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ABSTRACT KEYWORDS

This study aims to find solutions to global water scarcity and to address the environmental Heavy metals

pollution and serious adverse effects on human health and aquatic ecosystems caused by the Organic dyes
inadequacy of conventional water treatment methods. In order to contribute to the solution of Green synthesis
these problems, the potential of silver nanoparticles (AgNPs) and mesoporous silica Bacterial pollutants
nanoparticles (MSNs) doped nanofibers obtained by the green synthesis method using Betula Composite nanofibers
pendula plant extract in industrial wastewater treatment was investigated. The characterization Industrial wastewater
of the synthesized nanoparticles was carried out in detail using X-ray diffraction (XRD),

Fourier transform infrared spectroscopy (FTIR), UV-Vis spectrophotometry, scanning electron OPEN ACCESS
microscopy (SEM), and antibiogram tests. The filtration performance of industrial wastewater

simulated in a laboratory setting was comprehensively evaluated by atomic absorption

spectroscopy (AAS) and UV-spectrophotometry analyses. The characterization of

polycaprolactone (PCL) based composite nanofibers produced by electrospinning was carried

out by scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). The main

findings of the research reveal the successful biosynthesis of silver nanoparticles (AgNPs) with

an average diameter of 113 nm and mesoporous silica nanoparticles (MSNs) with an average

diameter of 185 nm. Furthermore, AgNPs@MSNs reinforced composite nanofibers provided

effective adsorption of heavy metals, organic dyes, and bacterial pollutants found in industrial

wastewater. These results indicate that the developed nanofibers have high potential in

reducing environmental pollution.

© 2025 The Authors. Published by Synsint Research Group.

1. Introduction

The availability of freshwater resources is an essential need for both
human settlements and wildlife. Access to potable water plays a critical
role in maintaining healthy living conditions and overall well-being. As
global water demand continues to increase annually, various types of
pollution threaten water resources. Contaminated water sources expose

* Corresponding author. E-mail address: shanli.salahi@gazi.edu.tr (S. Salahi)

people to pathogens and toxic substances derived from hazardous
chemicals, including those used in agricultural irrigation, toxins
accumulated in aquatic organisms, and pollutants encountered during
recreational activities in contaminated surface waters, leading to
serious health risks. In developing countries, direct consumption of
contaminated water constitutes one of the major health problems for a
large proportion of individuals [1-3].
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Environmental pollution in developing countries is becoming an
increasingly serious problem due to the lack of safe water treatment
technologies and limited access to clean drinking water infrastructure.
According to the World Health Organization (WHO), 844 million
people worldwide lack access to basic drinking water sources, while
230 million people must spend more than 30 minutes per day collecting
water from improved water sources, such as rainwater, boreholes,
piped water, protected wells, springs, and packaged or transported
water supplies [1]. In developing nations, a lack of reliable access to
enhanced drinking water supplies significantly increases the probability
of waterborne diseases. According to the WHO, approximately 1.6
million people die each year from preventable waterborne diseases
such as diarrhea, with 90% of these deaths occurring among children
under five [2]. In developing countries, the main concern for human
health arises from microbial contamination of drinking water due to
pathogens such as bacteria and viruses. In addition, the increasing
presence of heavy metals and dyes in water supplies poses a
burgeoning concern.

In recent years, the expansion of industrial and urban areas in
developing nations has resulted in a significant increase in the
presence of pollutants such as heavy metals and dyes in water
resources. According to the United Nations, approximately 80% of
municipal and industrial wastewater in developing countries is
discharged directly into the environment without the necessary
treatment processes [3]. Heavy metals are a serious concern due
to their inherent toxicity and widely accepted carcinogenic properties,
posing significant risks to human health [4-7]. Heavy metal
pollution poses a major challenge in the developing world as
conventional drinking water treatment methods such as boiling, solar
disinfection, and chlorination are inadequate to remove these
contaminants [8, 9].

The treatment of wastewater, the recovery of freshwater resources, and
their utilization in human activities and agricultural endeavors are of
vital importance. As the global water demand increases annually,
various types of pollution seriously threaten the quality and availability
of water resources [10]. The contamination of wastewater with heavy
metal ions and dyes results from various industrial processes such as
electroplating, electrolysis, and metal smelting, and from
environmental exposure to chemical pollutants. Furthermore, the
removal of heavy metals poses a significant health concern due to their
carcinogenic and teratogenic properties, leading to various adverse
health effects [11]. Therefore, rigorous treatment protocols need to be
urgently implemented to ensure the permanent removal of these
particles.

Various methodologies are applied to treat wastewater and produce
heavy metal-free water. The selection of the appropriate technology
depends on its effectiveness in permanently removing heavy metal
ions such as arsenic (As), iron (Fe), cadmium (Cd), nickel (Ni),
chromium (Cr), cobalt (Co), copper (Cu), and lead (Pb) as well as dyes.
Removal of wastes in water treatment can be achieved through
adsorption, which is the adhesion of a liquid or gaseous fluid
(adsorbate) to a solid surface (adsorbent) through chemical or physical
interactions. The adsorption capacity of solid surfaces is affected
by the porosity, which determines the interaction of solutes
with the adsorbent material. The intermolecular forces resulting
from unsaturation significantly increase the binding affinity of
solutes, and hence, the adsorption technique has gained wide
acceptance due to its practicality, applicability, and efficiency. The

adsorption mechanism consists of three sequential stages: migration of
the adsorbate from the solution to the adsorbent surface, adhesion to
the adsorbent, and subsequent movement along the adsorbent
surface [12].

Green synthesis envisages the use of plant extracts as an
environmentally friendly alternative to industrial chemicals in the
production of nanoparticles. This methodology is preferred over
traditional chemical and physical synthesis techniques due to its cost-
effectiveness, reduced environmental pollution, and increased safety
for both human health and ecological systems [13]. AgNPs have been
the focus of extensive interest in the scientific literature due to their
significant antimicrobial properties, and many studies have been
conducted in this field on their synthesis, characterization, and
biological effects [14, 15]. Their importance is not limited to
antimicrobial  properties, as AgNPs exhibit extraordinary
physicochemical, optical, electrical, and magnetic properties that are
markedly different from their bulk counterparts [16]. MSNs are greatly
appreciated for their highly ordered porous structure, large surface area,
and excellent biocompatibility [17-19]. Additionally, nanoparticle
biosynthesis via plant-based methodologies stands out as an important
area of research that offers a sustainable and biocompatible approach
that is compatible with contemporary environmental and
biotechnological paradigms [13].

Betula pendula Roth, belonging to the family Betulaceae, is
commonly known as white birch, common birch, European white
birch, or European silver birch. The species is recognizable by its
characteristic white bark and can be a tree or shrub. Betula pendula
grows in temperate regions and is distributed throughout Europe, from
central Siberia to northern Asia, the southern parts of the
Iberian Peninsula, southern Italy, and Greece. This wide geographical
distribution results in considerable morphological diversity and has led
to the description of many subspecies and cultivars [20-22].
Betula pendula is enriched with various bioactive organic compounds
such as procyanidins, terpenes, steroidal compounds, flavonoids,
lignans, and catechins. The chemical profile of the extracts varies
significantly depending on the particular anatomical parts of the
tree, reflecting the diverse phytochemical profile of the species.
Differences in the chemical profiles of compounds isolated from the
same parts mainly depend on the methodologies used in the isolation
process [21, 22].

The scope of this research paper is to investigate the potential of Betula
pendula plant extract (BP-Ex) in synthesizing AgNPs and MSNs.
Furthermore, the study aims to fabricate AgNPs@MSNs reinforced
PCL nanofibers via the electrospinning method and evaluate their
efficiency in removing heavy metals, bacterial contaminants, and
organic dyes from industrial wastewater. This research will
significantly contribute to advancing the application of composite
nanofibers in industrial wastewater remediation.

2. Materials and methods
2.1. Preparation of Betula pendula leaf extract (BP-Ex)

Betula pendula leaves were collected and thoroughly washed three
times with distilled water before drying. A 10 g sample of the dried
leaves was boiled with 100 ml of distilled water for 60 minutes. After
this step, the mixture was allowed to cool to room temperature, then
filtered and stored at 4 °C.
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2.2. Green synthesis of silver nanoparticles (AgNPs)

10 ml of BP-Ex was added to 90 ml of 0.01 M silver nitrate (AgNOs;
Merck, 101512) solution and stirred in a hot water bath for 80 minutes
to promote the formation of fine-grained AgNPs. The change of
solution color from yellow to dark brown was considered as a visual
evidence of AgNPs synthesis. Then, the prepared solution was
incubated at room temperature in the dark for 24 hours.

The colloidal solution containing the synthesized AgNPs was
centrifuged at 12,000 rpm for 20 minutes. After removing the
supernatant, the precipitate was washed three times with distilled water
and centrifuged again after each wash. In the final step, the precipitate
was dried in an oven at 60 °C for 12 hours and then ground into a fine
powder.

2.3. Green synthesis of mesoporous silica nanoparticles (MSNs)

At the beginning of the synthesis process, 200 ml of ethanol (C,HsOH;
Merck, 100983) was transferred into a beaker, and the mixture was
placed on a magnetic stirrer. Then, 100 ml of %25 ammonia solution
(NH4OH; Merck, 105432) was added to the mixture, and 6.4 ml of
BP-Ex was carefully added. After this step, 10 ml of 0.1 M sodium
metasilicate (Na,SiO;; TK, 090109) solution was slowly added
dropwise to the mixture and the solution was continuously shaken on a
magnetic stirrer for 2.5 hours. The change of solution color from
transparency to dark reddish brown indicated that MSNs were
successfully synthesized. For purification, the colloidal solution
containing the synthesized MSNs was centrifuged at 10,000 rpm and
7 °C for 10 minutes. The supernatant was carefully decanted, and then
the precipitate was thoroughly washed with ethanol to prepare for the
The
centrifugation was dried in an oven at 60 °C for 6 hours to be

next centrifugation process. precipitate  obtained after

converted into fine-grained powder form.

2.4. Preparation of simulated heavy metal waste solutions

For solution preparation, 0.1 g of iron (II) sulfate heptahydrate
(FeS0O,.7H,0; Merck, 103965), copper (II) sulfate pentahydrate
(CuS0,4.5H,0; Merck, 102790), nickel (II) sulfate hexahydrate
(NiSO4.6H,0; Merck, 106727), lead acetate (C4HsO4Pb.3H,O; Zag,
111227), and cobalt (II) sulfate heptahydrate (CoSO4.7H,O; TK,
200891) were weighed separately and each compound was transferred
to appropriate volumetric flasks. Subsequently, a small amount of
distilled water was added to each flask, and the solutions were stirred
until the solutes were completely dissolved. Finally, each of the
simulated heavy metal waste solutions was meticulously prepared by
adding distilled water until the total volume became 100 ml, reaching a
concentration of 200 ppm, and was continuously stirred.

In the next step, 1 ml of each 200 ppm concentration simulated heavy
metal waste solution was taken into separate volumetric flasks.
Subsequently, 9 ml of distilled water was added to each flask, and the
solutions were mixed thoroughly. As a result of this process, simulated
heavy metal waste solutions with a concentration of 20 ppm were
obtained in each flask.

In the following stage, 0.5 ml aliquots of each 20 ppm concentration
simulated heavy metal waste solution were carefully transferred to
separate volumetric flasks. Then, the solutions were diluted by adding
9.5 ml of distilled water to each flask, thus reducing the heavy metal
concentration in each solution to 10 ppm.

In the final stage of the simulated heavy metal waste preparation
process, 0.25 ml aliquots of each 10 ppm heavy metal solution were
meticulously transferred to separate volumetric flasks. Then, the
solutions were diluted by adding 9.75 ml of distilled water to each
flask, thus reducing the heavy metal concentration to the final level of
1 ppm.

The amount of 0.01 g of MSNs was added to each of the simulated
heavy metal solutions prepared at 1 ppm, 10 ppm, and 20 ppm
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Fig. 1. Schematic representation of the green synthesis procedure of AgNPs and MSNs.
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concentrations. The solutions were stirred at 25 °C for 24 hours, then
filtered, and the resulting liquids were stored at room temperature. In
order to evaluate the heavy metal adsorption performance of MSNs in
industrial wastewater, the heavy metal concentrations in simulated
standard and purified heavy metal-containing wastewater were
measured by AAS, and the results were compared.

2.5. Electrospinning of AgNPs@MSNs reinforced nanofibers

In the formulation phase, 0.5 g of granular Polycaprolactone (PCL;
(CeH1002)n; Sigma Aldrich 440744) was added to the mixture prepared
by carefully measuring 3.5 ml of acetone (CH;COCH;; Merck,
100014) and 1.5 ml of formic acid solution (HCOOH; Merck, 100264)
to obtain a homogeneous solution of 10% w/v. In the following step,
0.05 g AgNPs and 0.05 g MSNs were added to this solution. The
mixture was transferred to an injector to apply the electrospinning
technique for transition to the nanofiber production process. The
of the
meticulously set considering the operating voltage of 20 kV, the

parameters electrospinning device (FYTRONIX) were
processing time of 3 hours, the constant flow rate of 1 ml/h, and the
distance between the collector and the injector tip of 12 cm. The
precise adjustment of these parameters was critical for the successful
production of AgNPs@MSNs reinforced nanofibers with the desired
properties. Following the production process, the obtained nanofibers
were subjected to a stabilization heat treatment at 70 °C for 4 hours.

2.6. Antibiogram analysis methodology

Synthesized AgNPs, MSNs, and pure solutions of AgNO;, BP-Ex were
evaluated for antimicrobial susceptibility using agar disc diffusion
method against human pathogenic gram-positive Staphylococcus
aureus (S. aureus; ATCC 29213) and gram-negative Escherichia coli
(E. coli; ATCC 25922) bacteria [23]. The strains were inoculated into
Nutrient Broth (Merck, 105443) and incubated at 37 °C for 24 h. After

the growth of bacteria, 20 pl of solution was impregnated with sterile
blank discs (Bioanalyse) and placed in the Mueller-Hinton Agar
(Merck, 103872) plates. Zones of inhibition were measured after
24 hours of incubation at 36 °C. The Vancomycin disc was used as the
positive control for S. aureus, whereas the ampicillin disc was used as
the positive control for E. coli.

2.7. Preparation of methylene blue dye (MB) contaminated
wastewater

The photocatalytic efficiency and dye filtration capacity of the
fabricated nanofibers were systematically assessed by monitoring the
degradation of methylene blue dye (MB; C,¢H;sCIN;S-3H,0; Carlo
Erba) in aqueous solution (pH = 4.3, 6 x 10”* M initial concentration)
under UV lamp (15 W, 254 nm wavelength) irradiation. The MB
solution was meticulously prepared by diluting 0.1 ml of MB at a
concentration of 6 x 10° M with ultra-pure water to achieve a total
volume of 100 ml. A 10 ml aliquot of the prepared solution was then
carefully transferred into a separate 50 ml beaker with a diameter of
40 mm, accompanied by electrospun nanofibers precisely cut to 10 mm
X 10 mm dimensions. The UV lamp was strategically positioned at a
distance of 100 mm above the solution surface. The absorbance
spectra, indicative of MB degradation, were systematically recorded
using a Shimadzu UV/Vis 2600 spectrophotometer, encompassing a
photon wavelength range of 400—800 nm, at predefined time intervals
of 30, 60, 120, and 180 minutes.

The adsorption spectra of the MB aqueous solutions were
recorded using a UV—Vis spectrophotometer over the 400—800 nm
The the
characteristic absorption peak of MB at 664 nm, yielded a linear
equation [24]: A = 0.1183C + 0.0045. This equation facilitated the
determination of MB concentration (C) in the solution post-

wavelength range. calibration curve, derived from

photocatalytic treatment.
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Fig. 2. Schematic representation of the synthesis procedure of AgNPs@MSNs reinforced

nanofibers.
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Fig. 3. UV-Vis absorption spectrum of a) AgNPs and b) MSNs.

3. Results and discussion

3.1. UV-Vis absorbance spectroscopy analysis

The incorporation of BP-Ex into silver nitrate solution resulted in a
significant change in the color of the solution from yellow to dark
brown, indicating the successful synthesis of AgNPs. This color
change is due to the characteristic optical properties of AgNPs arise
from the excitation of surface plasmon resonance [25, 26]. The
surface plasmon resonance (SPR) of the synthesized AgNPs exhibited
an absorbance spectrum with a peak at approximately 307 nm using a
UV-Vis (Shimadzu, UV-2600i). This
concentrated around 307 nm, clearly reveals that AgNO; was

spectrophotometer peak,
successfully reduced to silver nanoparticles. This spectral peak, as
illustrated in Fig. 3a, not only confirms the rapid biosynthesis of
AgNPs but also indicates that the biological reduction process of silver
ions initiates at the commencement of the reaction and is completed
within a few minutes.

The addition of BP-Ex to a solution containing ethanol, ammonia, and
sodium metasilicate led to the successful synthesis of MSNs, which
was confirmed by the change in solution color from transparent to dark
red-brown. This color change is associated with the excitation of
surface plasmon vibrations induced by MSNs. The surface plasmon
resonance (SPR) absorption is known to be extremely sensitive to the

morphological characteristics of the particles and environmental
conditions [27, 28]. A prominent surface plasmon resonance (SPR)
peak was observed in the UV-Vis absorption spectrum (Fig. 3b) at a
wavelength of approximately 331 nm, indicating the synthesis of
MSN .

3.2. Fourier transform infrared (FTIR) analysis

between
binding

To interactions

nanoparticles

investigate the potential adsorption

and impurities in industrial wastewater,
mechanisms were analyzed using a Bruker VERTEX 70v FTIR
spectrometer, operating in the wavelength range of 400-4000 cm™.
In the FTIR spectrum of AgNPs
prominent absorption peaks were detected at 1575.79 cm’ and
2326.08 cm’. The peak at 2326.08 cm reflects the stretching of

the OH group found in alcohol and phenolic compounds, while

demonstrated in Fig. 5a,

the peak at 1575.79 cm’ is due to the carbonyl stretching of
amide I bonds.

In order to determine the functional surrounding  the
synthesized MSNs, FTIR the
wavelength range of 4000 cm™ to 400 cm™. As seen in Fig. 5b, the

groups
spectroscopy was applied in
characteristic FTIR spectrum of the nanomaterials reveals the
presence of three distinct silica bands in the range of 400 cm™ to
1200 c¢cm”. The sharp band observed at 457.12 cm’ indicates

the bending vibrations of Si-O-Si bonds, while the bands at

Fig. 4. a) Synthesis of AgNPs and MSNs via colorimetric changes in BP-Ex and
b) powdered form of AgNPs and MSNs.
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Fig. 5. FTIR spectra of BP-Ex, AgNPs, and MSNs.

785.01 cm” and 1041.53 cm™ are attributed to the symmetric and
asymmetric vibrations of Si—O-Si, respectively. Furthermore, the
peak detected at 879.51 c¢cm” in the spectrum is an absorption
indicator reflecting the bending vibration of Si-OH. The peak at
1606.65 cm™ is predicted to originate from the carbonyl stretching of
MSNs. The presence of this functional group both increases the
stability of the nanoparticles and enhances their potential for
biological activity [27, 29].

3.3. X-ray diffraction (XRD) analysis

The XRD analysis using Bruker, D8 ADVANCE X-ray diffractometer
revealed prominent diffraction peaks indicating face centered cubic
(FCC) crystal structure of AgNPs. The XRD patterns of AgNPs and
MSNs correspond to the ICDD 01-071-4612 and ICDD 00-005-0565
PDF cards, respectively. this study, intense peaks were
detected at 38.292 °, 44.508 °, 64.766 °, and 77.809 ° corresponding to
(111), (200), (220), and (311) Bragg reflections, respectively.

In

The formation of nanoparticles was supported by the broadening
of the Bragg peaks as an indicator of structural changes at the
nanoscale.

Moreover, the XRD analysis confirmed the amorphous structure of the
synthesized MSNs by the presence of broad peaks observed at 13 © and
27 © in the diffraction pattern. The graphical results presented in Fig. 6
play an important role in determining the crystallinity structure type of
the synthesized nanoparticles. This observation is in agreement with
the existing literature, highlighting the effectiveness of XRD analysis
in the characterization of nanoparticles [27, 30, 31].

3.4. Thermogravimetric (TGA) analysis

The PCL mixture was
systematically determined using a thermogravimetric analyzer (Hitachi,
STA 7300), as illustrated in Fig. 7. The TGA curve provides a
comprehensive overview of the thermal stability and degradation

thermal degradation behavior of the

characteristics of the PCL mixture.
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Fig. 6. X-ray diffraction (XRD) patterns of a) AgNPs and b) MSNs.
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Fig. 7. TGA/DTA thermal analysis diagram for determining the stabilization heat treatment temperature of the produced PCL-based composite nanofibers.

The thermal degradation profile is characterized by a distinct rapid mass loss occurs, associated with the degradation of the
degradation phase between approximately 295 °C and 341 °C. This molecular structure of the polymer.

phase indicates the primary thermal decomposition of the PCL blend. The thermal behavior of the PCL mixture, as evidenced by the recorded
The peak temperature representing the maximum degradation rate was temperature values, aligns closely with the thermal properties
detected at 335 °C. This peak represents the point at which the most documented in existing literature for pure PCL [32-34]. This

S. Aureus E. Coli

Fig. 8. Antibacterial activity of a) AgNPs, b) AgNO3, ¢) MSNs, and d) BP-Ex.
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S. Aureus

E. Coli

Fig. 9. Antibacterial activity of electrospun nanofibers: a) PCL, b) PCL+AgNPs, ¢) PCL+MSNs, and d) PCL+AgNPs@MSNs,
with an analysis of the effect of light on their effectiveness in the first column of each image.

consistency indicates that the thermal degradation mechanisms and
kinetic properties of the PCL mixture are similar to those of pure PCL.
The degradation phase and maximum degradation temperature are
critical parameters reflecting the stability of the material under thermal
stress. In this context, comprehensive thermal analysis confirms that
the PCL mixture exhibits thermal properties typical of pure PCL and
reinforces the reliability of the experimental procedure employed
within this study.

3.5. Antibiogram analysis

3.5.1. Antibacterial efficacy of green synthesized
nanoparticles

The antibacterial efficacy of synthesized AgNPs, MSNs, and the pure
solution of AgNO; and BP-Ex was evaluated by measuring the
diameter of the inhibition zone (in mm) against S. aureus and E. coli.
The disc diffusion test results of solutions against gram-negative and
gram-positive human pathogens are given in Fig. 8 and Table 1,
respectively.

The results indicate that AgNPs exhibited an inhibition zone of 12 mm
against S. aureus and 11 mm against E. coli, demonstrating significant
antibacterial activity, although slightly less potent against the gram-
negative E. coli. AgNO; showed an inhibition zone of 12 mm for both
S. aureus and E. coli, indicating strong and equivalent antibacterial
properties against both bacterial strains. In contrast, MSNs did not
exhibit any antibacterial activity against either S. aureus or E. coli, as
evidenced by a 0 mm zone of inhibition. BP-Ex demonstrated the
highest antibacterial activity against S. aureus with an inhibition zone
of 13 mm, surpassing both AgNPs and AgNO;, but showed no
antibacterial activity against E. coli. These results suggest that silver-
based materials (AgNPs and AgNO;) are effective against both gram-
positive and gram-negative bacteria [13, 35], while BP-Ex is highly
effective against S. aureus but ineffective against E. coli.

3.5.2. Antibacterial efficacy of electrospun nanofibers
The antibacterial efficacy of electrospun nanofibers, including 1:
PCL, 2: AgNPs-doped PCL, 3: MSNs reinforced PCL, and 4:
AgNPs@MSNs reinforced PCL, was assessed by measuring the
diameter of inhibition zones (in mm) against S. aureus and E.
coli. Detailed results from disc diffusion tests against gram-negative
and gram-positive human pathogens are documented in Fig. 9 and
Table 2.

The antibiogram analysis of produced nanofibers reveals that
PCL+AgNPs nanofibers exhibit significant antibacterial activity,
demonstrated by a zone of inhibition measuring 27 mm against
S. aureus and 19.5 mm against E. coli. This indicates effectiveness
against both gram-positive and gram-negative bacteria. Notably,
PCL+AgNPs@MSNs nanofibers showed enhanced antibacterial
performance with an inhibition zone of 27.6 mm against S. aureus
and 20 mm against E. coli, suggesting that the combination of
AgNPs with MSNs enhances the antibacterial efficacy of the
nanofibers. In contrast, the control groups, which included pure
PCL and PCL+MSNs nanofibers, did not exhibit any antibacterial
activity against either bacterial strain, as evidenced by a 0 mm
inhibition zone.

These results underscore the pivotal role of AgNPs in conferring
antibacterial properties to the nanofibers. The slightly reduced efficacy
against E. coli compared to S. aureus can be attributed to the inherent
differences in the cell wall structures of gram-positive and gram-
negative bacteria, with the latter possessing an outer membrane that can
act as an additional barrier to antibacterial agents [13, 35]. Overall, the
findings suggest that AgNPs doped PCL-based nanofibers
(PCL+AgNPs and PCL+AgNPs@MSNs) are effective antimicrobial
agents against both gram-positive and gram-negative bacteria, offering
potential applications in environmental fields where antibacterial

materials are essential.
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Table 1. Inhibition zone (mm) of prepared samples against test strains.

Sample S. aureus E. coli
(gram-positive) (gram-negative)

AgNPs 12 11
AgNO; 12 12
MSNs 0 0
BP-Ex 13 0

3.6. Scanning electron microscope (SEM) analysis

3.6.1. SEM analysis of green synthesized nanoparticles
Field-emission scanning electron microscopy (Hitachi FE-SEM,
SU8700) micrographs of the synthesized AgNPs and MSNs at the
500 nm scale are presented in Fig. 10. These images reveal that both
AgNPs and MSNs produced by the green synthesis method exhibit a
homogeneous distribution throughout the sample and have a distinct
circular morphology, aligning with the results reported in the literature
[13,27,36].

3.6.2. SEM analysis of electrospun nanofibers

Scanning electron microscope (Thermo Scientific SEM, Particle-X)
micrographs of electrospun PCL, PCL+AgNPs, PCL+MSNs, and
PCL+AgNPs@MSNs composite nanofibers at 3 pm and 1.5 pm scales
are presented in Fig. 11, respectively. The distinct and well-defined
morphology, along with the homogeneous distribution of the
nanofibers, provides crucial evidence for the successful outcome of the
optimization process [36, 37].

3.7. Energy dispersive x-ray spectroscopy (EDS) analysis

3.7.1. EDS analysis of green synthesized nanoparticles

The EDS analysis was performed to determine the elemental
composition of the green synthesized nanoparticles. The obtained EDS
spectrum shows a distinct peak corresponding to silver (Ag) with
87.0 wt% in AgNPs (Fig. 12a), confirming the successful synthesis and
high purity of AgNPs [13]. Furthermore, the low standard deviation
value (+£0.4) accompanying this peak emphasizes the homogeneity of
the nanoparticles and the consistency of the synthesis process. In
addition, the spectrum shows peaks at 9.5 wt% and 3.6 wt% for carbon
(C) and oxygen (O), respectively. The presence of carbon is attributed

Table 2. Inhibition zone (mm) of nanofibers against test strains.

Nanofibers S. aureus E. coli
(gram-positive) (gram-negative)
PCL 0 0
PCL+AgNPs 27 19.5
PCL+MSNs 0 0
PCL+AgNPs@MSNs 27.6 20

to the plant extract used in the green synthesis process, and the organic
compounds in the extract are known to act as both reducing and
stabilizing agents. The detected oxygen may be due to partial oxidation
of the nanoparticles or may be considered as a result of organic capping
agents derived from the plant extract.

The EDS analysis presented in Fig. 12b, performed on MSNs, revealed
a prominent silicon (Si) peak at 24.0 wt% and a prominent oxygen (O)
peak at 54.5 wt%. The low standard deviation values observed for Si
(+0.2) and O (+0.4) elements indicate a high degree of homogeneity
and regularity in the silica structure. Furthermore, the carbon (C) peak
at 21.5 wt% is consistent with the plant extract used during the
synthesis. The detected carbon content may be due to the residues of
organic compounds in the extract. Therefore, EDS analysis confirms
that both high-purity AgNPs and MSNs were successfully synthesized
via the plant extract-based green synthesis method [27].

3.7.2. EDS analysis of electrospun nanofibers

The EDS analysis was performed to reveal the elemental composition
of the electrospun nanofibers and the obtained spectra are presented in
Fig. 13. The EDS spectrum of pure Polycaprolactone (PCL) nanofibers
(Fig. 13a) shows dominant peaks corresponding to carbon (C) and
oxygen (O) elements, which are the main components of PCL. The
detected characteristic peaks are located at approximately 0.28 keV and
0.53 keV energy levels, respectively. In addition, the absence of any
other peaks in the spectrum confirms the chemical purity of PCL
nanofibers and reveals that there is no evidence of contamination or
addition of any foreign elements. The EDS spectrum of AgNPs
reinforced PCL nanofibers (Fig. 13b) reveals the presence of additional
element peaks, especially silver (Ag), with prominent signals at around
3 keV and 22 keV. The presence of these silver peaks confirms that
AgNPs have been successfully integrated into the nanofiber matrix.
Furthermore, the detection of nitrogen (N) at approximately 0.39 keV

Fig. 10. SEM images of the green synthesized nanoparticles: a) AgNPs, b) MSNs.
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Fig. 11. SEM micrographs of electrospun nanofibers: a) PCL, b)
PCL+AgNPs, ¢) PCL+MSNs, and d) PCL+AgNPs@MSNs.

is most likely attributed to the residual stabilizers used during the
synthesis of AgNPs, indicating the presence of trace amounts of
nitrogen in the composite nanofibers.

The EDS spectrum of PCL nanofibers loaded with MSNs (Fig. 13c)
exhibits a prominent silicon (Si) peak at approximately 1.74 keV in
addition to carbon and oxygen peaks. This Si signal unequivocally
confirms the successful integration of MSNs into the PCL nanofiber
matrix. Furthermore, the absence of any unexpected elemental peaks in
the spectrum highlights the chemical purity and structural integrity of
the composite nanofibers.

The EDS spectrum of PCL nanofibers reinforced with AgNPs and
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MSNs (Fig. 13d) presents a combination of characteristic peaks
observed in the PCL+AgNPs and PCL+MSNSs spectra. The spectrum
clearly shows the presence of carbon, oxygen, silicon, and silver
elements, with the Si peak appearing at 1.74 keV and Ag peaks at
around 3 keV and 22 keV. These findings unequivocally confirm that
both MSNs and AgNPs have been successfully loaded into the PCL
matrix. Furthermore, the nitrogen peak at 0.39 keV was observed
again, which is probably due to the residual nitrogen used during
AgNPs synthesis. All these results confirm that the nanoparticles were
effectively loaded into the electrospun PCL nanofibers and are
homogeneously distributed within the polymer matrix [36, 37].
Comprehensive analysis of EDS spectra confirms the successful
fabrication of high-purity and homogenous PCL-based composite
nanofibers in advanced

and clearly highlights their potential

applications.

3.8. Dynamic light scattering (DLS) analysis

The size distribution and polydispersity properties of AgNPs obtained
by the green synthesis method were investigated in detail by Malvern,
Zetasizer Nano ZS90 DLS analyzer, as shown in Fig. 14. As a result of
this analysis, the Z-Average diameter of AgNPs was determined to be
113.4 nm. This value is an important parameter in determining the
average size of nanoparticles and is accepted as a quantitative measure
of the general morphological properties of the sample. The
polydispersity index (PdI) was recorded as 0.194, which indicates that
the size variability between nanoparticles is minimal and therefore has
a moderately narrow size distribution. In DLS studies, a PdI value
below 0.2 generally indicates the presence of a monodisperse system.
In this case, it is understood that the heterogeneity between the sizes of
the synthesized nanoparticles is low and is kept in a homogeneous
structure [27, 37].

The density-weighted size distribution analysis detects a distinct peak
at 142.4 nm, which accounts for 99.1% of the total density. This
indicates that the majority of nanoparticles are concentrated around this
size. In addition, a secondary peak at 26.31 nm with only a 0.9%
contribution indicates the presence of smaller-sized nanoparticles in the
sample. The absence of additional peaks or significant scattering for
exhibit
agglomeration, thus providing a homogeneous distribution. The

larger sizes implies that the nanoparticles minimal

graphical representation of the density-based size distribution supports

these findings with a distinct and sharp narrow peak around 142.4 nm.
This distribution highlights the high uniformity of the nanoparticles,

I Spectrum 43
Wt% o
545 04
240 02
215 05

Powered by Tru-Q®

Fig. 12. EDS analysis of the green-synthesized nanoparticles: a) AgNPs, b) MSNs.
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Fig. 13. EDS analysis of electrospun nanofibers: a) PCL, b) PCL+AgNPs, ¢) PCL+MSNs, and d) PCL+AgNPs@MSNs.

which is critical to ensure consistent performance in subsequent
applications. In addition, the small size distribution data is also
consistent with the observations, as 50% of the nanoparticles were
found to be below 129 nm and 90% below 233 nm. These results
provide strong evidence of a narrow size distribution and support the
effective performance of the nanoparticles in their potential

applications.

The derived count rate of 190,546.4 keps reinforces the accuracy of the
DLS measurements as an indicator of a high signal-to-noise ratio. This
high count rate indicates that the scattering signal is strong enough to
allow accurate size analysis. Overall, the DLS analysis confirms the
successful production of AgNPs with a narrow size distribution and
limited agglomeration, demonstrating the effectiveness of the green
synthesis method used. These results highlight that AgNPs exhibit
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superior performance in potential applications where the size
uniformity of nanoparticles plays a critical role in terms of
reproducibility and efficiency.

The data obtained from DLS analysis of MSNs synthesized by the
green method, presented in Fig. 15, provide deep insights about the size
distribution and polydispersity of the sample. Z-Average, determined
as 184.8 nm, is a basic parameter expressing the density-weighted
average hydrodynamic diameter of the nanoparticles in the suspension.
The PdI was recorded as 0.332, indicating that the size variation among
MSNs is relatively under control, but contains some heterogeneity.
Despite this, the overall size distribution analysis reveals that the
synthesized nanoparticles exhibit a reasonably uniform structure [27].
The size distribution profile reveals that the majority of the green
synthesized MSNs form a well-defined and homogeneous population
with a prominent peak where 99.2% of the intensity is concentrated
around 168.0 nm. This distribution indicates that the synthesis process
has consistently concentrated the majority of the nanoparticles within a
certain size range. However, the secondary peak at 5272 nm, which has
a contribution of only 0.8%, indicates the presence of aggregations that
may have occurred during the synthesis process. This peak is likely to
have occurred as a result of the formation of larger nanoparticle
clusters, indicating the presence of heterogeneous structures in a
limited portion of the synthesis.

The density distribution plot confirms the high uniformity of the main
nanoparticle population with a sharp and distinct peak located around
168.0 nm. This finding indicates that the synthesis concentrated the
majority of nanoparticles around this size, while the small secondary
peak at 5272 nm indicates the presence of rare larger clusters. Although
this may minimally affect the overall uniformity, the overall undersize
distribution data further illustrates this trend. The data reveal that 50%
of the nanoparticles are below 160 nm and 90% below 247 nm, further
reinforcing the clear dominance of the primary population around
168.0 nm despite the polydispersity.

The derived count rate was recorded as 4588.4 kcps, which is lower
than expected for denser or homogeneous samples, but remains at a
sufficient level to ensure the reliability of DLS measurements. This
decrease in count rate can be attributed to a decrease in particle
concentration or a decrease in scattering efficiency, possibly as a result
of the presence of larger aggregates.

3.9. Atomic atomic absorption spectroscopy (AAS) analysis

The results of AAS analysis of heavy metals such as Pb, Ni, Cr, Fe, and
Cu using a fast sequential atomic absorption spectrometer (AA240FS)
analyzer obtained for MSNs reveal that 100% of the heavy metals
initially present at <3 ppm levels in simulated industrial wastewater
samples were removed. The findings highlight the superior heavy metal
removal capability of MSNs, indicating their promise as an efficient

solution for environmental water remediation.

3.10. UV-Vis spectroscopic analysis of methylene blue dye (MB)
filtration by nanofibers

The UV-Vis absorbance spectra of MB solutions, demonstrated in Fig.
16, exhibit significant differences after exposure to various nanofiber
composites, clearly revealing the changes in the adsorption capacities
of the synthesized nanomaterials. The spectra show the main
absorbance peak of MB at approximately 664 nm, which serves as a
critical parameter to quantitatively determine the remaining dye
concentration in the solution. The modest decrease in absorbance
observed in the spectrum of MB solution after 180 minutes of
interaction with pure PCL nanofibers reflects the limited adsorption
capacity of the unmodified form of the PCL matrix, indicating the low
binding ability of pure PCL nanofibers towards the dye.

It was found that AgNPs doped PCL nanofibers provided an increase in
absorption at 664 nm wavelength, which indicates a higher adsorption
efficiency. This improvement is attributed to the plasmonic properties
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Fig. 16. UV-Vis absorbance spectra of different nanofiber composites obtained after exposure to MB solutions for a) 30 minutes, b) 60 minutes,

¢) 120 minutes, and d) 180 minutes were analyzed. The investigated composites were pure PCL nanofibers, PCL composite nanofibers

reinforced with silver nanoparticles (PCL+AgNPs), PCL composite nanofibers reinforced with mesoporous silica nanoparticles (PCL+MSNs),

and PCL nanofibers enriched with both silver nanoparticles and mesoporous silica nanoparticles (PCL+AgNPs@MSNs). In addition, MB-

brightness and MB-darkness spectra were used as control samples representing the original MB solution.

of AgNPs, which both accelerate catalytic degradation and enhance the
adsorption of MB molecules via localized surface plasmon resonance
(LSPR) effect [38, 39]. The integration of MSN into the PCL matrix
resulted in a significant decrease in the adsorption behavior,
demonstrating the superior adsorption potential of MSNs. This
improved adsorption performance is attributed to the large surface area,
complex pore structure, and easily functionalizable surface chemistry
of MSNs. These structural features provide an efficient adsorption
mechanism by offering a large number of active sites for the adsorption
of MB molecules.

Composite nanofibers reinforced with AgNPs@MSNs showed the
most significant decrease in absorbance, thus revealing the synergistic
interaction between these two nanoparticles. This synergy is most
likely due to the simultaneous effects of both catalytic and adsorptive
mechanisms. AgNPs increase the degradation rate of MB, while MSNs
optimize this process with their high adsorption capacity. The
significant decrease in absorbance rate of PCL+AgNPs@MSNs
composite nanofiber at 664 nm exhibits superior efficiency in MB
removal, making this composite nanofiber the most efficient adsorbent
system within the scope of the study. These findings highlight the
decisive role of functionalization of nanoparticles in improving the
adsorptive properties of PCL nanofibers and provide important
scientific implications for the design and development of high-
performance nanocomposites for the treatment of dye-contaminated
wastewater [40, 41].

4. Conclusions

Experimental findings demonstrate that AgNPs and MSNs were
successfully produced by the biological synthesis method using BP-Ex,
proving that this method offers an environmentally friendly, rapid and
cost-effective approach. SEM analyses reveal that the average diameter
of the synthesized AgNPs is approximately 113 nm, while the average
diameter of MSNs is approximately 185 nm, confirming that both
nanoparticles exhibit a spherical morphology. Furthermore, SEM
micrographs confirmed the successful fabrication of nanofibers and
revealed that the nanoparticles exhibited a homogeneous distribution in
the synthesized AgNPs@MSNs doped PCL nanofibers. These results
indicate that in addition to the structural integrity of the doped
composite nanofibers, the nanoparticles were effectively integrated into
the PCL matrix, resulting in a distribution that could enhance the
overall performance of the nanocomposite. Antibiogram test results
revealed that AgNPs@MSNs reinforced PCL nanofibers showed high
antibacterial activity, especially on S. aureus. These findings highlight
the positive effect of nanoparticles on bacterial inhibition and their
potential application areas. In addition, AAS results showed that heavy
metal content in simulated industrial wastewater samples containing <3
ppm heavy metals were completely, 100% removal efficiency,
AgNPs@MSNs reinforced PCL nanofibers

demonstrated superior efficiency in removing MB due to the

removed. Moreover,
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highlights the critical role of nanoparticle functionalization in
enhancing the adsorptive properties of PCL nanofibers for effective
dye-contaminated wastewater treatment. These findings show that
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conclusion, these studies provide an important foundation for the
potential of green nanotechnology. Such approaches have the potential
to revolutionize industrial processes while promoting environmental
sustainability.
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