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Abstract: In this work, novel multifunctional electrospun nanofibrous membranes made of polyamide
(PA6) and loaded with silica (SiO2) and/or titanium dioxide (TiO2) nanoparticles were fabricated.
SiO2 NPs were first prepared and then characterized by TEM, FE-SEM, and FTIR, and by using XRD
techniques, confirming the formation of cristobalite tetragonal crystals with high purity. Different
nanofibrous mats, loaded with SiO2 NPs, TiO2 NPs, or both SiO2 and TiO2 NPs, were investigated.
Morphological studies indicated that SiO2 and TiO2 nanoparticles tend to be arranged along the fiber
surface, also promoting the formation of anatase nanorods when they are mixed into the nanofibers.
In this last scenario, mechanical tests have demonstrated that the presence of SiO2 contributed to
balancing the mechanical response of fibers that are negatively affected by the presence of TiO2

NPs—as confirmed by tensile tests. More interestingly, the presence of SiO2 did not negatively
affect the antibacterial response against different bacteria populations (i.e., Escherichia coli, Klebsiella
pneumonia, Staphylococcus aureus, Bacillus subtilis, and Candida albicans), which is mainly ascribable to
the presence of TiO2 particles. Accordingly, the TiO2- and TiO2/SiO2-loaded fibers showed higher
methylene blue (MB) absorption values—i.e., 26 mg/g and 27 mg/g—respectively, compared to
the SiO2-loaded fibers (23 mg/g), with kinetics in good agreement with the second-order kinetic
model. The obtained findings pave the way for the formation of novel antibacterial membranes with
a promising use in water purification.

Keywords: nanofibers; electrospinning; polyamide; titanium nanoparticles; dye removal

1. Introduction

The purification of highly polluted colored wastewater is now considered one of the
major concerns to environmental health. One of the most serious worldwide problems
that threatens human health is water contamination [1,2]. Daily, water resources including
oceans, rivers, lakes, and groundwater are being contaminated by various toxic pollu-
tants [3]. These pollutants may include inorganic and organic materials, nanoparticles,
microbes, pathogens, oil, dyes, heavy metals, and different heavy pollutants [4–6]. As a re-
sult, millions of people die annually from diseases related to unsafe water. Therefore, there
is an urgent need for the application of low-cost water purification methods to ensure pure
drinking water. Photocatalysis technology using semiconductors has attracted widespread
scientific attention as a promising approach for solving this problem, as the photoactive
species can decompose a variety of organic pollutants that are present in water [7–11].
Various approaches have been planned for organic dye elimination, including biodegra-
dation, coagulation, and adsorption, with different benefits and drawbacks [11]. Due to
its convenient operation and reduced environmental impacts, adsorption has been con-
sidered an effective and economical technique. Various adsorbents, including zeolite [12],
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carbon [13], polymers [14], and composites, have been demonstrated to be useful for dye
removal. Among them, organic/inorganic composites outperform other materials due to
their high surface area, high thermal stability, and easy modification [15,16]. Recently, one
of the most high-performance adsorbents that can avoid most of the problems related to
traditional adsorbents has been identified as nanofibrous polymers. Due to the high surface
area and 3D structure, nanofibrous adsorbents exhibit higher activity and a decreased
time of transfer of the reactants from the material bulk into active sites. In this context,
electrospinning is one of the most important processing methods for the fabrication of
composite ultrafine fibers, with average diameters ranging from a few to hundreds of
nanometers [17]. In this technique, a special polymeric solution is injected into a nozzle
under the effect of a strong electrostatic field [18]. When applying the electrostatic field, the
charges formed on the surface of the droplet by surface tension will induce the formation
of a jet that will be stretched, forming ultrafine fibers. These formed nanofibrous mats
have a large surface area and a porous structure [19,20]. Different natural and synthetic
polymers have been applied for the formation of electrospun fibers; one of these polymers is
polyamide (PA6). Polyamide is a synthetic biocompatible and biodegradable polymer with
good mechanical properties [21]. Polyamide can be dissolved in a formic or formic/acetic
solution and is resistant to water and humidity. Therefore, recent research has addressed
the use of polyamide for use in the filtration process [22,23].

In addition to the special features offered by electrospun nanofibers for application
in water purification, it is important to improve their filtration performance by surface
functionalization [24]. This can be achieved by introducing nanoparticles, such as ZnO and
TiO2, or by the co-introduction of nanoparticles that further improve the adsorption ability.
These nanoparticles exhibit good physiochemical properties and a high surface area [25].
They play an important role in the dissociation of heavy pollutants present in water, due to
the presence of functional groups that are considered good adsorbents of heavy metals and
organic pollutants [24,26].

This work aims to introduce titanium oxide and silica nanoparticles into electrospun
nanofibers. Titanium oxide (TiO2) or titania has become increasingly important in recent
years since the observation of its role in the photo-assisted electrochemical splitting of water
in 1972 [10,27]. TiO2 has attracted much attention as it can improve the hydrophilicity of
nanofibers, accelerate the interactions between water and membranes, and even has the
capability to inhibit certain bacteria [28]. In nature, titania is known to have three different
polymorphs, namely, rutile, anatase, and brookite [29]. Anatase is most widely used in
photocatalysis, due to the negative potential of its conduction band, which enables this
phase to be efficient in redox reactions [30]. SiO2 is an amorphous material with a large
surface area, high thermal stability, non-toxicity, and stable chemical properties; hence,
it can be employed as an excellent carrier material [31]. Silica nanoparticles can be used
in different applications, such as filtration, biosensors, energy saving, and drug delivery.
Also, the presence of SiO2 inside nanofibers can enhance their wettability and their tensile
strength [31].

However, for most applications of nanofibers loaded with SiO2, most of the silica
nanoparticles are coated with the polymer layer, which limits the functions of these loaded
nanoparticles. As a result, a novel method is needed to solve this problem.

Several studies have been conducted on the functionalization of membranes by dif-
ferent methods to improve their efficiency in water purification. Jinyuan Zhu et al. [32]
triggered a photocatalyst process starting from activated carbon loaded with fluorine and
silica-doped TiO2. In this process, TiO2 is present on the surface and shows a significant
absorption activity toward methylene blue (MB) dye. Recently, Akmal Zulfi et al. [33]
prepared electrospun membranes, based on polyvinyl chloride loaded with in situ silver
and TiO2 nanoparticles. In this case, the photocatalytic effect was related to degradation
under visible light and was coupled with a reduction in fiber diameter. In this regard, Firas
J. Kadhim et al. [34] recently proposed using a reactive magnetron sputtering technique to
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produce photocatalysts from TiO2/SiO2, with the results exhibiting higher dye absorption
efficiency compared to TiO2 alone.

The present work aims to prepare novel electrospun fibers loaded with SiO2 and
TiO2 for water purification. In this study, SiO2 nanoparticles will be synthesized via the
sol-gel method. A novel method is optimized to functionalize electrospun nanofibers by
loading SiO2 and TiO2 nanoparticles. The membranes will be characterized using different
techniques, and their use will be validated in terms of their performance against different
microbes and the adsorption of MB dye.

2. Materials and Methods
2.1. Materials

Sodium silicate, polyethylene oxide (PEO, MW 600 kDa), titanium isopropoxide, and
polyamide (PA6) were all purchased from Sigma–Aldrich (Milan, Italy). Distilled water,
formic acid, and absolute ethanol (≥99.5%) were also utilized in this work. All chemicals
were of analytical grade and were used as received, without further purification.

2.2. Synthesis of SiO2 Nanoparticles

The SiO2 nanoparticles were synthesized using the sol-gel method. Typically, 4.73 g
of sodium silicate was dissolved by stirring in 60 mL of distilled water. Then, 0.1 g of
PEO was dissolved in 15 mL of ethanol. After that, the PEO solution was titrated into the
SiO2 solution. The mixed solution was stirred for about 1 h. The pH of the solution was
adjusted at two different values to examine the influence of the pH on the morphology of
the nanoparticles; these values are 1 and 7. This mixed solution was aged for about 1 week,
then washed and centrifuged at about 5000 rpm. Finally, it was calcined at about 700 ◦C for
about 1 h.

2.3. Preparation of PA Electrospun Solution

Nanofibrous mats were prepared using a custom-made electrospinning device. Herein,
25% w/v of PA6 was prepared in a formic acid solution. Then, the electrospinning process
was conducted, involving the application of 20 kV at a 1 mL/h flow rate, with 12 cm of
distance between the tip of the needle and the collector, for a 5 h collection time and using a
needle gauge of 19. The rotating drum was used as the collector. This sample was named P.

2.4. Preparation of Nanofibrous Mats Loaded with Silica (SiO2) NPs

PA6 solution (25%) was prepared in the formic acid, then 2% of the previously prepared
powder containing SiO2 nanoparticles was added. The mixture was then stirred for 2 h
and sonicated for 20 min to ensure good dispersion of the nanoparticles. This solution was
electrospun under the same conditions as discussed above. This sample was named PS.

2.5. Preparation of Nanofibrous Mats Loaded with Titanium Dioxide (TiO2) NPs

For the introduction of TiO2 into the nanofibrous mat, the PA6 nanofibrous mat (P
sample) was soaked in a solution containing the titanium isopropoxide precursor and
ethanol (1:9 v/v). The soaked mats were left for 1 day, then dipped out from the solution,
cleaned several times with distilled water, and dried for further application. The code for
this sample was PT.

2.6. Preparation of Nanofibrous Mats Loaded with Both SiO2 and TiO2 Nanoparticles

The previously prepared PA6 fibrous mats loaded with SiO2 nanoparticles (PS sample)
were soaked in a solution containing the titanium isopropoxide precursor and ethanol
(1:9 v/v). The mats were soaked for 1 day, then dipped out from the solution, cleaned
several times with distilled water, and dried for further application. The code of this sample
was PST.
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2.7. Characterization

The morphology of the SiO2 nanoparticles and prepared nanofibrous mats was exam-
ined by FE-SEM (JSM 6360LV, JEOL, Tokyo, Japan). The elemental composition analysis of
the nanofibrous mats was performed by EDX, coupled with SEM. Also, the morphology of
the SiO2 NPs was examined by TEM (JeolJem-1230, JEOL, Tokyo, Japan). Fourier transform
infrared spectroscopy (FTIR) analysis of all the samples (nanoparticles and nanofibers)
was performed by Jasco, FTIR—6100 type A (Lisses, France). The FTIR spectra were ob-
tained in the region of 4000–400 cm−1 for all samples. Phase analysis of the prepared
samples (nanoparticles and nanofibers) was applied using an X-ray diffractometer Bruker
D8 advance CuK target, with a secondary monochromator at 40 kV and 40 mA.

2.8. Mechanical Testing

Mechanical properties were measured through tensile tests. Specimens were cut using
the Ceast cutting machine, equipped with an ASTM D1708 cutting die. Each specimen’s
thickness was measured through a non-contact laser sensor (Micro-Epsilon optoNCDT
1420-10, MICRO-EPSILON UK & Ireland Ltd., Ortenburg, Germany). Tensile tests were
performed using the Bose Electroforce Test Bench System, equipped with a 25 N cell load.
The elongation speed was set at 1 mm/min. Stress and strain were obtained by dividing
the load and the elongation by the specimen’s cross-section area and the initial length,
respectively. The elastic modulus was determined through the stress vs. strain diagrams
by measuring the curve’s steepness in the linear region. An analysis of variance, followed
by Tukey’s test at a significant level of 0.05, was carried out to assess statistical differences
among the samples.

2.9. Antimicrobial Activity
2.9.1. Microorganism and Growth Conditions

Five selected pathogens were utilized for investigating the antimicrobial activity
of the different nanofibrous samples (P, PT, and PST). These pathogens included Gram-
negative bacteria (Escherichia coli ATCC 8739 and Klebsiella pneumonia ATCC13883), Gram-
positive bacteria (Staphylococcus aureus ATCC 6538 and Bacillus subtilis ATCC 6633), and
fungi (Candida albicans ATCC 10221). The microbial strains were cultivated in test tubes
containing 5 mL of Mueller–Hinton broth composed of (%): 0.2 beef extract, 1.75 acid
hydrolysate of casein, and 0.15 starch, under starting cultivation (200 rpm) for one day
at 37 ◦C. The antimicrobial performance of different samples was assessed using a disk
diffusion approach.

2.9.2. Disk Diffusion Technique

The disk diffusion approach was used to assess the antimicrobial activity of the
prepared samples [35]. In brief, 100 µL of serially diluted pathogens was separately
distributed on Petri dishes containing Mueller–Hinton agar medium, along with disks
(8 mm in diameter) from the nanofibrous mat. To complete the diffusion of the tested
samples as well as to inhibit the model microbes, all the plates were left at 4 ◦C for 120 min
and were subsequently incubated for 1 day at 37 ◦C. Then, after the incubation period,
the inhibition-zone diameter was estimated to evaluate the antibacterial activity. The
electrospun mats were sterilized for 30 min under UV before application. All experiments
were performed in triplicate and the resulting means were represented.

2.10. Adsorption Studies

The prepared PS, PT, and PST nanofibrous mats were examined for use as adsorbents
for organic dye removal from wastewater. The adsorption experiments were carried out
at 25 ◦C, using the depletion method. The suspension, containing 50 mg of PS, PT, and
PST mats, was soaked in 50 mL MB solution. The kinetics were evaluated, with 60 mg/L
as the initial dye concentration and at a pH fixed at 7. Experiments were carried out after
24 h to determine the complete adsorption isotherm. Different concentration solutions of
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MB (10–100 ppm) were prepared. According to the following equation, the amount of MB
adsorbed in the solution, qe (mg/g), was determined after adsorption:

qe = ((Co − Ce)V)/m (1)

Here, the initial and equilibrium concentrations of the dye (measured in mg/L) are
denoted by Co and Ce, respectively. During the adsorption experiment, V represents the
volume of MB (measured in L) and m represents the mass of the nanofibers.

3. Results and Discussion
3.1. Characterization of Silica-Nanoparticles

The effect of pH value on the morphology of the formed SiO2 NPs before and after
calcination is illustrated in Figure 1. The nanoparticles prepared at pH 7 (Figure 1b,d)
showed a well-defined spherical shape compared to the nanoparticles prepared at pH 1
(Figure 1a,c). Therefore, this value of pH was selected for the preparation of SiO2 NPs
and applied in further work. It is also noted that calcination aids in the improvement
of the shape, crystallinity, and photocatalytic effect of the nanoparticles, which can also
be enhanced by calcination as it reduces recombination between the holes and negative
electrons [32].
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Figure 1. TEM images of SiO2 NPs prepared at pH 1—before (a) and after (c) calcination—and at pH
7 before (b) and after (d) calcination.

The FE-SEM images of the calcined SiO2 NPs prepared at pH 7 are shown at two dif-
ferent magnifications in Figure 2a,b. The image at high magnification shows the formation
of interconnected rough spheres, with several internal gaps. The structure and purity of
the formed SiO2 NPs are shown in Figure 2c, which illustrates the FTIR spectrum of the
prepared SiO2 NPs. The band at about 1083 cm−1 corresponds to the asymmetric stretching
vibration of the Si-O-Si (siloxane) bond [33–36]. The band at about 800 cm−1 refers to the
presence of the vibrational mode of the Si-OH (silanol) bond [37–39]. At about 450 cm−1,
the band may be attributed to the asymmetric rocking vibration produced by the Si-O-Si
bond [36,40]. The absence of any other peaks emphasizes the purity of the formed Si NPs.
The phase analysis of the formed SiO2 NPs was examined using XRD (Figure 1d). The
diffraction lines were compared with the standards and were found to match the cristobalite
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tetragonal phase (SiO2), according to the card number (ICDD No. 01-082-0512). Diffraction
peaks were noted at 2θ 21.76◦, 31.62◦, 35.9◦, 45.33◦, 56.36◦, and 66.17◦.
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3.2. Characterization of Electrospun Nanofibers Loaded with Nanoparticles

Figure 3 illustrates the FE-SEM images of neat PA6 nanofibers (A,B), fibers loaded with
silica nanoparticles (D,E), fibers loaded with TiO2 nanoparticles (G,H), and those loaded
with SiO2 and TiO2 nanoparticles (J,K).

All the images confirm the presence of heterogeneous beadless fibers with an average
fiber diameter of nearly 200 ± 25 nm for neat nanofibers, 100 ± 73 nm for nanofibers
loaded with SiO2, and 150 ± 30 nm for those loaded with TiO2, while the mean diameter
for nanofibers loaded with both SiO2 and TiO2 was about 135 ± 44 nm. The absence of
beads improved the quality of the nanofibrous mats as the surface area of the sheet was
improved and was then ready to receive any incorporated materials. Fibers loaded with
SiO2 showed the existence of SiO2 NPs as grain-like structures agglomerated on the surface
of the nanofibers. Figure 3G,H shows the FE-SEM of nanofibers loaded with TiO2 NPs
and emphasizes the good distribution of TiO2 nanoparticles, which cover all the surfaces
of the fibers. Compared to fibers loaded with SiO2 nanoparticles, the fibers loaded with
TiO2 nanoparticles possessed a high ratio of loading of the TiO2 nanoparticles on the
surface of the nanofibers; this may be due to good adhesion between the nanofibers and
TiO2 nanoparticles. For fibers loaded with both SiO2 and TiO2 nanoparticles, Figure 3J,K
shows that the surface of the nanofibers was completely covered by Ti nanorods with
interconnected pores. This may be due to the presence of SiO2 NPs on the fibers, playing a
role in converting loaded Ti from nanoparticles to nanorods.

Figure 3C,F,I,L show the EDX elemental analysis for the different samples. Figure 3C
confirms the purity of the neat polyamide electrospun nanofibers, which exhibited the C, N,
and O elements related to PA6. Figure 3F underlines the presence of Si NPs on the surface
of the nanofibers, while Figure 3I illustrates the existence of Ti NPs on the surface of the
nanofibers. Figure 3L confirms the high ratio of the Ti element deposited on the surface
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of the nanofibers. These results reflect the role of SiO2 NPs in the high deposition of Ti
nanorods on the surface of the nanofibers.
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The spectra show a band at about 3307 cm−1, which can be assigned to the stretching
vibration of N-H, while the peaks that appeared at 2930 and at 2859 are related to the
asymmetric vibration of the C-H group [41,42]. At 1645 cm−1, the band is related to the
C=O stretching vibration of the amide bond, and at 1547 cm−1, the band is crossed to
the N-H absorption peak of the amide group [43]. At 1460 cm−1, the band represents the
CH2 bending vibration, while at 1340 cm−1, the band is related to the CH2 deformation
vibration [44,45]. The band occurring at 1260 cm−1 is assigned to the C-N elongation band
and the band at 1110 cm−1 represents the C=O stretching vibration. The weak bands at 960
and 840 cm−1 are due to the C-H vibration and C-N-C scissor vibration, respectively, while
at 685 cm−1, the band can be attributed to the N-H out-of-plane bending vibration. The
weak band at about 580 cm−1 can be attributed to C-C elongation [46].

Figure 4b shows a magnification of the spectrum between 1800 and 400 cm−1 to focus
on the details in this region. As illustrated, the spectrum of the PS sample (nanofibers
loaded with SiO2 NPs) exhibited most of the major peaks of PA6. However, there are some
variations due to the introduction of SiO2 NPs into the nanofibers. The peaks at 3307, 2930,
2859, 1645, 1547, and 685 cm−1 increased in intensity, while the peaks at 960 and 840 cm−1

diminished to a significant extent with the introduction of SiO2 NPs. The peak at 1340
shifted to 1370 cm−1 and the peak at 1110 cm−1 also decreased in intensity and shifted to
1160 cm−1. All these variations reflect the interaction between the SiO2 NPs and PA6.

The spectrum of the PT sample—i.e., the sample loaded with TiO2 NPs—indicates that
the presence of TiO2 NPs caused a higher decrease in intensity of peaks at 3307, 2930, 2859,
and 1645 cm−1 and the absence of most of the peaks between 1480 and 800 cm−1. These
changes were due to the presence of TiO2 NPs with a high ratio on the polymer surface,
influencing all the peaks related to PA6.

The introduction of both SiO2 and TiO2 NPs—see the PST spectrum—caused the
presence of a broad band centered at 3248 cm−1 and a significant decrease in intensity
of the peaks at 1645 and at 1547 cm−1, with the absence of all other peaks related to
polyamide. These may be due to overlapping between the peaks related to PA6 and TiO2.
The differences between the spectra of the PT and PST samples may reflect variations in
the morphology of TiO2 nanoparticles.

Crystalline phases in the fibers were also characterized using XRD. Figure 5a shows
two main different diffraction peaks at 2θ 13.7◦ and 16.5◦, which are associated with the
γ phase (pseudo-hexagonal) form of PA6, while the α phase form (monoclinic) can be
observed at 2θ 21.22◦, representing the mesomorphic β form of PA6 [47]. The characteristic
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peaks of PA6 can also be recognized in all the diffractograms of the PA6 composite fibers
loaded with NPs. Figure 5b relates to the spectrum of the PS sample and indicates the
presence of a diffraction peak at 23.4◦ that belongs to amorphous SiO2 NPs [48]. The
spectrum of the PT sample (Figure 5c) emphasizes the presence of the anatase phase, which
is confirmed by the presence of a peak at 37.77◦ (101 plane), while the spectrum of the PST
sample illustrates the presence of a peak at 23.4◦ that shows the presence of SiO2 and also a
peak at 25.1◦ (004 plane) related to anatase [49,50]. The results of the XRD analysis confirm
the successful loading of NPs into the nanofibrous mats; the phase of TiO2 is anatase, which
is important in applications for water purification due to its photocatalytic effect [30]. Also,
the presence of SiO2 NPs in the fibers changed the plane of growth of the TiO2 NPs from
the 101 plane to the 004 plane; this may illustrate the change in the shape of the TiO2 NPs
from nanoparticles (PT sample) to nanorods (PST sample) [11].
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and 37.77◦ are related to the amorphous SiO2 and TiO2 phases. An additive peak at 25.1◦ (anatase) is
also apparent in the case of PST.

3.3. Mechanical Properties

Figure 6 shows the tensile behavior and mechanical properties of the investigated
samples. All samples displayed an almost linear behavior (Figure 6a). The behavior of the
pristine PA6 sample is almost consistent with previous widely documented uniaxial tensile
tests [51–56]; any differences mainly depend on the electrospinning process parameters,
porosity, and elongation speed. Very little is known about the stress vs. strain curves of PA6
electrospun nanofibers loaded with TiO2, SiO2, and TiO2/SiO2 NPs. However, a significant
reduction in the steepness (i.e., the stiffness) of the linear region and a significant decrease
in the breaking point (i.e., the strength) has been observed for PA6/TiO2 [55].

The elastic modulus of electrospun nanofibers is a mechanical property of paramount
importance as it determines the geometrical stability of polymer-based membranes for
water purification [16] and the softness of COVID-19 masks [55]. Moreover, in the case
of tissue engineering, the membrane’s stiffness plays an important role in the activation
of cellular mechano-transduction pathways [57]. The stiffness (i.e., the elastic modu-
lus reported in Figure 6b) of the PA6 sample (51.4 ± 4.8 MPa) was significantly higher
(p < 0.05) than that of PA6/TiO2 (39.3 ± 2.9 MPa). Therefore, the incorporation of TiO2 NPs
reduced the stiffness of PA6 by 23%. The stiffness values reported for PA6 and PA6/TiO2
are consistent with those deduced from the stress vs. strain curves reported by Deyab
et al. [55]. Conversely, the stiffness of PA6/SiO2 (59.9 ± 4.7 MPa) was significantly higher
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than that of PA6 (p < 0.05). Therefore, the incorporation of SiO2 NPs increased the stiffness
of PA6 by about 17%. Interestingly, for the PA6/TiO2/SiO2 sample, the silica NPs balanced
out the stiffness reduction due to TiO2 NPs.
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A similar effect of the NP-loaded PA6 nanofibers can be observed regarding the
maximum stress (Figure 6c). Of course, the maximum stress (i.e., the strength) is also a
mechanical property of paramount importance, as it represents the maximum load that
an electrospun membrane can withstand. A strength increase of 11% was recorded once
the SiO2 NPs were embedded into the PA6 fibers. However, this increase is not statistically
significant. Higher strength values were measured by Islam et al. for both PA6 and
Pa6/SiO2 electrospun membranes [58]. This inconsistency may be due to the adopted
elongation speed and the higher amount of silica NPs (20%w/w). The maximum stress of the
PA6/TiO2 sample (7.1 ± 0.8 MPa) is significantly lower (p < 0.05) than those of all the other
investigated samples. In particular, TiO2 NPs reduce the strength of the PA6 membrane by 31%.
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A higher strength reduction (of about 50%) was observed by Islam et al. [58]. Again, for the
PA6/TiO2/SiO2 sample, silica NPs allow the balancing of the strength reduction due to
TiO2 NPs.

The maximum strain (i.e., the compliance) of the investigated electrospun membranes
is depicted in Figure 6d. The effect of SiO2 NPs on the compliance of PA6-based membranes
was negligible. Instead, a significant compliance reduction (p < 0.05) of 20% was observed
because the TiO2 NPs were used alone.

3.4. Antibacterial Effect

Nanofibrous mats (P, PT, andPTS) were tested for antimicrobial activity. Table 1 and
Figure 7 show the inhibition zone diameter (mm) of the samples against different tested
microorganisms. This test was performed against Gram-positive bacteria (Bacillus subtilis and
Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli and Klebsiella pneumonia), as
well as antifungal activity (Candida albicans).

The pure PA6 nanofibrous mat (P sample) did not exhibit any effects against all tested
microbes except for Candida albicans. For all other samples (PT and PST), an inhibition
zone was noted against all tested microorganisms. For Bacillus subtilis, higher microbial
activity was noted for PT than for PTS. For Staphylococcus aureus and Escherichia coli, a
greater influence was recorded for the PST sample, followed by the PT sample. For Klebsiella
pneumonia, the most pronounced influence was noticed for PST, then for PT. For Candida albicans,
the higher microbial influence was recorded for PT, followed by PST, and the lowest effect was
noticed for the P sample. For all samples, a higher microbial effect was noted for Gram-positive
bacteria than for Gram-negative bacteria, and finally for Candida albicans.

From these results, it is clear that the presence of TiO2 inside the nanofibers induced
their antibacterial behavior. This may be due to TiO2 nanoparticles being able to promote
the inactivation of microorganisms due to their strong oxidizing power, by generating free
radicals such as anionic hydroxyl and superoxide radicals [59].
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Table 1. Inhibition zone diameter (mm) of the samples. NA: no effect was recorded.

Sample

Diameter of Inhibition Zone (mm)

Pathologic Microorganisms CTR PST PT

Gram-positive Bacillus subtilis NA 25 ± 0.125 26 ± 0.155
Staphylococcus aureus NA 23 ± 0.279 20 ± 0.425

Gram-negative Escherichia coli NA 22 ± 0.371 20 ± 0.526
Klebsiella pneumonia NA 25 ± 0.293 22 ± 0.783

Fungi Candida albicans 17 ± 0.24 19 ± 0.529 23 ± 0.631

3.5. Methylene Blue (MB) Adsorption

Many industrial dyes are toxic, mutagenic, and even carcinogenic. Today, a new
material is needed for wastewater dye removal applications. The purpose of this study was
to examine the removal of MB from water by nanofibrous mats synthesized from PS, PT,
and PST. Adsorbents can be used to remove dye from aqueous solutions, but this depends
on several factors, including pH and equilibrium time.

3.5.1. Effect of Contact Time and Adsorption Kinetics

This experiment was conducted to examine the effect of contact time on the adsorption
performance of PS, PT, and PST nanofibrous mats. Over a specified period of contact
time, these materials were evaluated for their MB dye adsorption capacity. The results
revealed that the dye adsorption rate for PS, PT, and PST samples was rapid within the
first 80 min of contact time, as presented in Figure 8. There may have been free active sites
on the surface of the materials that promoted rapid adsorption. Furthermore, equilibrium
was reached after approximately 120 min. These results demonstrate that the adsorption
capacity of PT and PST was higher than that of PS. As a result, the experiment focused
on the impact of contact time and the composition of the nanofibers on their properties
and their potential applications in a variety of fields, such as wastewater treatment and
environmental remediation.
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The kinetic results of MB adsorption onto the PS, PT, and PST samples were exam-
ined by two kinetic models, i.e., the pseudo-first-order and pseudo-second-order models
(Equations (2) and (3)).

log (qe − qt) = log(qe )−
K1

2.303
t (2)

t/qt = t/qe + 1/K2q2
e (3)

Here, qt (mg/g) represents the amount of adsorption over time, while qe (mg/g) refers
to the amount of adsorption at equilibrium. The rate constants of the pseudo-first-order and
pseudo-second-order models are denoted as K1 (min−1) and K2 (g mg−1 min−1), respectively.
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Table 2 shows the factors of the kinetic models for the three prepared composite
fibers. Based on the pseudo-second-order models, the calculated qe values for the PS, PT,
and PST samples are 28.6, 30, and 33.5 mg/g, respectively. These values are close to the
experimental qe computations (20, 22, and 24 mg/g), and the correlation coefficients (R2) are
approximately 0.95, 0.97, and 0.97, for the PS, PT, and PST samples, respectively. Therefore,
a good fit of the kinetic data with the pseudo-second-order model is demonstrated. These
findings suggest that chemical bonds between the MB and the fibers control adsorption.

Table 2. Kinetic parameters for MB adsorption by the PS, PT, and PST samples.

Pseudo-First-Order Parameters Pseudo-Second-Order Parameters

qe.exp (mg/g) qe.cal (mg/g) K1 (min−1) R2 qe.cal (mg/g) K2 (g(mg min)−1) R2

PS 20 89 1.2 × 10−3 0.74 28.6 6.07 × 10−4 0.95
PT 22 88 1.3 × 10−3 0.73 30 6.96 × 10−4 0.97
PST 24 87 1.4 × 10−3 0.79 33.5 5.82 × 10−4 0.97

3.5.2. Effect of MB Concentration and Adsorption Isotherms

Figure 9 displays the relationship between the initial MB concentration and the ad-
sorption capacity of the PS, PT, and PST samples. By increasing the concentration of MB in
the solution, the driving force for the transfer of MB from the aqueous to the solid phase is
enhanced, improving the adsorption of MB onto nanofiber active sites. The removal of MB
increased up to 20, 23, and 24 mg/g in the PS, PT, and PST samples, respectively, when the
MB content was 100 ppm. At around 60 mg/g, the maximum adsorption showed a plateau
due to the saturation of the active sites for the prepared fibers. To optimize the adsorption
process, the behavior of dye molecules needs to be understood at the solid–liquid inter-
face. In addition to providing information about adsorption capacities and equilibrium
concentrations, adsorption isotherms also provide information about adsorbent and ad-
sorbate interactions. In the current study, the adsorption isotherms of the PS, PT, and PST
samples were evaluated to establish their potential use for adsorption. Besides providing
information about homogeneous adsorption, the Langmuir isotherm also indicates that a
monolayer has formed. The Freundlich isotherm describes heterogeneous and multilayer
surface phenomena. Equations (4) and (5) correspond to the Langmuir and Freundlich
isotherms, respectively.

Ce

qe
=

Ks

qmax
+

Ce

qmax
(4)

log qe =
1
n

log Ce + log P (5)

The amount of MB adsorbed by the hydrogel (in mg/g) is represented by qe, while Ce
refers to the equilibrium concentration of the dye (in mg/L). qmax (in mg/g) represents the
highest amount of MB that can be adsorbed on the fibers, and Ks (in mg/L) represents the
Langmuir constant. The capacity of adsorption (in mg/g) is represented by P, while n is a
constant that describes the intensity of adsorption (dimensionless).

As shown in Table 3, the Langmuir isotherm reported a higher correlation coefficient
for the adsorption of MB dye molecules onto the PS, PT, and PST samples, representing the
formation of a monolayer of the dye that directly interacts with the surface of the fibers.
According to the Langmuir isotherm, the adsorption efficiency of the PS, PT, and PST
samples was recorded at 23, 26, and 27 mg/g, respectively. Accordingly, Table 4 compares
the maximum adsorption efficiency of dyes by different adsorbents.
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Table 3. Different equilibrium models for the adsorption of MB on the PS, PT, and PST samples.

Langmuir Isotherm Parameters Freundlich Isotherm Parameters

Ks (mg/L) qm (mg/g) R2 P (mg/g) n R2

PS 10.28 23 0.98 3.63 2.32 0.71
PT 11.6 26 0.97 3.71 2.28 0.68

PST 7.1 27 0.98 5.71 2.72 0.63

Table 4. Comparison of the performance of the different reported sorbents for dye removal.

Adsorbent Adsorption Efficiency mg/g References

Freshly prepared manganese
dioxide 627.1 [60]

Natural lignocellulosic 244.6 [2]

Magnetic mesoporous silica 208.31 [15]

Raw and activated red mud 5.86 [61]

Wheat straw 131.123 [62]

Polydopamine-coated
hydrogen titanate nanowires 586.7 [63]

Activated carbon derived
from sucrose and melamine 454.57 [64]

Polyamide loaded with silica
oxide and/or titanium dioxide 27 This study

Ficus palmata leaves 6.89 [65]

4. Conclusions

In the present study, a new type of antibacterial nanofibrous membrane was prepared
by electrospinning. SEM observation showed a uniform fiber morphology with charac-
teristic sizes in the sub-micrometric range, with an increase in average fiber diameters
due to the presence of both NPs. The FTIR results also confirmed an interaction between
loaded NPs and PA6 fibers. TiO2 NPs significantly reduce the stiffness, strength, and
compliance of PA6 nanofibers. Instead, SiO2 NPs increase the stiffness and strength. In
the case of loading PA6 nanofibers with both NPs, silica NPs allow the balancing of the
stiffness, strength, and compliance reduction that is ascribed to TiO2 NPs. Meanwhile, the
combined presence of SiO2 and TiO2 improved the adsorption capacity of methylene blue
onto the fiber surface, with the isothermal adsorption curves being fully consistent with
the Langmuir model. The kinetic equation was consistent with the pseudo-second-order
kinetic equation, demonstrating that the chemical adsorption is the rate control step. Lastly,
a higher microbial effect was noticed in the presence of SiO2 and TiO2 for Gram-positive
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and Gram-negative bacteria and Candida albicans. Unsurprisingly, this is ascribable to
the recognized antibacterial response of TiO2, against different bacteria populations, but
this is not limited to/compromised by the presence of SiO2. All the results suggest an
interesting use for SiO2- and TiO2-loaded nanofibers as a functional antibacterial membrane
for applications in water purification.
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