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Abstract: The presence of heavy metals in industrial effluents has recently become a source of concern for
human health and the environment. Efficient removal of metal ions and wastewater treatment is essential for
protecting public health and the environment. In this study, we present an eco-friendly, green synthesis of
reactive and fully dispersed zerovalent iron nanoparticles (nZVI) in carbon nanofibers via an electrospinning
technique. In this novel study, green tea (GT) was used as environmentally friendly, polyvinyl alcohol (PVA)
was used for the stabilization and reduction of nZVI, and tetraethyl orthosilicate (TEOS) was added to provide
flexibility and to increase the specific surface area of the nZVI based nanofibers. GT contains polyphenols,
which act as reducing agents, converting iron ions into nZVI and the particles can then serve as the building
blocks for the carbon nanofibers. TEOS can also contribute to the stability of the nZVI by coating their surfaces
with a silica layer. This silica layer helps prevent the oxidation of the nZVI, thereby reducing their catalytic
activity. The nZVI-based composite (~ 400 nm) / carbonized (~ 200 nm) nanofibrous mats were fully
characterized by scanning electron microscopy. The average size of the nZVI embedded in the composite and
carbonized nanofibers can range from 50 nm to 100 nm. The x-ray diffraction (XRD) analysis of nZVI-based
carbon nanofibers showed that there is no crystallinity and a single-phase cubic structure. Both energy-
dispersive X-ray spectroscopy (EDX) and Fourier transform infrared (FTIR) analysis also confirmed the
formation of single-phase nZVI-based composite / carbonized nanofibers. The high intensity of the peaks in
the FTIR spectrum indicates the formation of nZVI in the nanofibers structure. The electrospun nZVI-based
carbon nanofibers have a higher surface area and better reactivity due to small particle size and large surface
area-to-volume ratio. They can provide excellent water stability and dispersibility in water compared to bulk
nZVI, which tend to agglomerate and settle quickly. Additionally, nanofiber morphology can enhance the
mechanical strength and durability of the composite material. Due to low-cost synthesis and their high
efficiency in removing pollutants, these nanofibers could be used as nano-filters for wastewater treatment.

Keywords: green tea extract; composite nanofibers; zerovalent iron nanoparticles; electrospinning
technique; water filtration

1. Introduction

Recently, nZVI has attracted increasing scientific and technological attention because of its
extensive applications in environmental remediation and wastewater treatment. By introducing nZVI
into wastewater, it selectively targets and breaks down contaminants through a variety of chemical
reactions. These reactions lead to the degradation or transformation of pollutants, resulting in
improved water quality. Similarly, nZVI is also effective in detoxify wastewater pollutants such as
bacteria and viruses and removing groundwater contaminants, including chlorinated organic
compounds, pesticides, heavy metals, nitrates, and even uranium [1]. In the case of heavy metals such
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as lead, chromium, arsenic, mercury, and cadmium, nZVI can undergo redox reactions with metals
ions, reducing them to fewer toxic forms that can be immobilized or removed from the water.
Furthermore, nZVI can reduce nitrate and nitrite in wastewater through denitrification, converting
them into nitrogen gas. This process helps in preventing eutrophication caused by excessive nutrient
levels in water bodies. Moreover, nZVI is environmentally friendly itself, and combined with organic
matter can increase its reactivity stability and delivery capacities in wastewater treatments and
environmental remediations [2].

The nZVIis a promising material for wastewater treatment and environmental remediation due
to its high reactivity toward various contaminants. They are commonly used as a reducing agent and
are typically synthesized by reducing ferric and ferrous iron with sodium borohydride [3]. However,
the synthesis and application of nZVI face challenges related to aggregation and sedimentation,
which can affect its overall effectiveness in detoxifying contaminants [4]. Aggregation refers to the
tendency of nZVI to come together and form larger clusters. This phenomenon occurs due to the high
surface energy and reactivity of nZVI particles, leading to attractive forces between particles.
Aggregation reduces the mobility and dispersibility of nZVI in wastewater, limiting its contact with
contaminants. Sedimentation is the relatively high density of nZVI that tends to settle down or
sediment in water or wastewater systems. This settling down of nZVI], resulting in reduced
availability for contaminant degradation and decreased treatment efficiency.

To overcome the aggregation and sedimentation of nZVI and improve their reactivity and
stability when used in porous media or environmental applications. Some synthetic methods and
materials are being developed to produce more dispersible and stable nZVI or immobilizing in the
membrane with a large surface to volume ratio. The polymers such as carboxymethyl cellulose or
polyvinyl alcohol can be coated as a protective layer around nZVI and prevent their aggregation and
improve stability [5]. Polar solvents, such as water or alcohol, are often used to facilitate the
dispersion of nZVI particles. The choice of the solvents and proper control over properties during the
synthesis of nZVI can influence its dispersibility and stability [6]. Rather than by synthesizing and
stabilizing nZVI particles beforehand, another approach involves generating nZVI in situ at the site
of application. In this method, a precursor compound, such as ferrous sulfate, is introduced into the
system, and nZVI is formed in the presence of reducing agents. This approach ensures the immediate
reactivity of freshly formed nZVI while avoiding issues related to particle aggregation [7]. nZVI
particles can be immobilized onto support materials to improve their dispersibility and prevent
settling. Support materials like activated carbon, silica, or porous polymers provide a matrix for nZVI
particles, preventing their aggregation and enhancing their stability during application.

By employing the mechanisms or approaches related to the dispersibility and stability of nZVI
can be significantly enhanced and more effective in wastewater treatment and environmental
remediation. Zhang et al. demonstrated that the inclusion of humic acid improved the reactivity and
stability of nZV], increasing its trichloroethylene degradation efficiency [8]. Li et al. investigated the
use of a biodegradable polymer, poly (lactic-co-glycolic acid) to modify nZVI. The modified nZVI
showed enhanced stability and reactivity, resulting in higher removal efficiency of hexavalent
chromium Cr (VI) as compared to unmodified nZVI [9]. In another study Zhang et al. showed that
the nZVI-biochar composite exhibited enhanced reactivity and stability in the presence of natural
organic matter, leading to improved trichloroethylene degradation efficiency [10]. Recently, Sun et
al. used a polyvinyl alcohol-co-vinyl acetate-co-itaconic acid (PV3A) as a dispersant and synthesized
a stable dispersive nZVI [11]. The PV3A stabilized nZVI had a relatively smaller mean size of 15.5
nm, whereas in the absence of PV3A, the formed nZVI had a mean size of 105.7 nm. He and Zhao
have successfully synthesized nZVI with varied sizes using carboxy methyl cellulose as a stabilizer’s
agent, which feature prevents aggregations of nanoparticles [12].

Recently, the green synthesis of nZVI has been reported by many researchers using green tea
extract which is a cheap and local resource. The green tea extract was chosen because of its
biodegradability, being water-soluble at room temperature, and producing non-toxic products.
Green tea extract, derived from the leaves of Camellia sinensis, are rich in polyphenols such as
epigallocatechin gallate and catechins, which have high antioxidant properties. In this approach,
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Hoag et al. synthesized stable nZVI at room temperature by using green tea extract without the
addition of any surfactants or polymers [13]. The polyphenols present in green tea leaves can promote
the dispersibility of nZVI in aqueous environments, improving its mobility and potential for
applications such as groundwater remediation. Furthermore, polyphenol acts as a reducing agent
and a capping agent facilitating the reduction of iron to form stable nZVI particles and preventing
aggregation. Ponder et al. successfully synthesized the stable nZVI with a diameter of 10-30 nm on a
nonporous, hydrophobic polymer resin support. The synthesized nZVI exhibits a high reactivity
toward the removal of metal ion contaminants in an aqueous solution [14].

The electrospinning technique is a simple and versatile synthesis method for producing various
polymeric nanofibers and nanostructured materials with a high surface-to-volume ratio [15]. In this
process an electric field is applied to a polymer solution, which leads to the formation of a jet that
stretches and solidifies into nanofibers as it travels towards a grounded collector [16]. The produced
nanofibers with extremely small diameters leading to large surface, enhanced interactions with
contaminants in water and facilitating efficient adsorption and filtration. By controlling the
parameters of the electrospinning process, such as polymer concentration, solution viscosity, and
collection distance, the pore size of the nanofibers can be adjusted. The electrospun nanofibers
possess excellent mechanical properties due to their aligned and interconnected fiber structure. This
enhances the durability and robustness of the filter, making it more suitable for practical water
filtration applications. For example, Xiao et al. fabricated nanofibrous mats by electrospinning a
polymer solution containing a mixture of polyacrylic acid and polyvinyl alcohol and fibers
incorporated with multi-walled carbon nanotubes to enhance their mechanical durability [17]. The
hybrid nanofibrous mats were used as supporting material for zerovalent iron nanoparticles, used
for the remediation of copper ions (Cu?). Using the electrospinning technique, Xiao et al.
immobilized the reactive ZVI into a polymeric matrix and showed its applicability to the removal of
dyes from water [18].

In this present work, electrospinning technology was introduced to produce nZVI based
carbonized nanofibers water filter synthesized via green method. The electrospun filters are
supposed to be water stable, portable, and can be easily installed on domestic taps and pipes. The
fabricated filters have a large surface to volume ratio, which provide many active sites for pollutant
adsorption, allowing for enhanced removal of contaminants from water. Furthermore, the
carbonization of the electrospun nanofibers enhances their durability and stability in water. The nZVI
is employed to block heavy metal remediation and provide mechanical strength to nanofibers based
water filters [19]. These methods improve filtration properties by tailoring nanofiber properties and
promoting effective stabilization of nZVI in nanofibers structure. The green synthesis methods for
nZVI in carbon nanofibers offers better control over nanoparticle size, shape, and distribution
through electrospinning. There were no need to use high pressure, temperature, energy, and toxic
chemicals in the fabrication of these filters [20]. The green synthesis methods minimize
environmental impact and health hazards by using eco-friendly precursors and mild reaction
conditions. The applied green synthesis method is biocompatible and potentially reliable for water
filtration applications[21,22].

By employing the characterization techniques, we can gain a comprehensive insight into the
structural, chemical, and physical properties of nZVI based nanofibrous mats. These understandings
enable us to optimize synthesis processes, assess material quality, and tailor their applications
accordingly. The scanning electron microscopy is used to examine the surface morphology and
structure of nZVI based composites / carbonized nanofibrous mats. It provides high resolution
images that reveal the arrangement of nanoparticles, the presence of impurities, and any defects
within the material. The energy dispersive spectroscopy is often combined with SEM and determines
elemental composition and distribution within the sample. The EDS can detect and analyze the
characteristic X-rays emitted by a sample when it is bombarded with high energy electrons or other
types of radiation. Thermogravimetric analysis measures the weight changes of a material as it is
subjected to controlled temperature variations. It helps determine the thermal stability,
decomposition temperature, and the presence of volatile components or impurities within the
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sample. X-ray Diffraction provides information about the arrangement of atoms or molecules within
a material including nanofibrous mats. By analyzing the diffraction pattern produced when X-rays
interact with the sample, XRD can determine the crystal structure, phase composition, and crystallite
size of the nanofibrous mats. FTIR analyzes the infrared absorption and transmission of a material. It
helps identify the types of chemical bonds present, detect the presence of specific functional groups,
and identify potential contaminants. FTIR spectra can provide valuable information about the
chemical composition and molecular structure of nanofibrous mats. UV-Vis spectroscopy measures
the absorption of ultraviolet and visible light by a material. It helps determine the absorption
characteristics and bandgap properties of the nanofibrous mats. UV-Vis spectra can provide insights
into the electronic structure and optical properties of the material.

2. Materials and Methods

2.1. Materials and Synthesis

For the fabrication of composite/carbon nanofibers, 90 grams of green tea (GT) was purchased
from the local market, polyvinyl alcohol (PVA, Mw = 66,000) was supplied by Junsei Chemical,
tetraethyl orthosilicate (TEOS, 98% purity) was purchased from Sigma Aldrich, ferric chloride
hexahydrate (FeCls.6H20, molar mass = 270.3 gm/mol) was purchased from Doejung Co., Ltd.
Distilled deionized water was used exclusively in all solution preparations and cleaning process, as
shown in Table 1.

Table 1. Chemicals used in solution preparation for the fabrication of carbon nanofibers.

Description Brand
1 green tea, wt. =90 Locally available
2 PVA, Mw = 66,000 Junsei
3 TEOS, 98% purity Sigma Aldrich
4 FeCls.6H20, Doejung

molar mass = 270.3 gm/mol

The green tea solution was prepared by mixing 90 gm green tea in 500 ml of deionized water
and heating it to 100 °C. For the fabrication of composite/carbonized nanofibers samples, the 20 ml
of green tea solution was used as starting material and heated for 10 minutes on a hot plate at 60 °C.
Then, 10 wt.% PVA/TEOS with a 7/3 weight ratio were mixed with the 20 ml of prepared green tea
solution. The PVA was used as a dispersant or stabilizer agent, TEOS was added for more flexibility
and mechanical strength required. The composite solution was stirred with the magnetic stirrer
(KERN ALS 220-4) at 100 °C. The composite solution was stirred for 3 to 4 hours at 1000 rpm before
being used, to make the solution homogeneous and gain suitable viscosity.

The freshly prepared composite solution of 10 mL was loaded into a syringe having a 21-gauge
stainless steel needle. The flow rate of the solution was set at 1 mL/h through a syringe pump. The
electrospinning voltage was kept at 20 kV and the distance from tip to collector was 10 cm. The
collector was wrapped in aluminum foil, which acts as an opposite electrode. The composite
nanofibers mats were finally dried in a vacuum oven (Thomas Scientific Model, 605) at 100 °C for 24
hours and then collected from aluminum foil. The dried composite nanofibers sample were kept in
the crucible and carbonized in the tube furnace (Nabertherm Model, LHT 04 / 18) at 280 °C for 5 hours
with a 3 °C/min rise in temperature. The carbonized nanofiber samples were kept in a desiccator
before characterization.

For the fabrication of nZVI based composite / carbonized nanofibers sample, the 20 ml of green
tea solution was used as starting material and heated for 10 minutes on a hot plate at 60 °C. Then, 10
wt.% PVA / TEOS with a 7/3 weight ratio were mixed into the 20 ml of prepared green tea solution.
The PVA was used as a dispersant or stabilizer agent, TEOS was added for more flexibility and
mechanical strength required. The composite solution was stirred on the magnetic stirrer (KERN ALS
220-4) at 1000 rpm and at 150 °C. After 15 minutes of continuous stirring, 2 ml of FeCls.6H20 was
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added drop by drop in the beaker until the solution becomes completely black. The nZVI-based
composite solution was stirred at 1000 rpm for 4 to 5 hours at 150 °C before use to make the solution
homogeneous and gain suitable viscosity.

The freshly prepared composite solution of 10 mL was loaded into a plastic syringe having a 19-
gauge stainless steel needle. The flow rate of the solution was set at 0.8 mL/h through a syringe pump.
The electrospinning voltage was kept at 20 kV and the distance from the tip to the collector was 8 cm.
The collector was wrapped with aluminum foil and then with a silver mesh, which acts as the
opposite electrode. The nZVI-based composite nanofibers mat was finally dried in a vacuum oven
(Thomas Scientific Model, 605) at 100 °C for 24 hours and collected from silver mesh. The dried nZVI-
based composite nanofibers sample were kept in the crucible and carbonized in the tube furnace
(Nabertherm Model, LHT 04 / 18) at 280 °C for 4 hours and 40 minutes with a 3 °C/min rise in
temperature. The nZVI-based carbonized nanofibers samples were kept in a desiccator before
characterization.

2.2. Characterization Techniques

The morphologies of the fabricated composite / carbonized samples were observed through an
SEM (JSM-5910LV, JEOL Ltd., Japan) with an operating voltage of 10 kV. The elemental composition
of the nZVI-based composite or carbonized nanofibrous mats was analyzed by an EDX detector
(INCA 200X, Oxford, U.K.). The TG / DT analysis was carried out using a Diamond series TG / DTA
unit (Perkin Elmer Instruments Co., Ltd., USA) with a heating rate of 5 °C/min at the temperature
range of 40 °C to 1000 °C. The X-ray diffraction pattern of the samples was carried out using a Rigaku
Geiger flux X-ray Diffractometer with Cu Ka radiation (A = 1.504 A) operating at 40 kV. The FTIR
spectra were recorded using a Nicolet 6700 FTIR spectrometer (Thermo Nicolet Corporation, US) at
a wavenumber range of 4000-400 cm™ at room temperature. The absorption spectra of nZVI-based
carbonized nanofibers samples were recorded using a Perkin Elmer Lambda 1050 UV-Vis
spectrophotometer in the spectral range of 200 nm—-600 nm.

3. Results and Discussion
3.1. Morphological and Thermal Analysis

3.1.1. SEM Analysis of Composite and Carbonized Nanofibers

Figure 1 shows the SEM images of green tea composite and carbonized nanofibers with 10 wt.%
PVA /TEOS (7/3 weight ratio) concentration. The nanofibers were fabricated using an electrospinning
setup with a 10 ml syringe with a 21-gauge stainless steel needle. The distance between the syringe
needle and the oppositely charged electrode was kept at 10 cm. The 18 kV voltage was applied, the
flow rate of the solution was 1 ml/hr. The composite nanofibers were dried overnight at 100 °C in an
oven and then collected on aluminum foil. The dried composite nanofibers were carbonized in the
furnace at 280 °C for 5 hours with a temperature rise of 3 °C/min. The SEM images of the composite
and carbonized nanofibers are taken at different resolutions of 1000 nm and 500 nm. The fabricated
composite nanofibers as shown in Figure 1a,b are almost uniform in diameters of approximately 500
nm. The diameters of carbonized nanofibers were almost uniform and reduced to approximately 260
nm, as observed in Figure 1c,d. The reduction in diameters was due to the evaporation of the PVA
contents after the carbonization of composite nanofibers. No beads or cracks were observed in the
nanofiber structure. All the nanofibers were approximately of the same size, aligned and had no
branches and pores.

doi:10.20944/preprints202310.1374.v1
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Figure 1. SEM images of (a,b) composite nanofibers and (c,d) carbonized nanofibers at 280 °C.

3.1.2. SEM and EDX Analysis of nZVI-Based Composite and Carbonized Nanofibers

Figure 2 shows the SEM and EDX analysis of nZVI-based green tea/PVA nanofibers from 10
wt.% PVA / TEOS (7/3 w/w). The iron precursor FeCls.6H20O was added drop by drop until the
solution became completely black. The TEOS was added for flexibility and to give more mechanical
strength to the fabricated nanofibers [23]. The nZVI-based green tea / PV A nanofibers were fabricated
using an electrospinning setup with a 10 ml syringe and a 19-gauge stainless steel needle. The
distance between the syringe needle and the oppositely charged electrode was kept at 10 cm. The 18
kV voltage was applied, the flow rate of the solution was 0.8 ml/hr for the fabrication of composite
nanofibers. The nZVI-based composite nanofibers were dried overnight at 100 °C in an oven and
collected on silver mesh and then carbonized at 280 °C. The SEM images of the nZVI-based nanofibers
are taken at different resolutions of 1000 nm and 500 nm. The nZVI-based composite nanofibers as
shown in Figure 2a,b are uniform in diameters of approximately 200 nm. No single beads and cracks,
and all the composite nanofibers were aligned. The nZVI-based composite nanofibers were
approximately the same in size and had no branches and pores.

With the incredible water solubility of PVA, the created nZVI-based composite nanofibers can
be dissolved in water quickly, this is impossible for their use as a nanofilter for water treatment [24].
The treated dried composite nanofiber mats based on nZVI were heated at a temperature of 280 °C
for 4 hours and 40 minutes with a gradual increase in temperature at a rate of 1 °C per minute, in
order to maintain their porous structure when immersed in water. The resulting nZVI-based
carbonized nanofibers mats were insoluble in water and used for water filtration applications. The
smooth surface morphology of fabricated nZVI-based carbonized nanofibers is shown in Figure 2d,e,
but some beads were due to high carbonization temperature. The average diameters of the nZVI-
based carbonized nanofibers were not uniform and reduced to approximately 120 nm. The reduction
in diameters is due to the evaporation of the PVA contents after the carbonization of nZVI-based
composite nanofibers.
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EDX analysis of nZVI-based green tea / PVA composite nanofibers Figure 2c confirms the
presence of elemental iron with chlorine and some oxygen which is due to the addition of FeCls.6H20
in solution. The presence of some oxygen is also due to the surface oxidation of nZVI-based green
tea/PVA composite nanofiber in the air during handling and silicon is from the TEOS. The presence
of the other elements including Na, P, and K due to the green tea solutions. The atomic and weight
percentages of the different elements shown in the EDX analysis are recorded in Table 2.

EDX analysis of nZVI-based carbonized nanofibers at 280 °C Figure 2f confirms the presence of
elemental iron with chlorine and some oxygen which is due to the addition of FeCls.6H:0 in solution.
The presence of some oxygen is also due to the surface oxidation of nZVI-based carbonized nanofiber
in air during handling and silicon is from the TEOS. The presence of carbon is greater in weight due
to the carbonization of organic materials and the disappearance of phosphorus and sodium is due to
the carbonization temperature. The atomic percentages along with weight percentages of the
different elements shown in EDX analysis are recorded in Table 3.

Table 2. EDX elemental analysis of nZVI-based composite nanofibers.

Element Weight% Atomic%
C 41.31 56.69
(6] 24.39 25.12
Na 4.32 3.10
Si 14.43 8.47
P 0.69 0.37
Cl 9.84 4.57
K 1.58 0.66
Fe 3.44 1.02
Total 100 100

Table 3. EDX elemental analysis of nZVI-based composite nanofibers at 280 °C.

Element Weight% Weight%
C 54.74 63.34
0) 39.15 34.00
Si 3.76 1.86
Cl 11.25 0.49
K 0.34 0.12
Fe 0.77 0.19

Total 100 100
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Figure 2. SEM images and EDX of zerovalent iron-based (a and b) composite and (c and d) carbonized
nanofibers.

3.1.3. TG/ DT Analysis of nZVI-Based Composite Nanofibers

Figure 3 shows the TG / DT analysis of nZVI-based composite nanofibers, with a sample weight
of 8.969 mg. The sample was heated in the range of 40 °C to 1000 °C at 5 °C/min, under an N2
atmosphere at a flow rate of 20 ml/min. It is clear from the TGA curve that there are three main stages
of weight loss as a function of temperature and the total weight loss is about 94% in the range of 40
°C to 410 °C. In the first stage, the weight loss in the range of 40 °C to 100 °C is about 14%, which is
due to the removal of moisture and volatile component present in nZVI-based composite nanofiber
[18]. In the DTA curve, a small endothermic peak at 50 °C confirms the removal of moisture from the
composite nanofiber and the weight remains constant from 70 °C to 180 °C. In the second stage, the
weight loss in the range of 100 °C to 250 °C is almost 70%, which is caused by the degradation of PVA
and removal of the Si-OH group present in nZVI-based composite nanofiber [25]. In the DTA curve,
a sharp exothermic peak was observed at 250 °C due to the combustion of organic polymer present
in nZVI-based composite nanofibers and regarded as the decomposition temperature of PVA. In the
third stage, the weight loss in the range of 250 °C to 410 °C is about 10%, which is due to the complete
removal of organic polymers present in nZVI-based composite nanofiber [26]. In the DTA curve, a
very small exothermic peak at 400 °C also confirms the complete removal of organic polymers present
in the nZVI-based composite nanofiber. Above 410 °C, there was no more weight loss and the TGA
curve became stable, leaving behind pure nZVI-based nanofibers that accounted for approximately
6% of the weight. However, a slight endothermic decrease in the DTA curve showed the formation
of nZVI-based nanofibers.
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Figure 3. TG / DT analysis of nZVI-based composite nanofibers.

3.2. Phase and Structural Analysis.

3.2.1. XRD Analysis of nZVI-based Carbonized Nanofibers

Figure 4 shows the XRD analysis of the nZVI-based green tea / PVA composite nanofiber,
carbonized at 280 °C. The XRD pattern of nZVI based carbonized nanofibers sample was recorded
over a range of 10°-70°. The iron peaks (PDF Card No. 87-722) were observed at 20 values of 44.7",
66.9°. These peaks were consistent with that of the development of body-centered cubic iron
crystallite in the nanofiber matrix. The peak at 20 value of 44.7° ascribes to the formation of nZVI,
confirmed the value of nZVI reported in the literature [27]. There were seven peaks of iron oxides
(PDF Card No. 65-3107) at 20 =18.3°, 29.9°, 35.2°, 37.2°, 43.8°, 57.1°, 62.5°. These peaks suggested that
the formation of iron oxide from the redox reaction between nZVI and oxygen in the environment
after carbonization [28]. There were peaks of carbon (PDF Card No. 72-2091) at 26 = 29.45°, 53.1".
These peaks suggested that the existence of carbon at the nanoscale from the carbonization of the
nanofibers matrix [29]. PVA is semi-crystalline and the small intensity diffraction peaks of polymers,
which are dominated by the presence of sharp peaks from iron nanoparticles.
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Figure 4. XRD pattern of nZVI-based carbonized nanofibers.

3.2.2. FTIR Analysis of Composite and Carbonized Nanofibers

Figure 5a shows the FTIR spectrum of PVA / GT composite and carbonized nanofibers in the
range of 500-4000 cm™. The functional group region is successively from 4000-1500 cm™, and the
fingerprint region from 1500-500 cm. The fingerprint region is important because each different
compound produces its own unique pattern of peaks in this region. In the spectrum of composite
nanofibers, the broad absorption peak at 3280 cm! was due to the stretching vibration of O-H bonds
in water molecules [30]. The absorption peak at 2915 cm! was due to the stretching vibration of C=H
bonds in the alkanes chain of PVA molecules [31]. The absorption band from 2324 cm to 1925 cm!
was due to the presence of stretching vibration of C=C bonds and a sharp peak at 1615 cm was
ascribed to the stretching vibration of C=C bonds, indicates the polyphenols present in the green tea
extract [32]. The peaks at 1415 cm!, and 1319 cm™ indicates the stretching vibration of CH2 bond, and
the peaks at 1230 cm™! ascribes the stretching vibration of C-H bonds, which resulting the strong
interaction between the hydroxyl group of PVA and GT extracts [33]. The peak at 1140 cm! is ascribes
to the stretching vibration of C—C bonds, which indicates the crystalline region in the composite
nanofibers sample [34]. The sharp peak at 1092 cm matches with Si-O-Si vibration band, which
shows the presence of TEOS in the composite nanofibers sample [35]. The peaks at 913 cm* and 838
cm! are allocated to the interactions between carboxylic groups (COO- asymmetric stretching) of
PVA in the composite nanofibers structure. The less intense bands region from 570 cm"-500 cm™! was
due to the O-5i-O vibration, which shows the presence of TEOS in the composite nanofibers sample
[36].

In the spectrum of carbonized nanofibers showed the O-H stretching vibration peak at 3453 cm-
1 of bonded H20 molecules (present in small quantity in the solid sample) with PVA. The shift in the
peak from 3280 cm™ (in composite nanofibers) to 3480 cm™ and small intensity of the peaks was due
to the vaporization of H20 molecules. The vibration band at 2915 cm™ (in composite nanofibers) of
C-H stretching in alkanes appeared at 2909 cm™ in the carbonized nanofibers spectrum, which was
due to the decomposition of PVA molecules. The absorption band from 2359 cm™1856 cm™ was due
to the presence of stretching vibration of C=C bonds, indicates the presence of polyphenols in the
green tea extract. The slight shift in the absorption band was due to the decomposition temperature
of carbonized nanofibers [32]. The peak at 1711 cm™ was due to the C-O stretches vibration from the
remaining alcoholic group in carbonized nanofibers sample [37]. The peak at 1615 cm™ of C=C

doi:10.20944/preprints202310.1374.v1
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stretching vibration was slightly shifted to 1594 cm? due to the carbonization of composite
nanofibers. The peaks at 1415 cm™, 1319 cm’, 1230 cm’, and 1140 cm! shown in the composite
nanofiber spectrum were due to C-O and C—C stretching vibrations disappeared and a flat peak at
1367 cm ! appeared due to C-C stretching vibration after carbonization. The sharp peak at 1106 cm!
corresponds to the Si-O-Si stretching vibration but was slightly shifted due to carbonization. The
absorption peaks at 872 cm and less intense absorption bands from 755-600 cm were attributed to
the characteristic vibrations of Si-O-5i and C-Si asymmetric stretching in carbonized nanofibers
samples, respectively [38].

(a) < Carbonized NFs|(b) ——nZVI based carbonized NFs
Composite NFs —— nZVI| based composite NFs

Transmittance (%)

Si-0-Si

4000 3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5. FTIR spectra of (a) composite and carbonized, (b) nZVI-based composite and carbonized
nanofibers.

3.2.3. FTIR Analysis of nZVI-based Composite and Carbonized Nanofibers

Figure 5b shows the FTIR spectrum of the nZVI-based composite and carbonized nanofibers in
the bands range of 500-4000 cm. In the spectrum of nZVI-based composite nanofibers, the broad
absorption peak at 3309 cm is ascribed to O-H / N-H stretching vibration, which may be due to the
H:0 molecules and polyphenols from GT extracts [39]. The absorption peak at 2922 cm™ was due to
C-H stretching vibration in alkanes present in the nZVI-based composite nanofibers sample [31]. The
absorption band from 2359 cm! to 1884 cm! was due to the presence of C=C stretching vibration and
the peak at 1683 cm! was ascribed to the C=C stretching vibration, indicating the polyphenol present
from GT extract coated onto the nZVI surface [40]. The peaks at 1421 cm™ and 1326 cm™ shown in
nZVI based composite nanofibers sample was due to C-H stretching and bending vibration, which
indicates the strong interaction between the CH: group of PVA and nZVI [41]. The sharp peak at 1082
cm! corresponds to Si—-O-Si vibration band, which showed the presence of TEOS in the nZVI-based
composite nanofibers sample [35]. The peaks at 966 cm, 906 cm, and 837 cm! are assigned to the
interactions between nZVI and carboxylic groups (COO- asymmetric stretching) of PVA. The bands
region from 596 cm™ to 500 cm! was due to the Fe-O stretching vibration and Fe—O-Si stretching
vibrations present in the nZVI-based composite nanofibers sample [39].

The spectrum of carbonized nanofibers showed a less intense peak at 3417 cm’, which was due
to the O-H/N-H bending and stretching vibration of surface-absorbed H:0 molecules and
polyphenols from GT extracts [39]. The shift in the peak from 3309 cm™ (in nZVI-based composite
nanofibers) to 3417 cm™ and less intensity of the peaks ascribed to the vaporization of H2O molecules
present in the fibrous structure [41]. The absorption peak at 2922 cm of C-H stretching vibration in
alkanes disappeared in the nZVI-based carbonized nanofibers spectrum, which was due to the
decomposition of PVA with carbonization temperature [31]. The absorption band from 2200 cm™ to
1986 cm! ascribed the presence of C=C stretching vibration, which was due to the interaction of
polyphenol present from GT extract and nZVI on carbonized nanofibers surface [40]. The small peak
appearing at 1713 cm in the spectrum of nZVI based carbonized nanofibers sample can be attributed
to the C=0 stretching vibration, which indicates the interaction between PVA and GT extract [42].
The broad peak at 1605 cm! was due to C=C stretching vibration and a small peak at 1374 cm! was
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due to C-C stretching vibration, which appeared in nZVI based carbonized nanofibers sample [43].
The sharp absorption peak appeared at 1062 cm! corresponding to the Si—-O-Si stretching vibration
instead of 1082 cm (in nZVI composite nanofibers sample), the shift in the peak was due to
carbonization of the sample [44]. The absorption peak at 790 cm™ is due to the presence of zerovalent
iron nanoparticles in carbonized nanofibers samples, as reported in the literature [35]. The small
adsorption peak at 539 cm refers to Fe-O stretching vibration of FesOs and Fe20s, which confirms the
existence of Fe nanoparticles in carbonized nanofibers samples [45].

Generally, these prescribed absorbance bands correspond with other research studies...
Consequently, it can be presumed that the presence of different functional groups indicates the
plausible reason for the formation and stabilization of synthesized nZVI in nanofibers structure.
Hence amalgamation of nanoparticles is mainly expected due to the existence of polyphenolic
compounds, which will directly reduce iron ions to zerovalent particles [46].

3.3. Absorption Spectroscopy Analysis

3.3.1. UV-Vis Analysis of Composite, Carbonized Nanofibers and nZVI-based Composite,
Carbonized Nanofibers

Figure 6 shows the absorption spectra of composite, carbonized, and nZVI-based composite,
carbonized nanofibers samples, which were dispersed in deionized water. The absorption spectra
were taken in the wavelength range from 200 nm to 800 nm for observing surface plasmon resonance.
Some of the organic compounds and transition metal ions show absorption spectra in the ultraviolet
(190-400 nm) or visible (400-900 nm) regions of electromagnetic radiation. The conduction band and
valence band in metal nanoparticles are very near to each other in which electrons freely move. The
free electrons give rise to surface plasmon resonance absorption, occurring due to the collective
oscillation of electrons in resonance with light waves [47]. The wavelength absorption peak at 272 nm
in the composite nanofiber spectrum was typical to the GT extracts, which correspond to the tea
polyphenols and caffeine and confirmed the interaction with PV A [13,43]. The absorption peak at 245
nm in carbonized nanofiber also confirmed the presence of polyphenols and caffeine from GT. The
less intensity of the peak showed the degradation of PVA due to the temperature [43]. The PVA / GT
composite solution containing FeCls.6H20O exhibit black color, which was due to the excitation of
surface plasmon resonance of iron nanoparticles. Therefore, the reduction of iron nanoparticles into
nZVI nanoparticles during interaction with GT extracts in electrospun nanofibers can be followed by
UV-Vis spectroscopy. The absorption spectra were taken in the wavelength range from 200 nm to 800
nm for observing the reduction of Fe*? ions to Fe?. The wavelength absorption peak at 272 nm in nZVI
based composite nanofibers spectrum was typical of the GT extract. The intensity of the peaks
declined after reacting with iron when the reaction between FeCls and green tea extracts led to the
solution color changing rapidly from yellow to dark. This indicated that it was due to polyphenols
and caffeine acted as reducing agents in the process of iron nanoparticles produced by tea extracts
[43]. The absorption band from 215 nm to 260 nm was shown in nZVI based carbonized nanofibers
spectrum, which confirmed the surface plasmon resonance at 215 nm of synthesizing nZVI in
nanofibers structure. The shifting of surface plasmon resonance peaks toward the lower wavelength
region was due to temperature, which also showed the confirmation of nZVI [48]. Green tea extracts
such as catechins and polyphenols have been studied for their potential to synthesize nZVI based on
the indication of surface plasmon resonance with absorption peaks under the visible region. The UV-
Vis spectrum of the synthesized nZVI-based carbonized nanofibers was in accordance with what was
reported in the range of 216 nm to 268 nm [49].
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Figure 6. UV-Vis spectra of composite, carbonized, and nZVI-based composite, carbonized
nanofibers.

4. Conclusions

This study presents the green synthesis of eco-friendly nZVI-based carbon nanofibers using the
electrospinning technique for nanofiltration applications. The smooth and porous, nZVI-based
carbon nanofibers were produced by carbonizing the as-spun composite nanofibers at 280 °C. The
PVA / TEOS (7/3 wt.%) was used in 20 ml of green tea solution, for the optimization of nZVI-based
composite nanofibers. The PVA concentration and temperature played a key role in the fabrication
and morphology such as homogeneity, porosity, and uniformity in the diameter of nZVI-based
composite / carbonized nanofibers. The TEOS also played a vital role in the nanofiber morphology,
it gave more flexibility and mechanical strength to nZVI-based composite / carbonized nanofibers.
Green tea was used as environmentally friendly and economical in the production of nZVI-based
composite nanofibers. The SEM analysis showed that the nZVI-based composite nanofibers were
uniform in diameters approximately equal to 200 nm and had a smooth surface. The diameter of
nZVlI-based composite nanofibers was reduced approximately to 120 nm after carbonization at 280
°C and had a smooth surface but was not uniform. The EDX analysis of nZVI-based carbon nanofibers
indicated the presence of metallic iron at the nanoscale at 280 °C. The presence of Na, Cl, O, C, Fe, 5,
and K peaks in EDX spectra also indicated the constituent elements in nZVI-based carbon nanofibers.

The TG/DT analysis of nZVI-based composite nanofibers confirmed the complete removal of organic
polymers at 280 °C. The weight became constant after 280 °C and the total loss in weight was about
94%. The XRD analysis of nZVI-based composite nanofibers showed that there is no crystallinity in
the nanofibers structure. After carbonization at 280 °C, the XRD pattern of nZVI-based carbon
nanofibers confirmed the formation of a single-phase nZVI. The XRD pattern of the nZVI-based
carbon nanofibers was observed to be a single-phase cubic structure. The broad peaks in the XRD
pattern indicated the presence of the nanocrystalline structure of the nanofibers. The FTIR spectra of
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the prepared samples showed the numbers of peaks are less in the nZVI-based carbon nanofibers as
compared to composite nanofibers, which indicated the removal of PVA and other organic contents
from the nanofibers structure. The peaks in the FTIR spectra showed the presence of different
functional groups, indicating the formation and stabilization of nZVIin the nanofiber structures. The
absorbance peaks in the FTIR spectra indicated the presence of organic compounds (polyphenolic),
which showed the direct reduction of iron ions into nZVI. The absorption peaks in the UV-Vis spectra,
specifically at 215 nm to 268 nm in the wavelength range of 200 nm to 600 nm, correspond to the
excitation of surface plasmon vibrations associated with the presence of nZVI. The large band
intensities and absorption peaks in the visible region further indicate the successful formation of
nZVI within the nanofiber structures.
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