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Introduction

Water is a vital resource for sustainable life, yet anthropo-
genic activities have led to its degradation [1]. Access to 
safe drinking water is a cardinal issue globally [2], with 
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Abstract
In this study, we investigated the photocatalytic degradation of methyl red dye using Polyvinylpyrrolidone/Tetraethyl 
orthosilicate (PVP/TEOS) electrospun nanofibers. Which was further calcined at 600℃ to synthesis the SiO2 nanofibers. 
We analyzed the structural and morphological characteristics of the synthesized nanofibers through various techniques, 
including Scanning Electron Microscopy (SEM), X-ray diffraction Spectroscopy (XRD), Fourier Transform Infrared spec-
troscopy (FTIR), and the Brunauer-Emmett-Teller (BET) technique. XRD confirmed the amorphous structure of the nano-
fibers, while SEM ensured their uniformity and integrity. FTIR analysis indicated the uniform structure of nanofibers. 
The average nanofiber diameter, calculated using ImageJ software, was approximately 600 nm. We determined the band 
gap of SiO2 nanofibers to be 3.16 eV using the Tauc plot method. The degradation of the dye was studied under differ-
ent conditions, including pH, temperature, dye concentration, and kinetic analysis. The highest degradation of methyl red 
dye (96%) was achieved at pH 12 and a temperature of 55 °C, with an initial dye concentration of 10 ppm. The kinetic 
study confirmed the rapid degradation of methyl red dye. Our findings underscore the exceptional effectiveness of SiO2 
nanofibers in dye degradation, attributed to their chemical and biological inertness, as well as biodegradability, achieving 
a remarkable 96% dye degradation in just 40 min.

Fig. 1 The graphical abstract represents the mechanism and schematic of the photocatalytic reactor, as well as the dye degradation over time
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more than one billion people lacking clean water and 
2.5 million requiring water for sanitation [3]. Natural water 
sources are globally contaminated by pollutants from fer-
tilizer, household, and industrial waste, including organic 
dyes from various industries [4, 5]. Natural water bodies 
can experience discoloration due to pollution stemming 
from residential and industrial activities, where heavy met-
als, cyanide, nitrogen, toxic organics, phenols, phosphorus, 
suspended particles, and dyes act as significant contribu-
tors to this environmental concern [6]. Millions of tons of 
untreated dye effluents are discharged annually into natural 
water bodies worldwide [7]. Even at low concentrations, 
non-biodegradable, carcinogenic, and harmful dye-contam-
inated fluids released into the water can cause severe health 
issues in humans, plants, and animals [8]. Methyl red, an 
azo dye, is hazardous, causing skin, eye, and digestive irrita-
tion. It is a mutagenic, mitotic toxin, and carcinogenic. Its 
non-biodegradability and toxicity necessitate its removal 
from wastewater [9].

Dye removal employs various methods: physical 
approaches like coagulation, filtering, flocculation, and 
adsorption; chemical techniques like Photocatalysis, Elec-
tro-Fenton, and Ozonation; and biological methods such as 
biodegradation, biosorption, and the use of microbes and 
enzymes [10, 11]. The photocatalytic degradation of dyes 
holds great promise as a viable approach to address environ-
mental pollution and effectively remediate dyes from waste-
water [12]. At standard temperature and pressure (STP) 
conditions, photocatalysis presents a feasible alternative for 
eliminating emerging contaminants through oxidation reac-
tions [13].

Nanofibers exhibit significantly higher photocatalytic 
activities for photocurrent generation when compared to 
nanoparticles. This enhanced performance can be attributed 
to the interparticle connections within the nanofiber net-
work and the presence of a mesoporous structure [14]. One 
of the cutting-edge methods for producing ultrathin nanofi-
bers is electrospinning [15]. Electrospun nanofibers are vital 
for wastewater treatment, effectively removing organic and 
inorganic pollutants. Embracing these techniques reduces 
reliance on traditional methods, saving materials and 
energy [16]. We can also synthesize nanofiber membranes 
to achieve recyclability, improved recovery, and reusability 
[17].

PVP was preferred for PVP/TEOS nanofiber synthesis 
due to its high solubility, preventing phase separation, cross-
linking ability for thermal stability and mechanical strength, 
and low scattering loss, beneficial for photo-responsive 
applications [18]. PVP is a biocompatible polymer known 
for its non-toxic, inert, pH-stable, and temperature-resistant 

properties. Additionally, it exhibits biodegradability, making 
it environmentally friendly [19]. The addition of TEOS into 
PVP increased the thermal stability of microfibers [20] and 
TEOS is known for its non-harmful nature and widespread 
application in biomedical contexts [21]. PVP exhibits excel-
lent solubility in water and various organic solvents, allow-
ing it to interact effectively with a wide range of hydrophilic 
and hydrophobic materials. On the other hand, TEOS is 
typically dissolved in water, ethanol, or methanol [20]. SiO2 
composite nanofibers can be easily fabricated through the 
electrospinning process [22].

A variety of materials have been employed by vari-
ous researchers in previous studies to degrade methyl red 
dye. Some examples of these materials are included, along 
with their degradation times in parentheses. These exam-
ples include Cu2O/ZnO nanocomposite (4 h.) [23], Rici-
nus communis Activated Charcoal (90 min) [24], Sulfated 
TiO2/WO3 nanocomposite (2 h.) [25], seaweed-mediated 
zinc oxide nanoparticles (3 h.) [26], YMnO3/CeO2 compos-
ite (4 h.) [27], Pseudomonas aeruginosa (3 days) [28], ZnO/
CdS heterostructures [29], and Enterobacter asburiae strain 
JCM6051 (72 h.) [30].

Although all the previously mentioned materials have 
been used for methyl red dye degradation, the majority of 
them exhibited slow degradation rates, ranging from hours 
to days. Additionally, their degradation efficiency was not 
satisfactory. In response to this challenge, the study focused 
on introducing SiO2 nanofibers as a potential solution. 
These nanofibers demonstrated exceptional performance 
in degrading methyl red dye, achieving an impressive 96% 
degradation efficiency within a mere 40 min.

Experimental Section

Materials

The nanofibers were synthesized using chemicals sourced 
from Sigma-Aldrich, USA. The chemicals used included 
Polyvinylpyrrolidone (PVP) with an average molecular 
weight of 40,000, tetraethyl orthosilicate (TEOS) with a 
purity of 99%, sodium hydroxide pellets (NaOH) with a 
purity of > 98%, acetic acid glacial (CH3COOH) with a 
purity of 99.8%, ethanol (C2H5OH) with a molecular weight 
of 46.07 g/mol, and methyl red with a molecular weight 
of 269.30 g/mol. Deionized water was used exclusively 
throughout the synthesis process.
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Synthesis of SiO2 Nanofibers

The electrospinning method was employed to synthesize 
SiO2 nanofibers [31, 32]. The apparatus includes a needle, 
syringe, high voltage supply, vacuum chamber, magnetic 
hot plate, magnetic stirrer, weigh balance, and conducting 
substrate. To synthesize PVP/TEOS nanofibers, a solution is 
prepared by dissolving 3 g of Polyvinyl Pyrrolidone (PVP) 
in 20 mL of ethanol. In a separate container, a mixture of 
10 mL ethanol, 10 mL acetic acid, and 1.5 mL TEOS is 
prepared. The TEOS mixture is then added dropwise to the 
PVP solution.

The prepared solution is loaded into a plastic syringe 
connected to a metallic needle (20 gauge). A voltage of 
28 kV is applied across a distance of 14 cm between the 
needle and the collector. The solution flows from the needle, 
forming a droplet that is deformed by the applied voltage, 
creating a cone known as the Taylor cone. A jet is formed 
when the electrostatic repulsion force overcomes surface 
tension, and fibers are deposited on a collector covered with 
aluminum foil. After deposition, the aluminum foil is dried 
in a microwave oven for 1 h. The fibers are collected from 
the aluminum foil and transferred to a crucible, which is 
then placed in a furnace. The fibers are heated at 600 °C for 
6 h, resulting in the production of SiO2 nanofibers.

Characterizations

The identification of major functional groups in the SiO2 
nanofibers was conducted using a Fourier transform infrared 
(FTIR) spectrophotometer (Spectrum 100, Perkin Elmer) 
operating in the range of 4000 − 400 cm-1. The surface mor-
phology and elemental composition of the adsorbent were 
examined using scanning electron microscopy (JSM5910, 
JEOL, Japan). The crystallinity and purity of the SiO2 nano-
fibers were determined using a Bruker X-ray diffractom-
eter (model D8 Advance) equipped with Cu-Kα radiation 
(λ = 1.5405Å). The specific surface area of the SiO2 nanofi-
bers was investigated using the BET method [33] at a tem-
perature of -196 °C with the assistance of Quantachrome 
Autosorb 6B BET equipment.

Adsorption at Different Time Intervals

A 10 ppm stock solution of methyl red was prepared in 
deionized water. Each vial containing 15 mL of the methyl 
red stock solution was supplemented with approximately 
0.0015 g of the SiO2 nanofibers sample. The agitation was 
set at 150 revolutions per minute, and the solutions were 
agitated for 10, 20, 30, 40, 50, 60, and 70 min at 25 °C. 
Afterward, the methyl red solution was filtered using filter 
paper, and the quantity of methyl red adsorbed by the SiO2 

nanofibers was determined by measuring the UV absor-
bance of the filtrate at 464 nm using a UV-Vis spectropho-
tometer (UV-1280, SHIMADZU).

Photocatalytic Degradation at Different Times, 
Concentrations, Temperatures, and pH

The photocatalytic activity of SiO2 nanofibers was studied 
by the degradation of methyl red dye. The SiO2 nanofibers 
(0.0015 g), containing the adsorbed methyl red dye, were 
subjected to a UV light source under various experimen-
tal conditions. These conditions included different initial 
concentrations of methyl red (ranging from 10 to 70 ppm), 
varying exposure times (10 to 70 min), different pH levels 
(2, 4, 6, 7, 9, and 12), and temperatures (25 °C, 35 °C, and 
55 °C). The UV light source utilized had a power of 500 W 
and emitted light at a wavelength of 380 nm. After exposure 
to the UV light, the sample was centrifuged at 7000 rpm for 
12 min, and the resulting supernatant was analyzed using 
a UV-visible spectrometer. The UV–visible spectrophotom-
eter was also used to determine the band gap.

The efficiency of methyl red degradation can be assessed 
using Eq. (1) [34].

Co − Ct

Co
× 100 (1)

where Co is the initial concentration of MR dye (mg/L) 
whereas the concentration of MR (Ct) refers to the con-
centration of MR dye after a fixed interval of time under 
irradiation.

Determination of Point of Zero Charges (PZC) Value

The solid addition method was employed to determine the 
point of zero charges (PZC) value of the SiO2 nanofibers 
[35]. To achieve this, NaNO3 solutions were prepared with 
pH values ranging from 1 to 13. These solutions were cre-
ated using 0.1 mol. L− 1 NaOH and HCl. Next, 0.05 g of the 
SiO2 nanofibers were added to each solution. After allowing 
48 h for equilibration, the pH values were recorded. By plot-
ting the difference between the initial and final pH values 
against the initial pH values, the pHpzc value was deter-
mined. The point of zero charges (PZC) was determined by 
identifying the pH value at which it equals zero, indicating 
the absence of a net charge [36]. All pH measurements were 
recorded by using a pH meter (EC700, APERA, USA).
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demonstrate an average diameter of approximately 0.5 μm 
(500 nm) [37]. The synthesized SiO2 nanofibers remained 
intact and exhibited a consistent structure. The electrospin-
ning method enabled the production of smooth and non-
oriented fibers with micron-sized diameters from a solution 
of SiO2 [40].

Fourier Transform Infrared (FT-IR)

Figure 4 displays the FTIR spectrum of the SiO2 nanofibers. 
Different well-defined absorption bands can be observed 
at about 3406, 1640, 1054, 967, and 790 cm− 1. The band 
detected at 3406 cm− 1 corresponds to the stretching vibra-
tion of the O-H bond in water that is adsorbed [20, 41]. The 
band at 1640 cm− 1 is related to C = O bonding which indi-
cates the presence of PVP [42, 43]. The absorption band 
around 1054 cm− 1, being the most intense, corresponds to 
the Si-O asymmetric stretching vibration [44] while Si-O 
symmetric vibration at about 790 cm− 1 [20] depicts the 
presence of SiO2. The band at 967 cm− 1 is related to the 
stretching vibration of the silanol Si-OH group [45].

Brunauer-Emmett-Teller (BET) Study

Figure 5 illustrates the adsorption-desorption curve obtained 
for the fabricated SiO2 nanofibers. The SiO2 nanofibers 
belong to mesopores as the range of pore size for these 
nanofibers is between (2–50 nm) [46]. The relative pressure 
(p/po) determines the size of each pore. Specifically, the 
pore size of the SiO2 nanofibers measures 6.1 nm, accompa-
nied by a pore volume of 0.11 cm³/g. The nanofibers’ high 
pore volume and pore area facilitate the binding of ions and 
molecules to active sites. Moreover, the specific surface 
area of the SiO2 nanofibers is significantly high, measuring 
53.4 m²/g. The BJH (Barrett-Joyner-Halenda) adsorption 
for the SiO2 nanofibers is 0.13 cm³/g. By increasing the pore 
volume in the SiO2 nanofibers, a larger number of dye mol-
ecules can be accommodated, resulting in enhanced adsorp-
tion capacity and subsequently increased degradation.

Result and Discussion

Characterization

X-Ray Diffraction Analysis (XRD)

The XRD pattern of SiO2 nanofibers is shown in Fig. 2. The 
presence of a broad peak spanning the range of 15˚ to 35˚ 
suggests that SiO2 nanofibers possess an amorphous struc-
ture [37]. In line with previous findings, the PVP nanofi-
bers displayed characteristic peaks at approximately 11° 
and 21° [38]. However, in the case of the SiO2 nanofibers, 
the intensity of the PVP peaks decreased noticeably, and a 
broad peak emerged at around 25°, which can be attributed 
to the presence of amorphous O-Si-O bonds within the SiO2 
structure. [39].

Scanning Electron Microscopy (SEM)

Figure 3a and b present SEM images of SiO2 nanofi-
bers captured at various magnifications. These nanofibers 

Fig. 3 SEM images of 
SiO2nanofibers (a and b), depict-
ing the uniform and smooth 
surface

 

Fig. 2 XRD of synthesized SiO2 nanofibers showing the amorphous 
nature of nanofibers
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Adsorption of MR Dye at Different Time Intervals

The results of the synthesized SiO2 nanofibers are shown 
in Fig. 6. It is evident from the trend that SiO2 nanofibers 
exhibit significantly faster and more extensive adsorption of 
methyl red. This accelerated adsorption can be attributed to 
the presence of a larger number of active sites [49] on the 
surface of SiO2 nanofibers. The SiO2 nanofibers possess an 
adsorption capacity of approximately 71 mg/L. Over time, 
the active sites on the adsorbent surface gradually become 
filled with dye molecules, causing the adsorption rate to 
slow down. Eventually, an equilibrium stage is reached, 
and the rate of adsorption becomes constant [50]. The SiO2 
nanofibers achieve equilibrium in just 60 min.

Raman Spectroscopy

Raman spectroscopy is a potent, non-destructive technique 
frequently used for analyzing SiO2 films. Since optical inter-
ference greatly influences Raman scattering in thin films, a 
certain peak’s position is directly connected with the thick-
ness of the SiO2 layer. This large peak in the SiO2 Raman 
spectra changes to the low-energy side with a reduction in 
layer thickness [47]. The main SiO2 peak is connected to 
the symmetric stretching of Si-O bonds. It normally appears 
between 450 and 480 cm− 1 [48].

Fig. 6 Adsorption study of Methyl Red at different periods

 

Fig. 5 Adsorption Desorption curve for fabricated SiO2 nanofibers

 

Fig. 4 FTIR spectrum, showing the characteristic absorption bands of SiO2 nanofibers
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the reaction system, the photocatalytic efficiency for MR 
dropped from 92.1 to 41.4%.

Effect of pH of the Solution

pH is a crucial parameter for dye pollutant degradation 
with a photocatalyst [54]. pH significantly affects adsorp-
tion capacity and subsequently the degradation efficiency 
due to its influence on the surface charge of the adsorbent 
and the ionization state of dye molecules [55]. The repul-
sion between methyl red and the SiO2 composite in acidic 
conditions can be attributed to the positive charges present 
on both entities. In an acidic medium, methyl red assumes 
a quinoid structure with a positive charge, as depicted in 
Fig. 10(a). Conversely, Fig. 10(b) shows the structure of 
SiO2 nanofibers [20], where the nitrogen atom of nanofibers 

Photocatalytic Study

Band gap Study

The band gap calculation of SiO2 nanofibers is depicted in 
Fig. 7, illustrating the energy difference between the highest 
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) states. The calculated 
band gap for the SiO2 nanofibers was 3.16 eV. A smaller 
band gap implies that SiO2 nanofibers require less energy 
for electronic transitions, rendering them highly suitable as 
a catalyst for photocatalytic activities [51].

For the photocatalytic process to occur successfully, the 
incident light on the catalyst must provide energy equal to 
or higher than the semiconductor band gap value (eV). This 
energy was calculated by using Eq. (2) [13].

Energy (ev) =
1239.9

λ
 (2)

where λ represents the wavelength value. The incident light 
provided an energy of 3.26 eV, which was greater than the 
band gap energy of the SiO2 nanofibers.

Kinetic Study

Figure 8 depicts the photocatalytic degradation of methyl 
red at 10 ppm, 25oC, natural pH, and different time intervals. 
The degradation efficiency of SiO2 nanofibers for methyl red 
was evaluated over a range of time intervals, ranging from 
0 to 90 min. It was observed that SiO2 nanofibers exhibited 
a faster degradation of dye molecules, especially during the 
first 20 min, where they attained 83% dye degradation effi-
ciency. Furthermore, SiO2 nanofibers reached a maximum 
degradation efficiency of about 94% in just 40 min [52]. The 
rapid degradation of the dye can be attributed to the abun-
dance of active sites on the catalyst’s surface, which facili-
tate the adsorption of dye molecules. As time progresses, 
the active sites on the catalyst surface gradually fill up with 
dye molecules, leading to a slowdown in the rate of pho-
tocatalytic degradation. Eventually, an equilibrium stage is 
reached, and the degradation rate becomes constant [53].

The Scavenger Effect

In the study, t-butyl alcohol, citric acid, and ascorbic acid 
served as the scavengers of hydroxyl radicals (•OH), holes 
(h+), and superoxide radicals (•O2). The addition of t-butyl 
alcohol and citric acid to the reaction system (Fig. 9) did not 
significantly alter the photocatalytic efficiency, the inclu-
sion of ascorbic acid caused a substantial decrease in reac-
tion speed. However, when ascorbic acid was included in 

Fig. 8 Photocatalytic Degradation of Methyl Red at different period

 

Fig. 7 Tauc plot for SiO2 nanofibers
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the SiO2 nanofibers becomes electrically neutral at this pH 
level [36, 56].

Effect of Initial Dye Concentration

Figure 11(a) shows the effect of initial methyl red concen-
tration at 25oC and natural pH. The degradation of methyl 
red dye using SiO2 nanofibers was high at low ppm concen-
trations, but it decreased at high ppm concentrations. The 
highest degradation percentage, about 88%, was observed 
at 10 ppm, while the lowest, only about 5%, was at 70 ppm. 
The observed decrease in degradation efficiency at higher 
methyl red concentrations can be attributed to the limited 
number of active sites available on the SiO2 nanofibers’ sur-
face. When the initial concentration of methyl red is low, 
there are relatively fewer dye molecules in the solution, 
allowing for a higher proportion of them to come into con-
tact with and be adsorbed by the available active sites on 
the nanofibers. Consequently, the degradation percentage is 
higher at lower concentrations. However, as the initial con-
centration increases, the active sites may become saturated, 
resulting in reduced adsorption and, subsequently, lower 
degradation efficiency at higher ppm concentrations [57].

carries a positive charge. When two positively charged 
species come into proximity, there is a strong electrostatic 
repulsion between them. This electrostatic repulsion hinders 
the adsorption of methyl red onto the surface of the SiO2 
nanofibers, leading to a decreased adsorption capacity and 
consequently reduced photocatalytic activity in acidic envi-
ronments. Therefore, the positive charge on both methyl red 
and the nanofibers creates a barrier to effective adsorption 
and photocatalysis in acidic conditions.

In Fig. 10(c), the degradation efficiency of SiO2 nanofi-
bers is shown at various pH levels. The efficiency of deg-
radation is lower in acidic mediums due to the repulsion 
between methyl red dye and SiO2 nanofibers. However, 
at pH 7, the degradation efficiency reached approximately 
92%. Interestingly, at pH 12, the maximum degradation 
efficiency was observed, reaching about 95%. The results 
indicate that the nanofibers exhibit enhanced degradation 
performance under alkaline conditions. Typically, dye deg-
radation is commonly accomplished within the alkaline pH 
range of 6 to 10 [28].

The point of zero charges (pzc) holds great significance 
in surface science as it governs the substrate’s capacity to 
adsorb potentially harmful ions. In the case of the prepared 
SiO2 nanofibers, Fig. 10(d) presents the examination and 
depiction of the pzc value. The pzc value of the SiO2 nano-
fibers was measured at pH 7.1, indicating that the surface of 

Fig. 9 Effect of several scaven-
gers t-butyl alcohol, citric acid, 
and ascorbic acid on the photo-
catalytic degradation of MR.
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involve a specific enzymatic or surface adsorption process. 
At low temperatures, the nanofibers’ surface may be more 
favorable for the binding and degradation of the dye mol-
ecules, leading to a higher degradation efficiency. However, 
as the temperature is raised, the binding affinity between the 
nanofibers and the dye may decrease, or the active sites on 
the nanofibers’ surface could change, affecting the efficiency 
of the degradation process. This could result in a lower deg-
radation percentage at higher temperatures.

Effect of Temperature

Figure 11(b) demonstrates the impact of temperature on 
methyl red degradation at natural pH and constant contact 
time. The degradation of methyl red dye using SiO2 nano-
fibers is high at low temperatures, while it is low at high 
temperatures. When the temperature was increased from 25 
to 55 °C, the degradation decreased from about 95–83%, 
respectively. The degradation of methyl red dye might 

Fig. 10 (a) Different forms of methyl red in acidic and basic environments, (b) Repulsion between nanofibers and methyl red dye in acidic 
medium, (c) Degradation efficiency of SiO2 nanofibers at different pH, (d) pzc value for the fabricated SiO2 nanofibers
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and amorphous structure, as evidenced by various charac-
terization techniques. Various characterization techniques 
were employed to verify the structure and formation of the 
nanofibers.

By systematically exploring different parameters, such as 
pH, temperature, and dye concentration, the study identified 
the optimal conditions for achieving the highest dye degra-
dation efficiency of 96%. Notably, this remarkable level of 
degradation was attained at a pH of 12 and a temperature of 
55 °C, with an initial dye concentration of 10 ppm, within 
a short duration of 40 min. The exceptional photocatalytic 
performance of SiO2 nanofibers is attributed to their chemi-
cal and biological inertness, along with their biodegrad-
ability, making them environmentally friendly and effective 
in wastewater treatment processes. Overall, these findings 
underscore the significant potential of SiO2 nanofibers as a 
promising solution for the removal of harmful dye pollut-
ants from natural water sources, offering a pathway toward 
sustainable water management and pollution mitigation.

Future Recommendations

Further research can focus on optimizing the composition of 
SiO2 nanofibers to enhance their photocatalytic efficiency. 
To evaluate the practical feasibility of SiO2 nanofibers in 
wastewater treatment, scaling up the synthesis process is 
crucial. Large-scale production and testing of these nano-
fibers under real-world conditions would provide valuable 
insights into their potential application in industrial settings 
for the efficient removal of harmful pollutants.
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The comparison of present work is compared with the pub-
lished work shown in Table 1.

Conclusions

In conclusion, this study demonstrates the successful uti-
lization of SiO2 electrospun nanofibers as highly efficient 
photocatalysts for the degradation of methyl red dye from 
wastewater. The nanofibers exhibit a uniform, smooth, 
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7 ZnO/CdS 

heterostructures
95%  [29]

8 Enterobacter asburiae 
strain JCM6051

72 h 74.28%  [30]

9 SiO2nanofibers 40 min 96% Present 
Work

Fig. 11 (a) Methyl Red dye degradation at different concentrations using SiO2 nanofibers (b) Methyl Red dye degradation at different temperatures 
using SiO2 nanofibers
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