples show various peaks with different absorption
characteristics. The functional group of nitriles is between wavenumbers 2100 and 2200. As FTIR
spectroscopy was performed on the nanofiber, peaks started to form in the region between wavenumbers
2000 and 2500, which indicates the functional group of nitriles, meaning the presence of PAN in the
nanofiber. The functional group of PEG is between wavenumbers 1000 and 1200. The peaks of PEG can
also be seen in the nanofiber. A separate FTIR test was also done for PAN and PEG, and the peak of the
individual wave number matched the FTIR peak done for the combined PAN/PEG polymer nanofiber. The
FTIR spectra of PAN fibers have many peaks which are related to the existence of CH,, C=N, C=0, C-0, and
C-H bonds (Farsani et al., 2009). A peak is observed at 2,916 cm™, which is related to C-H bonds in CH,
CH;, and CHjs (Farsani et al., 2009; Alarifi et al., 2018, Alharbi et al., 2016).

3.8 Hydrophilic behavior of PAN nanomembrane

The hydrophilic and hydrophobic properties of polymer surfaces are determined by the water contact
angle values between the water droplet and the solid polymeric fiber surface. A hydrophobic surface is
one on which a droplet of water makes a contact angle greater than 90°, whereas a hydrophilic surface is
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Figure 2: FTIR spectroscopy analysis of (a) PEG, (b) PAN, and (c) PAN/PEG nanofiber membranes.

one on which a droplet of water makes a contact angle less than 90°. Polymer surfaces with a contact
angle between 150° and 180° are known as superhydrophobic. A hydrophilic surface has a strong affinity
to water whereas a hydrophobic surface repels water A hydrophilic surface has a strong affinity to water
whereas a hydrophobic surface repels water. Superhydrophobic surfaces are surfaces that exhibit a water
contact angle of less than 10° (Uddin et al., 2018; Asmatulu, 2013). Our studies showed that PAN
nanofibers form a contact angle of around 23-45° with water droplets. However, the addition of 0.5 -5.0
wt.% of polyethylene glycol reduced the water contact angle below 10 °. The nanofiltration membrane
used in this study has hydrophilic features and is therefore wet entirely during the filtration process.
Hydrophilic surfaces are termed water-loving surfaces (Otitoju et al., 2017). Water lies on such surfaces
as a flat film rather than rolling in the form of droplets. This ability of water plays an important role in
many practical applications, including water treatment, water and oil separation, pervaporation, and
biomedical applications (Mohammad et al., 2017; Jabbarnia et al., 2016; Asmatulu et al., 2011; Khan et
al., 2013).

5. Conclusions

Portable nanofiltration is considered a promising separation technique to produce drinking water
from different types of water sources. This filtration can reject several trace organic and inorganic
compounds and heavy metals and ions with a lower energy demand than other processes for the
production of high-quality drinking water in developed and under-developed countries. In this study, two
polymers such as PAN and PEG were used to fabricate electrospun nanofiber membranes for treating
water from various sources (tap water, pond water, deionized water, carbon black deionized water, and
water from a water jet cutter). Three different types of filtration membrane systems were designed
containing one, two, and three nanofiber layers of membranes. Activated carbon particles were also
added to the nanofilter systems, which increased the surface area for the adoption of ions in the water.
The water samples were tested for turbidity, total dissolved solids (TDS), electrical conductivity (EC), pH,
and refractive index. FTIR spectra and water contact angle measurements were also carried out for the
polymers and nanofibers used in this study. Test results indicated the three layers of hydrophilic nanofiber
membranes provided the highest quality drinking water when compared to the other options.
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