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Abstract: Composites of Ag and TiOz nanoparticles on cotton fabrics were synthetized in-situ by
sonochemical and hydrothermal methods achieving the successive formation of Ag-NPs and Ti-
NPs directly on the fabric. The impregnated fabrics were characterized by ATR-FTIR spectroscopy,
high resolution microscopy (HREM), scanning electron microscopy coupled with Energy-dispersive
X-ray spectroscopy (SEM-EDS), Raman, photoluminescence, UV-vis and DRS spectroscopies and
by tension tests. Results showed the successful formation and impregnation of NPs on the cotton
fabric, with a negligible leaching of NPs after several washing cycles. The photocatalytic activity of
supported NPs was assessed by the degradation of methyl blue dye (MB) under solar and UV irra-
diation revealing improved photocatalytic activity of the Ag-TiOz/cotton composites due to a syn-
ergy of both Ag and TiO2 nanoparticles. This behavior is attributed to a diminished electron-hole
recombination effect in the Ag-TiO:z cotton samples. The biocide activity of these composites on the
growth inhibition of Staphylococcus aureus (Gram+) and Escherichia coli (Gram-) was confirmed, re-
vealing interesting possibilities for the utilization of the functionalized cotton fabric as protective
cloth for medical applications.

Keywords: Ag nanoparticles; Ag-TiO2 nanoparticles; cotton fabrics; photocatalytic activity; biocide
activity; E. coli; S. aureus

1. Introduction

The incorporation of TiO2-NPs on textile fibers provides them with antiviral properties, UV pro-
tection, and promotes surface hydrophobicity/hydrophilicity, that could act as flame retardants and
provide self-cleaning properties [1-3]. The antibacterial activity of TiO2-NPs is attributed to the fact
that they can produce reactive oxygen species (ROS) in the presence of UV irradiation. Also, TiO2-
NPs antibacterial activity has been observed in dark conditions, however the action mechanism is not
yet fully understood [4].

The synthesis of TiO>-NPs by sonochemical irradiation at low temperatures has been reported
as an efficient method to obtain nanocrystals of suitable size [5]. In a similar sense, Prasad et al. [6]
reported the synthesis of TiO2-NPs by the sol-gel method assisted by ultrasound at low temperature.
Additionally, the impregnation of several types of NPs on the surface of cotton fibers by ultrasonic
irradiation has been reported previously, i.e.,, Ag nanoparticles [7], ZnO nanoparticles [8], CuO na-
noparticles [9] and TiO2-NPs [10,11].
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The immobilization of TiO2-NPs on cotton, obtaining the anatase phase without requiring sub-
sequent heating and using the ultrasound-assisted sol-gel method is possible. This method showed
high resistance of the fabrics to leaching under several wash cycles, thus maintaining their self-clean-
ing properties and UV protection [12,11]. The incorporation of nanoparticles in textiles is of great
importance for the development of personal protection equipment (PPE) to face pandemics such as
COVID-19 in a more efficient way [13]. In this sense, it is expected that the photocalytic activity can
be improved by forming composites of Ag and titania nanoparticles deposited on cotton.

In this work, the in-situ immobilization of NPs of Ag and TiO: on cotton fabric was obtained by
the ultrasound-assisted and hydrothermal successive methods. Cotton fabrics with Ag-TiO:z incorpo-
rated were analyzed by ATR-FTIR, Raman, HREM and SEM-EDS to assess the appropriate formation
and impregnation of the TiO2-NPs on the surface of the fibers. The photocatalytic activity of the NPs
impregnated on cotton fabrics were evaluated using aqueous solutions of MB dye under solar and
UV irradiation. The biocide activity of the Ag-titania/cotton fabric composite textiles on the growth
inhibition of Staphylococcus aureus (S. aureus, Gram+) and Escherichia coli (E. coli, Gram-) was deter-
mined in liquid culture and LB-agar plates.

2. Materials and Methods

2.1. Materials

Commercial Indiolino fabrics (100% cotton, 175 g/m?) was used as model textile. All precursor
reactive were provided by Sigma-Aldrich and used without further purification. Before the treat-
ments, the fabrics were washed with a non-ionic detergent and dried for 24 h at 70°C. All impregna-
tion procedures were carried out using 5 cm x 5 cm of cotton squares.

2.2. Synthesis and incorporation of Ag and TiO2 NPs on cotton fabrics

The preparation method was improved varying the synthesis parameters, as: loading of precur-
sors (of Ag and Ti), treatment and synthesis temperature, reaction time and washed conditions. Be-
fore the precursor impregnation on cotton, the textile was functionalized to assure a good anchoring
the NPs on cotton. The method described by Dong and Hinestroza [14] was adapted and consists of
treating the fabric with KOH solution (1M), at room temperature under constant stirring for 10
minutes. Then, the fabric was rinsed with distilled water and dried at 90 °C for 45 minutes. The prep-
aration of the samples was carried out according to Scheme 1.

2.2.1. Synthesis of TiO2 NPs on cotton fabrics

TiO2 NPs on cotton fabrics were obtained by hydrothermal synthesis [11], which is briefly follow
descripted. The cotton samples were first dried at 70 °C for 4 h to remove adsorbed water and imme-
diately dipped for 12 h into a 1 wt.% solution of titanium butoxide (BuOT) in a mixture of terbutanol
and acetic acid (90/10 wt.%). Samples were then removed and dried at 60 °C for 2 h in an oven, to
evaporate the solvent, and then transferred into a 200 mL Teflon-lined stainless-steel autoclave, half-
full of water, which was then placed in an oven maintained at 110 °C for the hydrothermal treatment
during 3 h. Finally, samples were dried at 50 °C for 2 h.

2.2.2. Synthesis of Ag NPs on cotton fabrics

As Scheme 1 indicates, the first step is the generation of Ag NPs by immersion of a cotton fabric
(5 cm x 5 cm) into 100 mL of AgNOs solution in water (0.02 M) for 30 min. Then, the fabric was dried
at 90°C for 45 min. and immersed in a solution of NaBHa4 (0.01 M) for 30 min to reduce the adsorbed
Ag*, and copiously rinsed with water. After it was dried at 90 °C for 45 min.
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Scheme 1. Illustration of the different steps involved in the preparation of Ag-TiO2 NPs on cotton.

2.2.3. Synthesis and incorporation of Ag and TiO2NPs on cotton fabrics

Composites of Ag and titania were prepared by successive impregnation of AgNPs on cotton
and subsequently impregnation of TiO2 NPs by the methods before described (see Scheme 1).
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2.3. Photocatalytic tests

2.3.1. Methyl blue degradation tests using UV radiation

The photocatalytic properties of the cotton samples were analyzed based on the methylene blue
(MB) degradation, which was previously impregnated on the surface of the cotton fabrics. The cotton
samples were cut into 2.5 cm x 2.5 cm pieces and were impregnated with a MB solution (3 mL, 5
ppm). Then, the fabrics were exposed to UV light source (320 nm) with an intensity of 3.5 mW/cm?2.
The maximum absorbance value (Co) was determined by UV-vis DRS spectroscopy. Meanwhile, the
UV-vis DRS absorption spectra (C) of the fabrics containing MB were obtained at 0, 15, 30, 60 and
120 min of UV-light exposure. The rate of dye decomposition was calculated and compared based on
the C/Co values, where Co and C represent the initial MB concentration on the impregnated cotton
pieces and the MB concentration at the time t, respectively [15].

2.3.2. Methyl blue degradation tests using solar radiation

The photocatalytic properties of TiO2-NPs functionalized on cotton fabrics were also assessed
using solar irradiation for the methylene blue (MB) degradation. Briefly, the experimental procedure
was as follows: 2.5 cm x 2.5 cm pieces of cotton samples were impregnated with a MB solution (3 mL,
5 ppm). After, the cotton samples were placed in a container that was kept exposed to sunlight. The
average natural day light irradiation intensity was 4 mW/cm?, in winter from 9 am to 3 pm in Mexico
City. The initial concentration of MB (Co) on the cotton surface and at 15, 30, 60 and 120 min exposed
to sunlight were assessed by UV-vis DRS spectroscopy. The MB degradation was determined as the
relation C/Co, where Co and C represent the initial MB concentration on the impregnated cotton pieces
and the MB concentration at the time t, respectively [15].

2.4. Washing tests

The cotton pieces were subjected to several washing cycles to determine the leaching of the TiO»-
NPs. The washing cycles were carried out according to the textile standard FZ/T 73023-2006 as fol-
lows: the impregnated cotton fabrics were immersed in an ultrasound device (100 Hz) at 40 °C for 5
min. The washed cotton fabrics were removed and rinsed with distilled water. Afterwards, the cotton
pieces and the washing water were analyzed by UV-vis and UV-vis DRS spectroscopy, respectively,
to determine the amount of TiO2>-NPs leached [12].

2.5. Characterization

Attenuated total reflectance infrared spectroscopy (ATR-FTIR) was carried out in Nicolet 6700
FT-IR spectrometer to corroborate the formation and successfully impregnation of TiO>-NPs on the
cotton fabrics. Raman spectroscopy and DxR Raman microscope Thermo Scientific was used to cor-
roborate the surface characteristics of the materials. The synthesis solutions and the water from the
washing tests were analyzed by UV-vis spectroscopy at RT (Varian Cary 50) from 200 to 1100 nm to
assess the impregnated titanium amount and the leached titanium amount, respectively. Scanning
electron microscopy (SEM) coupled to energy dispersive spectroscopy (EDS) system was carried out
using a Jeol JSM-5900 LV microscope to the morphological and elemental analysis. Surface area of
cotton samples was determined using N2 adsorption-desorption isotherms at -196 °C on a Tristar
Micrometrics apparatus; the samples were degassed 8 h in vacuum at 350 °C. Tensile strength of the
samples chemically treated and without treatment were tested on a Digital traction force Gauge,
LZKW. The MB degradation on the surface of the cotton pieces was analyzed by UV-vis DRS (Perkin
Elmer Lambda 365).

Photoluminescence (PL) analysis was measured at room temperature using the Spectrofluorom-
eter model JASCO FP-8550 (Japan) in conjunction with a ISF-134 integration sphere.
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2.6. Biocide activity

In order to perform the biocide activity experiments, 0.5 cm x 0.5 cm squares were cut from the
three samples, regular cotton fabric, Ag NPs and Ag-TiO2NPs composites. The samples were then
inoculated by immersion in 106 CFU/ml E. coli or S. aureus cultures. A kanamicyn control was pre-
pared by immersing the indolino cotton fabric in a 1 mg/ml kanamicyn solution, followed by inocu-
lation with the desired bacteria culture. The inoculated fabrics were then deposited on top of a glass
microscope slide (Fisher Brand) and covered with a second slide. This setup allowed for the exposi-
tion of the fabrics to varying periods of sunlight. The Group A was not exposed to sunlight (t =0
min), the Group B was exposed to 20 minutes of sunlight on each side (t = 20 min), and the Group C
was exposed to 60 minutes of sunlight on each side (t = 60 min). The sunlight and UV AB radiation
were measured with an URCERI light meter and an UV AB detector. After exposition to sunlight, the
fabrics were subdivided into two groups. The first group was deposited into a 96-well plate where
each fabric was submerged in a well with 200 ul of LB medium. The well plate was then incubated at
37 °C with constant agitation at 250 rpm for 18 hours. Afterwards, the fabrics were removed from the
wells and bacteria growth was determined by measuring optical density at 600 nm on a UV-Vis spec-
trometer. The second group of fabrics was incubated on LB agar plates and incubated at 37 °C. Pic-
tures of the plates were taken at 20 and 40 hours of incubation to evaluate bacteria growth around
the fabrics at different time intervals. All experiment conditions were performed by triplicates.

3. Results and discussion

The present research was realized by studying the photocatalytic and biocide properties of Ag-
TiO2 composites on cotton fabrics. These composites were characterized by means of mechanical,
structural, physicochemical and spectroscopical technics.

3.1. Tensile properties of fabrics before and after the preparation tests

The lattice thread diameter, the grammage and the tensile strength were evaluated for the bare
cotton fabrics (Indiolino) and after the treatments when NPs were incorporated on Indiolino. In pre-
vious work [11], Indiolino show: 0.4 m?/g of surface area, 0.38 mm of lattice thread diameter, gram-
mage of 175 g/m? and 9.90 N of tensile strength.

Indiolino was immersed successively in an ultrasound bath with KOH, AgNOs;, NaBH: and
BuOT solutions at different conditions, with intermediary drying steps, and finally in hydrothermal
process at 110 °C. After the preparation, similar mechanical properties were obtained and the tensile
strength of the fabrics was about 5 % less resistant than the original one. These results indicated that
in-situ preparation of NPs on Indiolino did not cause any significant damage to on the structure of
cotton.

3.2. TEM, SEM-EDS and elemental mapping

Figure 1 presents the SEM images and corresponding elemental mapping of Ag-NPs, Ti-NPs
and AgTi-NPs. All SEM images show that the structures of the cotton microfibers remain intact, de-
spite the different chemical and thermal treatments to which they were subjected for the incorpora-
tion of the NPs. Figure 1a shows particles on the cotton fibers suggesting a correct synthesis of the
metallic silver particles, as well as an adequate dispersion on the surface of the fabrics (Fig. 1b). This
same behavior is also present for the Ti-NPs in Fig. 1c and 1d. According to the elemental analysis
(EDS), the Ag and Ti loadings were 2.5 and 4.9 wt.% for the Ag-NPs and Ti-NPs samples, respectively.
Values decreased in the AgTi-NPs nanocomposite, down to 0.9 wt.% for silver and 1.5 wt.% for Ti.
This may be attributed to additional steps in the synthesis of the AgTi-NPs nanocomposite removing
the clusters of weakly anchored NPs on the cotton fibers (Fig. 1e).
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Figure 1. SEM-EDS micrograph and elemental mapping of fabrics. Ti-NPs (a, b), Ag-NPs (c, d) and
AgTi-NPs (e-g).

The morphology and size of the nanostructures were examined by transmission electron micros-
copy (TEM). Results are showed in Figure 2 and 3 for Ti-NPs and AgTi-NPs samples, respectively.
The darker and larger particles were assigned to Ag-NPs, while the smaller ones with a lighter shade
correspond to Ti-NPs. In both samples an almost spherical morphology is observed. Also, in AgTi-
NPs sample micrograph (Fig. 3 a), the Ti-NPs show agglomerations in some areas of the cotton fibers.
The sizes of the Ag and TiO: nanoparticles were calculated using Image] software to construct the
particle size distribution curves (lognormal distribution). Results are showed in Figures 2b, 3b and
3c. The average size of Ag-NPs was 21.6 + 1.4 nm; whereas for Ti-NPs were 10.3 + 2.76 in sample
without Ag, and 9.6 1.3 nm for Ag-TiO2 composite. The interface formed between these nanoparti-
cles suggests the presence of an energy level (attributed to the Ag-NPs) below the conduction band
of the Ti NPs, resulting in a reduction of the value of the forbidden gap.

* o)

particle size [nm)

Figure 2. (a) TEM micrograph of Ti-NPs sample and (b) lognormal particle size distribution curves of
Ti-NPs.
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Figure 3. (a) TEM micrograph of AgTi-NPs sample and lognormal particle size distribution curves of:
(b) Ti-NPs and (c) Ag-NDPs.

3.3. Attenuated total reflectance infrared spectroscopy (FTIR-ATR)

The cotton fabrics modified were analyzed by infrared spectroscopy (FT-IR ATR). In Figure 4,
the bands near 3333 and 1334 cm! are assigned to hydroxyl groups [16,17]. While the bands at 2898,
1427, and 1314 cm are attributed to the different types of vibrations of the CH2z bond. The bands in
1736 and 1369 cm™! correspond to the carbonyl and CH bonds. The bands between 1204 to 1000 cm-!
region correspond to C-O bonds while the band at 900 cm™' corresponds to (3-cellulose bonds. Figure
4b shows the region between 800 and 400 cm!, where, according to Lu et al. (2018), the vibrational
bands at the Ti-O-Ti bonds are observed. Other bands identified in this region, at 694 cm! [18] corre-
spond to CHz rocking in crystalline cellulose I3 and the bands at 662 and 558 cm are attributed to C-
OH bending [19,20].

Also, the Ti-NPs shows a band at 437 cm™ which is attributed to the anatase crystalline phase of
TiO:2[21,22]. This band is found to be less intense in the AgTi-NPs sample, which can be attributed to
the fact that the previous monolayer of Ag-NPs on the surface of the fabric affects and limits the
amount of TiO: particles that can be deposited on the surface of the support. According to SEM-EDS
analysis, this effect is attributed with the decrease in Ti loading.

a Ti-NPs b Ti-NPs
Ag-NPs

5 Ag-NPs 3 AgTi-NPs

s s

8 8

c c

S AgTi-NPs 3

£ £

@ @

c c

© o
== -

T T T T T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400 800 750 700 650 600 550 500 450 400

wavenumber (cm™) wavenumber (cm™)

(a) (b)

Figure 4. (a) FTIR-ATR spectra of the Ti-NPs, Ag-NPs and AgTi-NPs samples. (b) Closer view of (a)
in the range of 800 to 400 cm-.
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3.4. X-ray diffraction (XRD)

Figure 5 shows the XRD pattern of AgTi-NPs sample, where the main peaks at 15.14°, 16.25°,
22.75°, and 34.39° are attributed to the IB cellulose fibers that form a crystalline microstructure [23].

The weak diffraction at 40.16° corresponds to metallic silver particles with hexagonal structure
(ICD No. 064707) [24], where the crystallite size was calculated using the Debey-Schere'r equation,
giving a value of 34.2 nm. The interface formed between the Ag-NPs and TiO: on the surface of the
cotton fibers modifies the characteristic diffraction pattern of TiOz2 [25]. Only peaks at 48.15°, 53.96°,
and 59.27° can be identified, corresponding to the anatase crystalline phase of TiO2 (PDF 03-065-5714)
with a calculated crystallite average size of 15 nm. The weak sharp peak at 38.2° can be considered as
a contribution between the spherical Ag-NPs centered on the faces (ICDS No. 652871) [26] and the
anatase phase of TiOz. For Ti-NPs and Ag-NPs samples, similar XRD patterns were obtained, where
only anatase and silver phases were observed, respectively.

Intensity (a. u.)

10 20 30 40 50 60
20 (degree)

Figure 5. XRD pattern of AgTi-NPs sample. C=cellulose, S=silver and A=anatase.

3.5. UV-Vis studies. Spectra of reaction solutions and diffuse reflection spectra (DRS) of fabrics

The process of reduction of Ag* to Ag? was followed by UV-Vis spectroscopy (Figure 6). Before
starting the reaction, the signals of the reactants were identified, where the UV band between 200 and
260 nm was assigned to the AgNOs solution, while NaBHa solution did not present any signal. By
adding different amounts of NaBHs to the AgNOs solution, the formation of a band of about 400 nm
was observed. This band is assigned to the surface plasmon resonance (SPR) effect of Ag-NPs [27,28],
with a particle size between 20 and 30 nm [29,30], which confirms a correct approximation in the
crystallite size calculation discussed in the XRD and TEM section.

ABSORBANCE
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Figure 6. UV-Vis spectra the reduction reaction of AgNOs with different amounts of NaBHa.

Figure 7 shows the UV-Vis spectra of the samples with different NPs, obtained by the diffuse
reflectance spectroscopy (DRS). The band at 410 nm of the Ag-NPs sample confirms the correct syn-
thesis of Ag-NPs on the surface of the cotton fibers, which is directly related to the color change of
the fabric from white to brown-golden. On the other hand, Ti-NPs sample shows bands in the UV
region (200-320 nm) attributed to the absorption profile of TiO2. For AgTi-NPs nanocomposite, the
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characteristic absorption bands of each of its constituent materials are present. However, the TiO:
band in the nanocomposite is diminished in intensity and slightly modified in its absorption edge as
an effect of its presence and the interface that forms with the Ag-NPs.

Ag-NPs

— — - AgTi-NPs

Absorbance (a.u.)

T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 7. DRS spectra of Ti-NPs, Ag-NPs and AgTi-NPs samples. Embedded image of Tauc graph for
calculating the band gap.

The calculation of the band gap energy for the samples was performed using the Kulbelka-Munk
(M-K) function against a Tauc plot (image inserted in Fig. 7). The bandgap for the Ti-NPs sample was
3.8 eV. This is a higher value than that found in anatase nanopowders (3.2 eV). As reported [31,32],
the band gap values in semiconductors are dependent on the particle size, i.e., when the particle size
decreases, the band gap value increases. This was observed experimentally by comparing the calcu-
lated bandgap of 3.2 eV for the 21 nm TiO2 nanopowder (ID 329763580) with the 3.8 eV of the Ti-NPs
sample with a particle size of 15 nm calculated by XRD. AgTi-NPs shows the bandgap value for TiOz
of 3.55 eV. This is because Ag-NPs modify the absorption edge of TiOz, due to the interface formed
between these materials in the nanocomposite structure. On the other hand, the absorption edge in
the visible spectrum region of Ag-NPs (bandgap of 2.1 eV) maintains the same behavior for both
AgTi-NPs and Ag-NPs samples. However, the participation of the energy edge of Ag-NPs in the
nanocomposite is to promote electrons excited by low energies (within the Vis spectrum) towards the
conduction band of TiOz. The intention is to minimize the recombination of the e-/h+ pair in the pho-
tocatalyst and to enhance the photocatalytic activity.

The NPs will absorb incident photons with sufficient energy equal to or higher than the band-
gap energy. This will produce photoinduced charge carriers (h+/e-), and the recombination of photo-
induced electrons and holes will release energy in the form of photoluminescence [33]. To evaluate
the recombination of the e’/h+ pair in the samples, their photoluminescence (PL) was tested, and the
results are showed in Figure 8. Hence, a lower PL intensity indicates less charge recombination.

TiOz2 particles showed a higher PL intensity near 440 nm, indicating that the recombination rate
of photogenerated charges (e’/h*) is higher compared to AgTi-NPs. On the other hand, the additional
band near 417 nm in the AgTi-NPs sample corresponds to silver nanoparticles. Thus, the nanocom-
posite allows the photogenerated charges to efficiently participate in the interfacial electron transfer
reactions of photocatalysis.
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Figure 8. Photoluminescence spectrum of TiO2 and AgTi-NPs . Excitation wavelength 350 nm.

3.6. Photocatalytic activity

The photocatalytic activities of Ti-NPs, Ag-NPs and AgTi-NPs on fabrics were evaluated by the
degradation of methylene blue (MB), using constant and continuous UV irradiation (Hg lamp) or
sunlight, as described by Alvarez-Amparan et.al. [11]. In brief, squares of fabric of 2.5 X 2.5 cm previ-
ously impregnated with a solution of 5 ppm of MB. The photocatalytic reaction was followed by UV-
Vis (DRS). Samples were taken at 0, 15, 30, 60, and 90 min. The degradation of MB was determined
by the C/Co ratio, where C is the concentration at a given time and Co is the initial concentration of
MB absorbed for each of the fabrics. MB shows a maximum absorption band in the visible region at
664 nm. Figure 9 shows the change of the UV-Vis spectrum (DRS) of MB in function of reaction time
for AgTi-NPs under UV irradiation. The degradation of MB obtained after 90 min was 75%. A higher
value than that obtained for cotton fibers alone, where the degradation of MB was only 21 % at 90
min. Then, AgTi-NPs easily triples the MB degradation, showing that the nanocomposite possesses
an important photocatalytic activity under UV irradiation.
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Figure 9. UV-Vis spectra of MB under UV irradiation for AgTi-NPs samples.

The degradation of MB in the AgTi NPs samples was also evaluated using solar irradiation (Fig-
ure 10), where 80% degradation was achieved after 90 min. For the same reaction time, the degrada-
tion of MB in the cotton fibers was only 36%. This confirms an important photocatalytic activity of
nanocomposite for MB degradation.
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Figure 10. UV-Vis spectra of MB under solar irradiation for AgTi-NPs samples.

It is important to note that the power density available for each photocatalytic reaction was dif-
ferent. The power density was 10 mW/cm? for UV radiation and 3 mW/cm? for solar radiation, ac-
cording to the climatic conditions of the experimental day in Mexico City. This means that the Ag-
NPs in the nanocomposite promote low-energy excited electrons by absorbing photons from the vis-
ible spectrum towards the conduction band (BC) of TiOz. This allows the nanocomposite to compete
and achieve MB degradation values very close to those obtained by UV irradiation, using only sun-
light.

The kinetic data of MB degradation were fitted to a first-order pseudo-kinetic model. The Ag-
NPs sample showed values in their kinetic coefficients of 0.0031 and 0.0048 min-! under UV and solar
irradiation, respectively. While for AgTi-NPs samples, the obtained kinetic coefficients were higher
with a value of 0.0173 and 0.0193 min for UV and solar irradiation, respectively. This gap between
the kinetic coefficients indicates that Ag-NPs do not possess significant photocatalytic activity alone
for MB degradation. This may be attributed to the high recombination of photogenerated electrons
in Ag-NPs. On the other hand, the increase in the kinetic coefficient of Ag-NPs using solar versus UV
irradiation is attributed to an additional amount of photogenerated electrons coming from the low
energies of the visible spectrum. The photocatalytic activity of the Ti-NPs sample in the degradation
of MB under solar irradiation was also evaluated, where the value of the kinetic coefficient was 0.0081
min. A value twice lower than that obtained with the AgTi-NPs sample under solar irradiation. This
shows that the nanocomposite has a lower recombination of the e//h+ pair compared to the individual
materials of which it is composed. This allows a higher interfacial electron transfer (IFET) with the
MB molecules for their photocatalytic degradation.

Figure 11 shows that for all the samples, the characteristic degradation time (t) of MB was
reached more quickly under solar irradiation than under UV irradiation.

w
a
o

w

Q

(=]
I

250 4

200

150

100 4

@
=]
Fi

Characteristic degradation time (min)

04
AgTi-NPS UV AgTi-NPs Sun Ag-NPs UV Ag-NPs Sun  Ti-NPs Sun

Fiqure 11. Characteristic degradation time (t) of MB, under UV or solar (sun) irradiation.
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3.7. Antibacterial properties of fabrics

The sunlight exposure assay was performed where the textiles were exposed to a radiation of 97
Klux and a UV AB radiation of 7525 uW/cm? under the glass microscope slide.

Both Ag/cotton and Ag-TiO: composites showed good antibacterial activity against both E. coli
and S. aureus with inhibition higher than 80%, and up to 95 %. Both types of cotton nanocomposites
had better inhibition properties that kanamycin reference sample. In solution, both bacteria were sus-
ceptible to the treatments as can be seen in Figure 12. S. aureus (Figure 12b) showed a slightly higher
susceptibility to both composite treatments. However, the Ag-TiOz/cotton composite presented over-
all better antibacterial activity against both strains of bacteria. Interestingly, kanamicyn showed bet-
ter antibacterial activity after 60 minutes of sunlight exposure compared to the same antibiotic treat-
ment without sunlight exposure. This effect might be caused by an increase in the interaction of the
antibiotic with the bacteria during the period of sunlight exposure before submerging the fabric into
sterile LB medium where the antibiotic-bacteria interaction could be reduced due to the liquid me-
dium since it is possible the kanamicyn concentration is reduced considerably by the liquid medium.

Antibacterial activity against E. coli Antibacterial activity against 5. aureus

TiO2 t=60 TiO2 t=60

TI02 t=20 TiO2t=20

mo2t=0 Tiozt=0

Ag t=80 Agt=60

Ag 1=20 Agt=20

Agt=0 Agt=0

Kanamicyn t=60 Kanamicyn t=60

Kanamicyn t=0 Kanamicyn t=0

Control + Control +

T
0 20 40 60 80 100
Inhibition (%) Inhibition (%)

C) (b)

Figure 12. Antibacterial activity of cotton fabrics against Gram — (E. coli) and Gram + (S. aureus) bac-

teria in solution after 18 hours of incubation.

On the other hand, Ag/cotton and Ag-TiOz/cotton composites retain a similar biocide effect at
differing times of sunlight exposure. It is possible that, at this bacteria concentration and exposure
time, the composites’ effect cannot be differentiated between the varying periods of sunlight irradia-
tion.

As previously reported, the antibacterial activity of fabrics impregnated with nanoparticles can-
not be evaluated through the traditional Kirby-Bauer method because the lack of nanoparticle diffu-
sion on LB agar does not allow for the formation of inhibition zones [11]. Hence, a reverse assay was
proposed where the fabrics with nanoparticles are directly inoculated with bacteria cultures and then
deposited on LB agar plates to analyze bacteria growth. Using the previously described procedure,
we qualitatively analyzed the antibacterial properties of the Ag/cotton and Ag-TiOz/cotton compo-
sites. Generally, both bacteria are seen to be susceptible to the nanoparticle treatment with sunlight
exposure. At t = 0/without sun radiation, the fabrics containing antibiotic and nanoparticles show
bacteria growth. However, S. aureus growth is inhibited in fabrics containing Ag-TiOz. This phenom-
enon could be explained by the additive effect of the combination of Ag and TiOz nanoparticles. Ad-
ditionally, Gram-positive bacteria like S. aureus lack the characteristic outer membrane present in
Gram-negative bacteria [34]. The absence of this membrane makes Gram-positive bacteria more sus-
ceptible to many antibiotics and, possibly, to antibacterial nanoparticles.

At 20 hours of incubation time, the bacteria growth seen on LB agar plates behaves similarly to
the growth seen on liquid culture. After 40 hours of incubation, the bacteria begin to grow more
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rapidly and the previously seen antibacterial effect diminishes as can be observed in Figure 13 b to d
in panels A and B. It could be possible that the surviving bacteria begin spreading on the agar and
gain access to more nutrients while also moving away from the biocides present on the textiles. This
results in a diminishing interaction between the bacteria and biocides, hence allowing for the bacteria
to grow more rapidly. This hypothesis is supported by the results obtained through liquid cultures
(Figure 12), where E. coli exposed to biocides shows a growth percentage of 4% for kanamicyn, 14%
for Ag/cotton composites and 3% for Ag-TiO2/composites. Meanwhile, liquid cultures of S. aureus
show a growth percentage of 8% for kanamicyn, 10% for Ag/cotton composites and 6% for Ag-
TiOz/cotton composites.

A) B)
E. coli S. aureus

Kan

Ag

Figure 13. Fabrics inoculated with A) E. coli and B) S. aureus cultures on LB Agar plates after 40 hours
of incubation. T shows the time of sunlight exposure in minutes.

4. Conclusions

In this work, we report an effective method to functionalize cotton fabrics in situ with TiO2 and
Ag nanocomposites resulting in a good dispersion of nanoparticles on the fabric. A cooperative effect
was found in the photoluminescence experiment showing a decreased signal in presence of Ag-TiO2
with respect to TiO: alone. This is because Ag-NPs modify the absorption edge of TiO:, due to the
interface formed between these materials in the nanocomposite structure.

The photocatalytic effect on the degradation of methylene blue was improved by the presence
of both types of nanoparticles Ag and TiO:2 in presence of UV as well as sunlight radiation. The rate
of MB degradation in the Ag TiO2 composites was three times higher than in TiO: alone showing a
synergic effect between Ag and TiOz. This photocatalytic effect is in agreement with the decrease in
the band gap and in the diminished signal of photoluminescence. In conclusion, the synergistic effect
was observed for both types of irradiation, UV and visible light and the degradation rate of MB was
higher for visible light than for the UV one

Thus, the functionalization of fabrics by Ag and TiO2 nanoparticles has a potential interest to
improve the efficiency of photocatalysts under a wide range of wavelengths. Also, these results indi-
cate the potential applications of functionalized fabrics prepared by ultrasound-assisted and hydro-
thermal successive methods.to deposit nanoparticles onto them, where these fabrics can be used as
more efficient photocatalytic materials.
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On the other hand, the fabrics impregnated with Ag and Ag-TiO:2 nanoparticles also showed an
excellent biocide effect against model Gram-negative and Gram-positive bacteria showing inhibition
rates higher than 80%. Therefore, this technique could be optimal for the fabrication of personal pro-
tection equipment (PPE) due to the improved antibacterial properties of fabric composites obtained
by this means.
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