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Abstract: Ag-TiO2 nanostructures were prepared by electrospinning, followed by calcination at 400
°C, and their photocatalytic and antibacterial actions were studied. Morphological characterization
revealed the presence of one-dimensional uniform Ag-TiO:2 nanostructured nanofibers, with a di-
ameter from 65 to 100 nm, depending on the Ag loading, composed of small crystals interconnected
with each other. Structural characterization indicated that Ag was successfully integrated as small
nanocrystals without affecting much of the TiO2 crystal lattice. Moreover, the presence of nano Ag
was found to contribute to reducing the band gap energy, which enables the activation by the ab-
sorption of visible light, while, at the same time, it delays the electron—hole recombination. Tests of
their photocatalytic activity in methylene blue, amaranth, Congo red and orange II degradation
revealed an increase by more than 20% in color removal efficiency at an almost double rate for the
case of 0.1% Ag-TiO2 nanofibers with respect to pure TiO2. Moreover, the minimum inhibitory con-
centration was found as low as 2.5 mg/mL for E. coli and 5 mg/mL against S. aureus for the 5% Ag-
TiO2 nanofibers. In general, the Ag-TiO2 nanostructured nanofibers were found to exhibit excellent
structure and physical properties and to be suitable for efficient photocatalytic and antibacterial
uses. Therefore, these can be suitable for further integration in various important applications.

Keywords: nano-Ag-TiO: nanostructured nanofibers; electrospinning; UV-visible light assisted
photocatalytic activity; photodegradation kinetics; antimicrobial activity

1. Introduction

Titanium dioxide (TiO2) is considered a suitable compound for decomposing wastes
and antimicrobial action due to its photocatalytic nature and because it is a chemically
stable, non-toxic, inexpensive, and quite safe substance. In particular, various types of
photocatalysts have been developed using TiO: for wastewater treatment employing var-
ious methods including immobilized catalyst systems, membrane separation, and gravi-
tational separation systems. As the TiO2 semiconductor band gap energy (3.2 eV) limits
its activity when used in visible light, in many of these studies, an important issue to be
considered is the activation of the photocatalysts with solar radiation, as this can improve
the energy efficiency and consequently the economic viability of the process. In that re-
spect, TiO:z is doped with various elements to enhance visible light activity. As a result,
numerous photocatalysts have been developed, such as composite, co-doped, and co-cat-
alysts compounds, their photocatalytic performance depending strongly on their mor-
phological, structural, and textural properties [1-8].
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There are many studies regarding the antifungal and antibacterial properties of TiO2
nanoparticles in various forms against a broad range of both Gram-positive and Gram-
negative bacteria, properties needed in sectors such as food, textiles, medicine, water dis-
infection, and food packaging [9,10]. In general, the antimicrobial activity of nanostruc-
tured TiO: is greatly dependent on the photocatalytic performance of TiOz, which de-
pends strongly on its morphological, structural, and textural properties, as was mentioned
before [1-4].

Studies have shown that the crystalline structure and morphology of TiO2 nanopar-
ticles, are influenced by growth process parameters such as temperatures, starting con-
centration of precursors, pH, etc. The potential health impact and toxicity to the environ-
ment of nanomaterials is also currently an important matter to be addressed. As an exam-
ple, metal oxide nanoparticles (NPs) conventionally synthesized using chemical methods,
have shown different levels of toxicity to test organisms [11-13]. Their toxicity seems to
be mainly related to the small size that permits easy penetration through cellular mem-
branes and its light dependent properties. One way to avoid nanoparticulate free circula-
tion is to immobilize them onto substrates or larger structures [14].

Regarding the improvement of the electron-hole pair generation and the enlarge-
ment of the spectral absorption domain of TiOz, many studies have been performed re-
lated to the inclusion of metal/non-metal ions in the structure of TiO, the dye functional-
ization on the TiO: surface in dye-sensitized solar cells (DSSC), and the growth of noble
metals onto the TiO2 surface [15]. Silver (Ag) is among the most interesting metals used as
a dopant to modify the structure of TiOz because it has the particular property to prevent
the recombination of electron-hole pairs. Moreover, Ag can generate surface plasmon res-
onance with TiOz under visible light. These changes provided by Ag doping lead to a
significant improvement of the photocatalytic activity, a fact confirmed by other authors
[16-18]. On the other hand, Ag nanoparticles possess a broad spectrum of antibacterial,
antifungal, and antiviral properties. Ag nanoparticles have the ability to penetrate bacte-
rial cell walls, changing the structure of cell membranes and even resulting in cell death.
Their efficacy is due not only to their nanoscale size but also to their large ratio of surface
area to volume. They can increase the permeability of cell membranes, produce reactive
oxygen species, and interrupt the replication of deoxyribonucleic acid by releasing silver
ions.

There are studies showing that the inclusion of Ag in the structure of TiO: leads to
enhance photocatalytic efficiency, as well as antimicrobial properties. Over the years, a
large volume of reported research was focused on obtaining 0D systems (nanoparticles)
based on Ag doped TiO2, which were tested in terms of photocatalytic and antimicrobial
performances [13,19-22]. As an example, studies showed that TiO2-NPs had efficient an-
timicrobial activity against E. coli, S. aureus, methicillin-resistant S. aureus, K. pneumoniae
[23,24]. However, little attention was paid to the development of Ag doped TiO:2 nano-
fibers by the electrospinning-calcination technique, as well as studies of their perfor-
mances in photocatalytic dye degradation and antimicrobial action. As an example, Zhang
et al. [15] prepared hierarchical structures composed of TiO: fibers on which Ag nanopar-
ticles were grown to improve the photocatalytic efficiency for Rhodamine B (RhB) dye
degradation. Moreover, nano-Ag-decorated TiO2-nanofibres proved that the inclusion of
Ag exhibited an increased antimicrobial effect on S. aureus and E. coli [25]. Recently,
Roongraung et al. [18] reported the photocatalytic performance of Ag doped TiO:2 nano-
fibers for photocatalytic glucose conversion.

Although the research on TiO2 has a very long history and its applications are almost
countless as the respective publications are too, this semiconductor has the potential to
offer even today very interesting results worth being further investigated. This paper re-
ports the development and optimization of pure TiO: and Ag-TiO: photocatalytic
nanostructured nanofibers, fabricated by electrospinning followed by calcination at high
temperature. Nanofibers can be well stacked together in larger 3D structures, thus, they
can better be immobilized in membranes or other kinds of support, offering at the same
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time a much larger active surface than that for the case of nano-powders, while they can
easily be recovered from the active medium used in applications. At the same time, the
presence of Ag can lead to both an effective photocatalytic activity and antimicrobial ac-
tion and a sunlight-driven activation, as compared to pure TiOz. Therefore, the integration
of such materials into food packaging, medical textiles, and other healthcare related items
can be a quite innovative approach for real-life applications. In the present study, we re-
port the fabrication of materials with remarkable photocatalytic efficiency of 99% at a con-
stant rate of k = 1.29 x 102 min~! that was found for the 0.1% Ag-TiO2 sample for the case
of Methylene Blue dye degradation. Additionally, these materials proved able to degrade
up 99% of other organic dyes with constant rates in the range of 4.57 x 10 to 7.28 x 102
min depending on the dye nature, all degradation tests being performed under UV-vis-
ible light irradiation from a halogen lamp, without intervening to acidify the solution or
add H202. These materials proved to be also reusable.

2. Results
2.1. X-Rays Diffraction (XRD) Analysis

Typical XRD diffractograms of the reference pure TiOz and the Ag-TiO2 nanostruc-
tured nanofibers with different Ag content, analyzed in the range of 26 = 5-80° are shown
in Figure 1.
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Figure 1. X-ray diffraction patterns of pure TiO2 and Ag-TiO:z nanostructured nanofibers materials
with different Ag content.

The grazing incidence X-ray diffraction patterns present multiple diffraction peaks,
assigned unambiguously as anatase phase with lattice parameters: a=b =0.38 nm; c=0.94
nm according to ICDD (International Center for Diffraction Data) database card No. 001-
0562. The diffraction peaks located at 25.30°, 37.96°, 47.94°, 54.41°, 54.93°, 62.77°, 69.24°,
and 75.17°, correspond to the (101), (103), (200), (105), (211), (213), (116) and (107) Miller
indices. An investigation of the position of the diffraction peaks shows that the lattice
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constant of anatase is preserved for different Ag content (the respective values for the
(101) diffraction peak are shown in Table 1). In order to identify the diffraction peaks, in
Figure 1 the positions of Ag diffraction peaks were added according to card no. 001-1164.
It is clear that numerous very small diffraction peaks remain unassigned. It exists a possi-
bility to be an unknown organic compound contaminant, but usually, the organic com-
pounds give diffraction peaks below 30°. Additionally, it exists the possibility that some
traces of unknown titanates compounds to appear (brookite was unsuccessfully checked).
The second possibility is more plausible, as the Energy Dispersive X-Ray Analysis (EDX)
investigations did not show the presence of other elements. However, the very small
peaks cannot be assigned to any expected material.

As the lattice constant remains unmodified, these findings suggest that interstitial
doping of Ag did not take place. This observation is strengthened by the observation that
the size of the crystalline domains remains practically unchanged at different Ag content.
The mean crystallite size was evaluated with two independent methods, Scherrer’s equa-
tion and Rietveld refinement [26,27]. The respective values are presented in Table 1. In
addition, Rietveld refinement allowed the evaluation of the lattice strain, which was in-
creasing from 0.13% (pure TiOz2sample) to 0.52% (TAg1), reaching 0.53% at the highest Ag
content (Table 1). Even though Ag was detected by EDX (as will be shown later), there is
no diffraction peak of Ag observed in the XRD patterns, a fact that can be attributed to its
existence as small crystals having a size below the resolution limit of the technique, obser-
vation that agrees with previous literature data [28,29]. In any case, the XRD findings in-
dicate that the Ag content variation did not affect the unit cell of TiO: or the crystal quality.

Table 1. Structural parameters of pure TiOz, and Ag-TiO2 nanostructured nanofibers.

D(mm) D (nm)

Sample 20 (°) dnia (A) a(A) c(A) Scherrer Rietveld € (%) Eg (eV)
T400 25.28 3.52 3.790 9.459 741 7.4 0.13 3.01
TAgl 25.13 3.54 3.803 9.484 7.32 7.3 0.52 2.70
TAg?2 25.25 3.52 3.805 9.486 6.41 6.4 0.57 2.69
TAg3 25.22 3.53 3.799 9.481 7.54 7.5 0.37 2.69
TAg4 25.19 3.53 3.796 9.464 6.33 7.2 0.65 2.70
TAg5 25.24 3.52 3.800 9.477 8.90 6.3 0.53 2.68

Spacing distance between crystallographic planes (dnui), the lattice parameters a and ¢, the crystallite size (D), microstrain
(¢) and band gap energy (Eg).

2.2. Morphological Characterization

The morphological characterization of the nanostructured nanofibers was carried out
by Scanning Electron Microscopy (SEM) analysis. Representative samples of Ag-TiO:
nanostructured nanofibers, after calcination at 400 °C, were investigated and their images
are presented in Figure 2.

As can observe in Figure 2, one-dimensional uniform Ag-TiO: nanostructured nan-
ofibers were obtained. The average value of the fiber diameters was evaluated from the
measurement of 100 diameters for each sample using Image-J software. Histogram of fiber
diameter distribution plotted from SEM images analysis of pure TiO: (T400) and Ag
doped TiO: (TAgl and TAg5) are given in Figure S1 of the Supplementary material. The
average width of the fibers was found to vary between 65 and 100 nm, depending on the
Ag loading, the mean fiber diameter decreasing as the Ag concentration increases. It was
also observed that Ag doping leads to a slight variation of the dimensional distribution of
nanofiber widths. As the Ag concentration increases, less thinner fibers are present. More-
over, it is interesting to indicate the particular nanostructuring of the fibers, that is, each
fiber is composed of small crystals interconnected with each other. This observation was
confirmed by Transmission Electron Microscopy (TEM). The elemental composition of the
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obtained nanofibers was studied using the energy dispersive X-ray (EDX) technique. Typ-
ical EDX spectra of Ag-TiO2 nanostructured nanofibers (TAgl, TAg3 and TAg5) are pre-
sented in Figure 3.

Figure 2. Small and larger magnification SEM images of Ag-TiOz nanostructured nanofibers: pure TiO2 x 10,000 (a), 0.1%
Ag-TiO2 x 50,000 (b), 5.0% Ag-TiO2 x 50,000 (c), TiOz2 x 50,000 (d), 0.1% Ag-TiOz2 x 150,000 (e), and 5.0% Ag-TiOz x 150,000
(£).

The EDX characterization confirmed the presence of Ti, O, Ag, and Pt elements. No
other impurity elements were identified. The appearance of Pt in the EDS spectra is due
to the sample’s preparation by Pt metallization for SEM/EDS measurements. The atomic
percentages of Ag in the analyzed samples were found to be 0.05%, 0.21%, 0.40%, 0.51%
and 0.6% respectively, values depending on the amount of precursor solutions. Some ex-
amples of EDX spectra are presented in Figure 3.
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Figure 3. EDX spectra of 0.1% Ag-TiO2 (a), 1.0% Ag-TiO2 (b) and 5.0% Ag-TiO:z (c).

TEM characterization of pure and Ag doped TiO: nanofibers confirmed their poly-
crystalline nature and nanostructuring. It can be noticed that the crystallites forming the
doped materials are slightly smaller than in the case of pure TiO: and that their order of
magnitude is <10 nm as observed by XRD characterization too. Some examples are pre-
sented in the TEM images shown in Figure 4.
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Figure 4. Smaller (scale 100nm) and larger magnification (scale 50nm) TEM images of Ag-TiOz nanostructured nanofibers:
pure TiOz (a), 0.1% Ag-TiOz (b), 5.0% Ag-TiOz (c), TiO2 (d), 0.1% Ag-TiOz (), and 5.0% Ag-TiOx (£).

The specific surface area characterized by BET as a function of Ag concentration is
illustrated in Table 2, while the weight change/relative humidity graphs are included in
Supplementary material (Figure S2). It was found that as the Ag concentration increased,
the specific surface area of the TiO2nanofibers slightly increased for low Ag concentration
but it dropped for the 5% Ag TiO:. This might be due to the lower diameters size of the
fibers and the higher degree of crystallites agglomeration.

Table 2. BET data of pure TiO: and Ag doped TiO:z nanostructured materials.

Sample Sorption Capacity (%) Average Pore Size(nm) Area (e BET D;It:n()layer e
T400 6.43 2.38 54.25 0.0154
TAgl 7.99 2.86 56.07 0.0159
TAg3 13.17 3.88 68.01 0.1937
TAg5 7.05 2.94 48.09 0.0136

2.3. Raman Spectroscopy Measurements

Several authors [22,30-38] have shown in their research that the anatase phase has a
tetragonal structure consisting of six Raman active modes, including Aig located at 516
cm, 2B1g corresponding to 397 and 516 cm™ and 3Eg from 144, 198 and 638 cm™, where
the A1z mode overlapped with the Big mode at 516 cm™ [22,32,39].

In Figure 5, which displays the Raman spectra of Ag-TiO2 nanostructured nanofibers
with different Ag content, one can be seen that the Raman bands observed correspond to
the anatase phase of pure TiOz, even for those samples containing Ag. In particular, the E,
modes at 144 and 638 cm™ correspond to the symmetric stretching vibration of O-Ti-O
bond, whereas the Big and A1z Raman modes at 397 and 516 cm™ can be assigned to the
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symmetric and anti-symmetric bending vibration of O-Ti-O [40,41]. In any case, the peaks
for the Ag containing samples were found to present small shifts (about 3 nm) to longer

wavelengths. Additional peaks corresponding to Ag were not detected in any of the Ag
containing samples.

8000
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Figure 5. Raman spectra of pure TiO2 and Ag-TiOz nanostructured nanofibers materials.

It can be noted that the results of Raman characterization are in good agreement with
the XRD observations. All Ag-containing materials have a similar structure of the TiO:
anatase phase, suggesting that the Ag was successfully integrated as small nanocrystals
without affecting the TiOz crystal lattice as intended. The slight red-shift of the peaks in
the Raman spectra may be due to the slight distortion caused by the incorporation of
metal, particles of various sizes, nature of defects, and so on [17-19,32].

2.4. Optical Properties and Band Gap Energy

It is known that the band gap energy is the most important optical parameter that
significantly influences photocatalytic activity. Diffuse reflectance spectra recorded for
pure TiO2 and Ag-TiO2 nanostructured nanofibers are illustrated in Figure 6, where a
slight shift of about 10 nm to blue can be noticed for the Ag containing samples. The re-
flectance data were processed according to the method indicated in reference [39] for in-
direct bandgap semiconductors and the corresponding values are given in Table 1. The
Eg values for the Ag/TiO: nanostructures are much lower than those corresponding to
pure TiO:z due to the Ag doping process. As can be observed, the presence of nano-Ag
leads to decreased values of around 2.70 eV for the optical band gap, as compared to the
3.01 eV gap of pure TiOz. This means that photons with lower energy can generate elec-
tron-hole pairs and the photocatalytic activity of such materials can be activated even
under visible light irradiation. Many studies [13,40] have shown that this decrease of the
band gap may be due to the occurrence of new energy levels in the band gap range of the
composite materials.
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Figure 6. Optical properties: (a) reflectance spectra and (b) Tauc plots of Ag-TiOz nanostructured nanofibers materials.

2.5. Photoluminescence Analysis

In the context of studies of a photocatalytic material, it is of great importance to
gather information on the active surface sites of the catalyst and on how they affect the
dynamics of adsorption and photoactivated transformations of the targeted species. In
this regard, studies of photoluminescence (PL) properties of the material are very well
suited and useful. PL phenomena in semiconductors are driven by diffusion and recom-
bination of photogenerated charges, which typically occurs in a thin region beneath the
semiconductor surface (typical widths of few tenths of nm if the excitation is provided at
photon energy larger than the bandgap), making it very sensitive to small local variations.
To observe how the Ag doping affects the carrier recombination and diffusion phenomena
in TiO2, PL characterization using different excitation wavelengths was performed to see
the excitation states involved in the emission and to observe the occurrence of sub-
bandgaps. Figure 7 shows the PL spectra for the studied materials, excited at different
wavelengths (Aex= 280, 300, 320 and 340 nm).
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Figure 7. Emission spectra of pure TiO2 and Ag-TiO2 nanostructured nanofibers at different excitation wavelengths Aex=
280 nm (a), 300 nm (b), 320 nm (c) and 340 nm (d).

TiO2 has an indirect band-edge configuration and hence its PL emission occurs at
wavelengths longer than the bandgap wavelength: that is, the PL of TiO: is not caused by
band-to-band transitions but involves localized states. [42] The fluorescence spectra of
TiOz nanostructures normally display three bands, assigned to self-trapped excitons, ox-
ygen vacancies and surface defects [18,24,33,35-37]. In particular, these emission bands
are located in the violet, the blue (460 nm) and the blue-green (485 nm) regions respec-
tively, which can be attributed to self-trapped excitons localized on TiOs octahedral (422
nm) [36,37], and to oxygen related defect sites or surface defects (460 and 485 nm) [38].
Moreover, the band edge emission around 364 nm corresponds to free exciton recombi-
nation in TiO2 materials [35,36]. As can be seen, all materials present the same emission
bands, but with slightly different intensities. In particular, the PL intensity of the Ag-TiO2
nanostructured nanofibers was found lower as compared to that of pure TiO2. As is
known, the emission intensity is related to the recombination of electron-hole pairs in the
structure of TiO2 [13]. In addition, the low intensity in the fluorescence spectra suggests
that the photoexcited electron-hole pairs can be achieved at a longer time, which is bene-
ficial in the processes of photocatalytic degradation. Thus, these findings suggest that the
presence of nano Ag has a distinct effect on limiting the electron-hole recombination, as
the photoexcited electron may be captured by the Ag nanoparticles that behave as an elec-
tron storage source on the TiOz surface [13]. Nano Ag presence also contributed signifi-
cantly to reducing the band gap energy and facilitating the activation by the absorption
of light in the visible region, along with delaying the electron-hole recombination. There-
fore, the presence of nano-Ag offers several advantages in the functionality of the Ag—
TiO:2 nanostructured nanofibers. Additionally, it is expected that the best photocatalytic
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Absorbance (a.u)

activity under the visible irradiation would be performed for an optimal nano Ag concen-
tration level in TiOx.

2.6. Photocatalytic Properties
2.6.1. Methylene Blue Dye Degradation

Methylene blue (MB) (Co= 10 mg/L) was used to evaluate the photocatalytic activity
of the grown materials. The dye degradation was performed under a halogen lamp light
irradiation (400 W) and the amount of photocatalyst was maintained at 0.4 g/L for all sam-
ples. Typical UV-VIS absorption spectra recorded for MB dye solution degradation up 300
min under halogen lamp light irradiation in presence of pristine TiO2 and 0.1% Ag-TiO:
nanostructured nanofibers are shown in Figure 8. It can be observed that the intensity of
the absorption band corresponding to a wavelength at 665 nm decreases with the increase
of the irradiation time. In addition, all Ag-TiO2 nanostructured nanofibers show a faster
decreasing tendency of colorant concentration as compared to pure TiOz. Regarding the
color removal efficiency, this is shown in Figure 8c. The maximum degradation efficiency
was found for the TAgl sample, having a value of 97.05%. The kinetics of the photodeg-
radation process under visible light irradiation was also evaluated.
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Figure 8. UV-VIS absorption spectra for the degradation of MB dye (10 mg/L) at various irradiation times in the presence
of pure TiOz (a), 0.1% Ag-TiO: nanostructured nanofibers (b), and (c) color removal efficiency obtained for all materials
after the end of the photodegradation.
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2.6.2. Kinetics of the Photodegradation Process

Kinetics plots of the photodegradation of MB in aqueous solutions under the halogen
lamp irradiation in the presence of Ag-TiO2 nanostructured nanofibers are presented in
Figure 9. The data were interpolated to the pseudo-first-order (PFO) kinetic model by us-
ing the nonlinear regression technique. The goodness-of-fit was estimated by chi-square
statistic test (y2-value). Thus, the decay of MB dye concentration versus time was fitted to
PFO equation, which can be expressed as:

C=C,e" (1)

where Co is the initial MB dye concentration (~10 mg/L), k is the pseudo-first-order reac-
tion rate constant (min™), and ¢ is the irradiation time (min). The calculated parameters of
the PFO model are listed in Table 3.

12; TiO2

l()t;(\ o Tl-Oz:Ag(O.l%)
\ o T102:Ag(0.59"o)
8 + TiO :Ag(1%)

TiO :Ag(3%)
) v TiO,:Ag(5%)
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p
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{ (min)

Figure 9. Kinetics plots of MB dye decay against irradiation time during the photodegradation pro-
cess under halogen lamp in the presence of Ag-TiOz nanostructured nanofibers catalysts. Solid and
dash lines represent predictions given by PFO kinetic model. Experimental conditions: catalyst dos-
age=04g/L; T=23+£2°C,pH7.0£0.2.

Table 3. Kinetic parameters for MB dye photodegradation under visible light in the presence of Ag—
TiOz nanostructured nanofibers catalysts.

Code k (min?) 2>-Test Value
T400 7.47 x 1073 0.52
TAgl 1.90 x 102 0.10
TAg?2 7.99 x 1073 0.39
TAg3 1.26 x 102 0.81
TAg4 1.14 x 102 3.65
TAg5 8.13 x 103 1.59

As observed from Table 3, the presence of nano Ag in TiO2 nanofibers increases the
rate constant (k). This effect was found more important for a 0.1% content of Ag in the
electrospun solution. Thus, the optimal formulation of the developed materials when act-
ing as photocatalyst seems to be the 0.1% Ag-TiO: (TAgl sample), as this presents the
maximum value of both the constant rate (k = 1.29 x 102 min™') and the degradation effi-
ciency of MB dye (97.05%). Furthermore, the kinetics for the degradation of methylene
blue (MB), Congo red (CR), amaranth and orange II dyes under TAgl photocatalyst are
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presented below, in which the dye concentration was maintained at 10 mg/L (Figure 10).
The photolysis test (without catalysts) for all four dyes was performed under fluorescent
bulb light irradiation for 300 minutes of irradiation, and the corresponding spectra are
presented in Figure S3, Supplementary material.

The UV-visible absorption spectra (Figure S4, Supplementary material) have been
recorded for the degradation of MB, CR, amaranth, and orange II dye solutions in the
following experimental conditions: initial dye concentration=10 mg/L for all dyes, catalyst
dosage = 0.4 g/L, irradiation time = 300 min, T =23 + 2 °C and pH 7.0 £ 0.2. From Figure
S3, it can be noted that color removal efficiency varies between 75% and 98%, depending
on the type of dye. The highest degradation efficiency (99%) was found for Congo red
dye, the efficiency being achieved in a shorter time (30 min) as compared to other dyes.

A comparative study is reported in Figure 10 showing the photodegradation kinetics
of different dyes under visible light using TAg1 as a catalyst. Experimental data were in-
terpolated to PFO-kinetic model and the calculated parameters are summarized in Table
4.

12

¢ Methylene-Blue
O Congo-Red
O Amaranth
}},\ vV QOrange-II

C (mg/L)

T

: T
0'. L .\.A‘.‘@-...@J e B ﬁéﬂ‘ﬁ?:@
0 100 200 300

t (min)

Figure 10. Comparative study showing the kinetics curves for degradation of various dyes under
visible light in the presence of sample TAgl. Solid and dash lines represent predictions given by
PFO kinetic model. The experimental conditions are: catalyst dosage =0.4 g/L, T=23+2°C, pH 7.0
+0.2.

Table 4. Kinetic parameters for photodegradation of different dyes under the fluorescent bulb light
in the presence of 0.1% Ag-TiO2 nanostructured nanofibers photocatalyst (TAg1).

Dye Subjected to Degradation. k (min-) 2>-Test Value
Methylene Blue 1.29 x 102 1.04 x 101
Congo Red 7.28 x 102 8.80 x 10°
Amaranth 8.63 x 10-3 3.01 x 10
Orange 11 4.57 x 108 1.58 x 102

According to Table 4, the highest rate constant (7.28 x 102 min') was observed for
Congo red dye photodegradation, and the lowest one (4.57 x 10 min™) for the orange-II
dye, respectively. Comparing the present results with others reported on appropriate pho-
tocatalysts (Ag doped TiO: nanostructures) [16-22,43], one can observe the excellent
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performance of our samples, as these are capable to degrade up 99% of dyes depending
on the dye nature, with constant rates between 4.57 x 103 and 7.28 x 102 min~'. In addition,
all the degradation tests on the fabricated samples were done using a moderate amount
of catalyst 0.4 g/L, fluorescent bulb light irradiation (400 W), and temperature (23 + 2 °C),
pH (7.0 £ 0.2) and without intervening to acidify the solution or add H20:. For compara-
tive purposes, Harikishore et al. reported a rate constant value of 8.16 x 10? min for
methylene blue (Co=5 ppm) dye degradation in the presence of 1.5g/L. amount of catalyst
under UV lamp irradiation [43]. Recently, Ali et al. [22] obtained Ag-doped TiO2 nanopar-
ticles with improved photocatalytic and antibacterial properties. They found a degrada-
tion efficiency of 96% for MB degradation (Co=10 mg/L) in the presence of a 1g/L catalyst
under visible light irradiation (500 W).

2.6.3. Photocatalyst Reuse

The degradation efficiency after several photodegradation cycles is an important pa-
rameter to evaluate the stability of the photocatalyst. Figure 11c) shows a degradation
efficiency registered after 5 cycles of reuse under visible light irradiation for one hour. It
was noticed that the photocatalytic efficiency was maintained at about 98% even after five
cycles for Congo red (Co = 10 mg/L) dye degradation. In addition, the stability of the re-
used photocatalyst was confirmed by XRD and SEM characterization. XRD pattern and
an SEM image for recycled photocatalyst are presented in Figure 11a,b. It can be observed
that both, crystallinity and morphology are preserved after its use.

~
1300+ —_— c) 321001 9540 96.21 95.49 98.37 98.04
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1200 5‘
- £ 80,
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Figure 11. SEM image and XRD pattern of TAgl reused material after five cycles (a,b); color removal efficiency after 60
min in the presence of both materials (TAg1 reused and pristine) (c).

2.7. Antimicrobial Activity

All samples were also tested for their antibacterial activity against S. aureus and E.
coli. Samples T400 and TAgl did not show any antibacterial action. TAg3 and TAg5
proved to be quite effective against the Gram-positive bacterial strain represented by S.
aureus, while TAg2 and TAg5 against the Gram-negative bacterial strain represented by
E. coli. The highest efficiency observed, regardless of the bacterial strain, was found in
sample TAg5 that is at the highest Ag concentration (5%). The nanostructures were in
general more efficient against E. coli (19 mm of inhibition zone) than against S. aureus (16
mm of inhibition zone). An image of a culture plate is presented in Figure 12.
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E. coli S. aureus

Figure 12. Image of a culture plate for evaluation of antimicrobial activity against S. aureus and E.
coli.

From this image, the diameters of the inhibition zones of each tested sample can be
calculated and are presented in Table 5.

Table 5. Antimicrobial activity of the tested compounds against the reference strains.

Inhibition Zwone (mm)

Strain

T400 TAgl TAg2 TAg3 TAg4 TAg5
S. aureus - - - 13.20 £ 0.99 12.19 £ 0.27 16.58 £ 0.18
E. coli - - 14.74 £1.71 14.05 + 0.04 15.01 + 0.08 19.02 £ 0.69

The MIC of the samples against E. coli was as low as 2.5 mg/mL for sample TAg5,
and 5 mg/mL for the same sample against S. aureus (see Table 6).

Table 6. Antimicrobial activities of the samples against S. aureus and E. coli. MIC: minimum inhibi-
tory concentration.

Minimum Inhibitory Concentration (MIC) (mg/mL)

Samples S. aureus E. coli
T400 Not tested Not tested
TAgl Not tested 10
TAg2 Not tested 10
TAg3 10 10
TAg4 10 5
TAg5 5 2.5

The final trial was focused on the determination of the minimum bactericidal con-
centration (MBC), which is recognized as the lowest concentration that destroyed all bac-
terial cells. This was investigated by spreading 10 pL samples from the wells on MH agar
plates. However, MBC against both bacterial strains could not be estimated, as a higher
concentration of Ag within the samples was probably required. The samples had better
antibacterial activity against the Gram-negative strain represented by E. coli probably due
to its cell wall composition, distinctive rod shape and extracellular matrix [44]. Literature
states that when E. coli is exposed to light activated Ag-TiO: the oxidative damage to the
bacterial cell envelope may occur which plays a significant role in biocidal activity [45]. In
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this particular case, the antibacterial activity is directly correlated with the silver concen-
tration within the samples [46].

3. Materials and Methods
3.1. Materials

Titanium (IV) isopropoxide (TTIP), silver nitrate (AgNOs), glacial acetic acid
(CH3COOH), ethanol, polyvinylpyrrolidone (PVP) (Mw = 1.300.000) of analytical grade
purchased from Sigma-Aldrich (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) were
used for the preparation of the Ag-doped TiO:z nanostructures. Methylene blue, Congo
red, orange II, and amaranth dyes were procured from Sigma-Aldrich (Sigma-Al-
drich/Merck KGaA, Darmstadt, Germany) and utilized without further purification.

3.2. Preparation of Ag—TiO2 Nanostructured Nanofibers

Pure TiO2 and Ag-TiO:2 nanostructured nanofibers were developed using electro-
spun solutions, which were obtained by mixing two initial solutions, solution 1 containing
0.75 mL of TTIP in 1.5 mL acetic acid and solution 2 consisting of 0.25 g PVP in 2.5 mL
ethanol. This solution was used to prepare the pure TiO: blank sample (named T400),
while in the case of Ag-TiO:z nanostructures, these were prepared by adding to solution 2
different amounts of AgNO:s as follows: 0.5 mg corresponding to a 0.1% mass percentage
(sample TAg1), 2.5 mg for 0.5% (sample TAg2), 5 mg for 1.0% (sample TAg3), 15 mg for
3.0% (sample TAg4) and 25 mg for 5.0% (sample TAg5). The electrospinning was per-
formed using the set-up already described in our previous publications [47,48]. The elec-
trospinning parameters used to obtain the fibrous materials were: 25 kV high voltage, 15
cm tip to collector distance, and 0.75 mL/h feed flow rate. The Ag-TiO: nanostructured
nanofibers were obtained after removal of PVP matrix using calcination in air at 400 °C
with a heating rate of 15 °C/min for 4 h.

3.3. Characterization

The crystallographic structure of all materials was studied using X-ray diffraction
(XRD) technique performed with a Rigaku SmartLab-9kW diffractometer (Rigaku Corpo-
ration, Tokyo, Japan). The experimental spectra were analyzed using PDXL software de-
veloped by Rigaku Corp, Tokyo, Japan. The respective morphological characteristics were
examined using a Verios G4 UC Scanning Electron Microscope (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an energy dispersive spectrometer (EDX) (AMETEK,
Tokyo, Japan), EDAX Octane Elite. The morphology of the fibers based on pure and doped
TiO2 was studied using a Hitachi High-Tech HT7700 Transmission Electron Microscope
(TEM) (Hitachi, Tokyo, Japan), operated in high contrast mode at 120 kV accelerating volt-
age. BET analysis was performed using a fully automated gravimetric analyzer IGASorp
supplied by Hidden Analytical, Warrington (UK), with an ultrasensitive microbalance,
which was used to measure dynamic water vapor sorption capacity of the samples by the
weight change with variation of humidity at a constant temperature. Each sample was
dried in flowing nitrogen (250 mL/min) until the weight of the sample was in equilibrium
at RH < 1%. Experiments were carried out at 25 °C in the relative humidity (RH) range 0
90%, with 10% humidity steps, each having a pre-established equilibrium time between
10 and 20 min (minimum time and time out, respectively).

A Horiba Scientific LabRam HR Evolution spectrometer (HORIBA Scientific, Pal-
aiseau, France) was used for Raman spectroscopy measurements, which were done in the
25-1650 cm™? frequency range, employing excitation at 532 nm, acquisition time 100 s, 3
accumulations and a grating of 600 gr/mm. The optical properties were evaluated by
UV-vis diffuse reflectance spectra, recorded on an Analytik Jena (Jena, Germany)
SPECORD UV/Vis 210* spectrophotometer with an integrating sphere. Emission spectra
were recorded employing a luminescence spectrometer Perkin Elmer LS55 (PerkinElmer,
Inc., Waltham, MA, USA).
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3.4. Photocatalytic Activity

The photocatalytic activity of Ag-TiO2 nanostructured nanofibers was evaluated by
studying the photodegradation of methylene blue (MB), amaranth, Congo red (CR) and
orange II dye solutions under UV-visible light irradiation supplied by a 400 W halogen
lamp (Model TG-2503.01, Elbi Electric and Lighting, Bragadiru, Romania) with the emis-
sion spectrum presented in Figure S5 in supporting material file. The distance between
the light source (lamp) and the reactor was 30 cm. Deionized water was used to prepare
the dye solution. In all photocatalytic measurements, the following experimental condi-
tions were employed: initial dye concentration=10 mg/L for all dyes, catalyst dosage = 0.4
g/L (the catalyst loading that proved previously optimal for reference sample T400), max-
imum irradiation time = 300 min, T =23 £2 °C and pH 7.0 £ 0.2. The pH was recorded for
the initial and final solutions and was found to be 7 in both cases. Initially, the dye solution
and the catalyst were continuously magnetically stirred (500 rotation/min) in the absence
of light for 30 min (time needed to establish an adsorption equilibrium). After this, the
solution was irradiated with visible light for 5 hours, and during photodegradation, a
quantity of 3 ml of the solution was extracted at the given time intervals to assess the
change in the concentration. All absorption spectra for collected samples were measured
after 12 h of settling when the catalyst was completely found as sediment. Absorption
spectra were recorded using UV-Vis spectrophotometer SPECORD 210* (Analytik Jena
gmbh, Jena, Germany).

The photocatalytic efficiency (%) for degradation of the dyes was evaluated using the
following relationship [13]:

Co_Ce

Co

Photocatalytic efficiency (%) = x 100 (2)
where Co = initial dye concentration (mg/L); Ce = the dye concentration after irradiation
time (mg/L).

3.5. Antimicrobial Activity

The antimicrobial activity of the materials was determined by disk diffusion assay
against Staphylococcus aureus ATCC25923 and Escherichia coli ATCC25922. Both micro-
organisms were stored at =80 °C in 20-40% glycerol. The bacterial strains were refreshed
in tryptic soy agar (TSA) at 36 + 1 °C for 24 h. Microbial suspensions were prepared with
these cultures in sterile solutions to obtain turbidity optically comparable to that of 0.5
McFarland standards.

Volumes of 0.3 ml from each inoculum were spread on the Petri dishes. The sterilized
paper disks were placed on plates and an aliquot (20 uL) of the samples with a concentra-
tion of 10 mg/ml was added. To evaluate the antimicrobial properties, the growth inhibi-
tion was measured under standard conditions after 24 h of incubation at 36 + 1 °C under
solar light illumination. All tests were carried out in triplicate to verify the results. After
incubation, the diameters of inhibition zones were measured by using Image ] version
1.53e software (Madison, WI, USA), and were expressed as the mean + standard deviation
(SD) performed with XLSTAT software Ecology version 2019.4.1 software (New York, NY,
USA) [49,50].

3.6. Determination of Minimum Inhibitory Concentration (MIC)

The concentration of a sample that prevented the growth of bacteria is in general
recognized as minimum inhibitory concentration (MIC). This was investigated by a broth
dilution method, which was performed in 96-well microtiter plates using the resazurin
reduction assay concept [49]. Bacterial culture grown to log phase was adjusted to 1 x 108
cells/mL in Muller-Hinton (MH) broth. Inoculants of 50 uL were mixed with 50 pL of
serial dilutions of samples and were subsequently incubated at 36 + 1 °C for 24 h. Resaz-
urin was prepared at 0.015% by dissolving 0.015 g, vortexed and filter sterilized (0.22 um
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filter) and stored at 4 °C for a maximum of 2 weeks after preparation. After incubation for
24 h at 36 = 1 °C, resazurin (0.015%) was added to all wells (20 pL per well), and these
were further incubated for 2-4 h more. MIC was determined by reading the fluorescence
at Aex= 575 nm and Aem = 590 nm with FLUOstar Omega Microplate Reader (BMG LAB-
TECH, Ortenberg, Germany). To determine accurately the MIC values, the experiments
were performed in triplicate.

4. Conclusions

Ag-TiO2 nanostructured nanofibers with different Ag content were produced using
the electrospinning technique followed by calcination at 400 °C for 4 h and were tested
regarding their photocatalytic and antimicrobial action. XRD characterization confirmed
the formation of anatase TiO: crystalline structure, without identifying additional peaks
corresponding to other phases (brookite, rutile) or other secondary peaks corresponding
to the Ag presence, which indicates that Ag was successfully integrated as small nano-
crystals without affecting much of the TiO: crystal lattice. Regarding the lattice strain, this
was found to increase from 0.13% (pure TiOz sample) to 0.52% (TAgl), reaching 0.53% at
the highest Ag content. These observations were also confirmed by the Raman spectros-
copy analysis. SEM characterization proved the formation of one-dimensional uniform
Ag-TiO2 nanostructured nanofibers of excellent quality, with a diameter in the range of
65 to 100 nm. The optical band gap energy decreased to 2.4 eV for the Ag-TiO:z nanostruc-
tured nanofibers as compared to 3.01 eV of pure TiOz, which leads to an improvement of
the photocatalytic activity under visible light irradiation. A remarkable photocatalytic ef-
ficiency of 99% at a constant rate of k = 1.29 x 10 min~' was found for the 0.1% Ag-TiO:
sample for the case of methylene blue dye degradation. Additionally, these materials
proved able to degrade up 99% of other organic dyes with constant rates in the range of
4.57 x 107 to 7.28 x 10 min™! depending on the dye nature, all degradation tests being
performed under visible light irradiation, without intervening to acidify the solution or
add H20». The present study focused on materials optimization for photocatalytic appli-
cations. Further studies regarding the structure and nano-properties of these materials as
well as solving the photocatalytic mechanism and by-products are ongoing. The Ag-TiO:
nanostructured nanofibers materials showed promising antimicrobial responses against
Gram-positive (S. aureus) and Gram-negative (E. coli) strains. The sample with a higher
concentration of Ag (5%) was found to present a MIC value of 2.5 mg/mL against E. coli
and 5 mg/mL against S. aureus. Based on these results, one can conclude that Ag-TiO:
nanostructured nanofibers were developed with excellent structure and suitable physical
properties for photocatalytic and antibacterial action. Further studies regarding the pos-
sibility of integration of these materials into food packaging, medical textiles, and other
healthcare related items will be performed.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/catal11101234/s1, Figure S1. Histogram of fiber diameter distribution plotted from SEM
images analysis of pure TiOz (T400) and Ag doped TiO2(TAgl and TAg5). Figure S2. Dynamic vapor
sorption isotherms for pure TiOz2 and Ag doped TiO2 materials. Figure S3. UV-VIS absorption spec-
tra of the photolysis test for all 4 dyes performed under visible light irradiation for 300 minutes.
Figure S4. UV-VIS absorption spectra recorded for the degradation of (a) MB, (b) CR, (c) Amaranth
and (d) Orange II dyes. Figure S5. Lamp spectrum.
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