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Particulate matter (PM) and volatile organic compounds (VOCs) are air pollution that can cause high risk to
public health. To protect individuals from air pollution exposure, fibrous filters have been widely employed.
In this work, we develop silk nanofibers, which are loaded with Ag-doped TiO, nanoparticles with exposed
(001) (assigned as Ag-TiO,-silk), via electrospinning method and utilized them as multifunctional air filters
that can efficiently reduce PM, s, organic pollutants and microbials. The results showed that Ag-TiO,-silk
with a loading of 1 wt% (1%Ag-TiO,-silk) exhibited the best performance among various different Ag-
doped samples, as it performed the best as an air filter, which had the highest PM;, s removal efficiency
of 99.04 + 1.70% with low pressure drop of 34.3 Pa, and also exhibited the highest photodegradation
efficiency of formaldehyde. In addition, the Ag-TiO,-silk demonstrated antibacterial activity. These
properties make silk composite nanofibers attractive for multifunctional and environmentally-friendly air
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1. Introduction

Currently, air pollutants, such as PM, 5, and toxic gaseous and
volatile organic compounds, are one of the most severe prob-
lems globally.*”® These pollutants can cause many diseases such
as respiratory disorders, asthma, lung failure, coronary artery
disease, Alzheimers, and cancer.®® To protect humans from air
pollution exposure, fibrous air filters have been widely
employed, owing to their good efficiency, high surface to
volume ratio, high porosity, and low cost. However, the
conventional available fibrous air filters have micron size with
multiple layers of fabrication, leading to high air flow resis-
tance, high pressure drop and bulkiness. Moreover, the
conventional air filters are mostly produced from synthetic
polymers which are non-biodegradable. Thus, they could
accumulate in the environment for a longer period and lead to
serious environmental damage. To cope with these aforemen-
tioned problems, bio-degradable nanofibrous air filters have
attracted great attention. Recently, biodegradable nanofibrous
air filters with high aspect ratios with enlarged surface area high
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filtration efficiency have been developed.” Among the biode-
gradable materials, silk has gained a particular interest. A
handful of reports showing that silk can effectively capture
PM, 5 via electrostatic. In addition, silk has appropriate tensile
strength, high elastic properties during compression' and
unique heat dissipation,'** which be useful for air filter
application. Moreover, silk nanofiber can be easily produced by
electrospinning technique. Considering these many advan-
tages, silk could be suitably applied as an eco-friendly air filter
material. Previously, there were few reports showing that silk
nanofiber can efficiently remove PM, 5 with low pressure drop.
For examples, Wang et al.*® prepared silk fibroin (SF) in formic
acid solution. The electrospun silk nanofibers have diameter
ranges from 100 to 480 nm and can remove PM, 5 up to 98%
with pressure drop of 98 Pa. In another study, Gao et al**
prepared electrospun silk nanofibers mixed with polyethylene
oxide (PEO). The PEO was added to increase viscosity of the
solution for facile electrospinning. The resulting silk nanofibers
show PM, 5 removal efficiency of 99% and pressure drop of 75
Pa. Furthermore, Min et al.*® spun the mixture solution of silk
and PEO on the aluminum mesh (window mesh). They found
that silk/PEO air filters and high efficiency particulate air
(HEPA) filters have similar PM, 5 and PM;, removal efficiency,
but silk/PEO filters have 50% lower pressure drop than the
HEPA filter.

However, air pollution does not consist of only PM, 5, but
also other substances such as VOCs, toxic gaseous and micro-
bial contaminants. Photocatalysis has been reported to be the
efficient and environmentally-friendly process for degrading
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organic, inorganic, and biological substances. Therefore, inte-
grating nanofiber with photocatalysts could be beneficial for
nanofiber acting as a multifunctional filter. TiO, is a well-
known photocatalyst that can generate reactive oxidizing
energy (ROS) to destroy pollutant compounds under UV
irradiation.'**® Especially, TiO, nanoparticles with exposed
(001) facet have been reported to enhance chemical absorption
and promote high charge transfer.* Its surface energy is higher
than that of the conventional TiO, with exposed (101) facet,
resulting in a higher oxidative potential and the overall photo-
catalytic performance.”” The light-harvesting efficiency of TiO,
facets can be enhanced by doping with noble metal such as Pt,
Au and Ag.”® However, there is no report about the effect of
metal-doped TiO, with high-reactive facets that are loaded on
electrospun silk nanofibers for multipurpose air filtration.

In this work, we aim to develop a multifunctional air filter
from silk nanocomposite made by electrospun of silk nanofiber
loaded with Ag-doped TiO,. The TiO, nanoparticles exposed
(001) facet were synthesized by hydrothermal method, and
doped by Ag nanoparticles (AgNPs) with various contents of
AgNPs using photo-deposition technique (assigned as Ag-TiO,-
silk). In this composite, silk nanofibers served as a matrix to
capture PM, 5, Ag-TiO, particles not only acted as photocatalytic
units to destroy organic pollutants, but also performed anti-
microbial function. The obtained Ag-TiO,-silk nanofibers were
characterized by various techniques such as SEM, EDS, TEM,
XRD, XPS, and zeta potential measurement, respectively, while
their physicochemical properties such as surface morphology,
surface charge, PM, s filtration efficiency, photocatalytic
performances and antibacterial activity were carefully evalu-
ated. The results showed that Ag-TiO,-silk with Ag load of 1 wt%
(1%Ag-TiO,-silk) showed the most promising efficiency toward
PM, ;s removal, formaldehyde degradation, and antibiotic
activities.

2. Experimental sections
2.1 Materials

Titanium(wv) butoxide (TBOT) (reagent grade, 97%), silver
nitrate (AgNOj;) (reagent grade, =99%), sodium hydroxide
(NaOH) (reagent grade = 98%), and polyethylene oxide (PEO)
(MW ~ 900 000) were purchased from Sigma Aldrich. Lithium
bromide (LiBr) (99%) was purchased from Tokyo Chemical
Industry (TCI). Hydrofluoric acid (HF) (reagent grade, 48%),
hydrochloric acid (HC]) (reagent grade, 37%), and isopropanol
(IPA) (reagent grade = 98%) were purchased from Merck.
Deionized (DI) water (pH 5-7) was purchased from RCI Labscan.
Glycerol (AR grade) was purchased from Ajax Finechem. Phos-
phate buffer saline (PBS) (pH 7.4) was purchased from EMD
Millipore. Silk cocoons (Bombyx mori, Saraburi yellow strain)
were obtained from a local farmer in Thailand. Dialysis
membrane with a molecular weight cutoff (MWCO) of 3.5 kDa
(Spectra/Por) was purchased from Fischer Scientific. Aluminum
mesh (square hole = 1.5 x 1.5 mm?) was purchased from a local
super market.

25730 | RSC Adv, 2023, 13, 25729-25737

View Article Online

Paper

2.2 Synthesis of TiO, exposed with (001) facet

Facet-controlled TiO, nanoparticles were synthesized by
adopting the method reported by Wu et al.>* A mixture of HF
(2.4 mL), HCI (2.4 mL), and TBOT (20 mL) was stirred at room
temperature for 10 min and then transferred to a Teflon lined
stainless steel autoclave. Next, the solution was hydrothermally
treated at 200 °C for 24 h. The white powder automatically
settled down on the bottom of the autoclave after the reaction
completed. The top aliquot was poured out to a plastic waste
container. The powder left on the bottom of the Teflon
container was further centrifuged and washed by using ethanol
followed by water three times for each washing solvent. The
obtained TiO, powder was then dried in a vacuum oven set at
80 °C overnight. The TiO, powder was grounded using an agate
mortar pestle, and then calcined under air at 500 °C (5 °
C min %) for 3 h.

2.3 Synthesis of Ag-Ti0,(001) facet

The photo-deposition technique, which adapted from method
reported by Wei et al.,”® was utilized to deposit AgNPs onto TiO,
surface. Firstly, the calcined powder TiO, was added into
a mixed solution, containing DI water and IPA as hole scavenger
(10:1 by volume). Then, the mixture was stirred and ultra-
sonicated until TiO, nanoparticles dispersed well in solution
and then placed the TiO, solution. Next, the desired concen-
tration (0.01, 0.1, and 1.0 mM) of AgNO; was dropped into 0.5 g
of TiO, dispersed in solution and subsequently irradiated by UV
LED (370 nm wavelength) for 60 min under vigorously stirring.
The distance between the light source and surface of solution
was fixed to be 30 cm. The power consumption of LED light bulb
was fixed as 60 W. After 60 min of irradiation, 0.1 M of NaOH
was slowly added into the solution during vigorously stirring.
Then, the solid product was left to be precipitated at room
temperature for 24 h. The obtained solid was centrifuged at
8000 rpm for 15 min and washed thoroughly with excess DI
water. The solid was dried in vacuum oven at 60 °C for overnight
and then grounded in an agate mortar. In this study, in order to
deposit different loading of AgNPs on TiO,(001) facet, the
concentrations of AgNO; were varied as 0.01, 0.1 and 10 mM to
achieve  0.1%Ag-TiO,, 1%Ag-TiO,, and 10%Ag-TiO,,
respectively.

2.4 Silk fibroin extract

Silk cocoons (15 g) were cut into small pieces, and then were
boiled in DI water (2 L) at 90 °C for 3 h to removes sericin. The
degummed silk was washed with DI water several times, and
dried in a vacuum oven set at 40 °C for 12 h. Next, the silk fibers
were dissolved in 9.3 M LiBr (15 wt%) at 60 °C for 3 h, and then
left at room temperature for 24 h. Then, the silk fibroin (SF)
solution was dialyzed against DI water for 3 days by using
dialysis membrane (3.5 kDa MWCO). During dialysis, DI water
was changed every 12 h for 5 times. After that, the SF was
centrifuged, and the resulting 12 wt% SF solution was stored at
4 °C before use.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.5 Electrospinning of silk, TiO,-silk and Ag-TiO,-silk
nanofibers

To prepare silk nanofiber, first, 12 wt% of SF (3 mL) was mixed
with 2 mL of 6 wt% PEO (0.5 mL) solution and stirred in an iced
bath for 30 min. The solution was placed in a 5 mL plastic
syringe. The stainless-steel needle (18G) with a needle length of
20 mm was used to inject the solution. The distance between
the syringe tip and the aluminum mesh collector distance was
20 cm. The constant feed rate of 0.6 mL h™" was utilized to
inject the silk solution. The applied DC voltages were system-
atically varied which were 10, 15 and 20 KV to investigate the
effect of applied voltage on the fiber diameter.

To prepare TiO,-silk and Ag-TiO,-silk nanofibers, 0.1 g of the
synthesized photocatalysts, was mixed with 3 mL of silk solu-
tion (~12 wt%) and 2 mL of PEO solution (6 wt%). Then, the
mixture was ultrasonicated and stirred until the photocatalyst
was well dispersed. The distance between the syringe tip and
the aluminum sheet collector distance was 20 cm. The constant
feed rate of 0.6 mL h™" and the applied voltage of 15 kV were
applied during the electrospinning process. The obtained
nanofibers were dried in a vacuum oven set at 60 °C and 10
mbar for overnight. Finally, the thickness of the electrospun
mats was measured by using a micrometer screw gauge.

2.6 Characterization

The morphology of TiO, and Ag-TiO, blended with the elec-
trospun silk nanofibers were investigated using a field-emission
scanning electron microscope (FE-SEM, Versa 3D FEG) which
was operated at 5 kV to 15 kV and equipped with energy
dispersive X-ray spectroscope (EDS) which was used to investi-
gate the elemental composition of the composites. Trans-
mission electron microscopy (TEM) was performed on JEOL
2100Plus operated at 200 kV. The percentage of (001) facet of the
prepared TiO, was calculated by using Raman data***” which
was obtained by NTEGRA Spectra (NTMDT). The light absorp-
tion properties of various photocatalysts was observed using
a UV-visible spectrophotometer (Shimadzu UV3600plus). The
crystal structures of the prepared TiO, and Ag-TiO, were
investigated by using X-ray diffraction pattern (XRD) obtained
by Bruker D8 Advanced X-ray diffractometer with CuKa radia-
tion (wavelength 1.54060 A). The chemical state information of
the Ag-TiO, was determined using X-ray photoelectron spec-
troscopy (XPS, Kratos, Axis Ultra DLD). The nitrogen adsorption
isotherms analysis was performed using a gas adsorption
instrument (Micromeritics ASAP 2020). The particle size and
surface charge of the photocatalysts were evaluated by a Zeta
sizer/zeta potential, measured on a HORIBA Scientific SZ-100
series analyzer.

2.7 Measurement of PM, ; removal efficiency

The PM, 5 removal efficiency of silk nanofibers were tested in
a custom-built system, as reported in our previous work.”® The
silk nanofiber samples with an exposed area of 7 cm> were
inserted into a filter bracket. Buddhist incense was burned at
one side of the testing box to generate PM particles (at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a concentration of ~2000 pg cm ®) and dispersed in the
chamber by fans (12 Vp¢). The amount of PM, 5 was dynamically
monitored by air quality dust sensors (PM;,/PM, s/PM;,
detector module, 2.8” TFT) with monitoring duration of 20 min
and recording the value in real-time data every 30 s. The pres-
sure drop (AP) was measured by a differential pressure meter
(Testo 510 pressure manometer). The experiments were tested
at room temperature with 80% relative humidity. The PM
removal efficiency (n), pressure drop (AP), and quality factor
(QF) were calculated by using eqn (1), (2), and (3), respectively.

n= C1 — Cg/Cl (1)
AP =P, — P, (2)
QF = In(1 — n)/AP (3)

where C; and C, (ug cm ) are the concentrations of PM before
and after filtration, and P, and P, (Pa) are the air pressure before
and after filtration.

The reusability of 1%Ag-TiO,-silk nanofiber was tested with
three samples. Briefly, after each filtration cycle, the 1%Ag-TiO,-
silk nanofiber was treated with compressed nitrogen gas at
a pressure of 1 bar for 30 minutes to remove PM particles that
attached on the nanofiber without destruction the fiber. Then
the PM, ;s removal efficiency after regenerating the silk nano-
fiber was investigated.

2.8 Photocatalytic activity

Photocatalytic activity of Ag-TiO,-loaded in silk nanofiber
towards degradation of volatile organic compound (VOC) was
investigated. Formaldehyde was used as VOC source. Silk, TiO,-
silk, 0.1%Ag-TiO,-silk, 1%Ag-TiO,-silk, and 10%Ag-TiO,-silk
nanofiber mats (5 x 5 cm?) were placed in the photo reaction
chamber containing formaldehyde (%RH ~ 80%). After light
irradiation (1.5 AM and 100 mW cm™?), formaldehyde was
sampled with different time intervals and then its concentra-
tion was measured by using Shimadzu GC-2014 with thermal
conductivity detector equipped with a Porapak T column. The
degradation efficiency (¢) of the photocatalysts towards form-
aldehyde degradation was evaluated by using eqn (4), where C,
and C; are the initial and terminal concentrations of the form-
aldehyde, respectively.

e = (Co — CYICy x 100 4)

2.9 Antibacterial activity

The antibacterial activities of silk nanofibers and various Ag-
TiO,-silk nanofiber samples were determined against the
representative bacteria, Staphylococcus aureus ATCC25923 and
Escherichia coli ATCC25922. Both bacterial strains were stored at
—80 °C in 20% glycerol until use. In the typical experiments, the
isolated bacterial colonies from the agar plate were cultured
separately in Mueller-Hinton (MH) broth (Becton Dickinson &
Co., France) at 37 °C overnight (18-24 h). The suspension
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turbidity was adjusted spectrophotometrically at 600 nm to
obtain an optical density (OD) of 0.1 and the number of CFU
mL ™" was determined before use. For Ag-TiO,-silk nanofiber
samples, all mesh types were cut into a size of 1 x 1 cm? and
pre-sterilized by UV light for 30 min before test. After placing
a sterile coated mesh into a 24-well plate, 10 pL of the prepared
inoculum was directly dropped on each mesh, ensuring that the
inoculum did not touch the wall. In each plate, a 500 pL of
sterile phosphate buffer (PBS, pH 7.4) was added into the wells
for one row to keep humidity during incubation. Then, the
plates were incubated at 37 °C for 4 h under aerobic conditions.
After incubation, 1 mL of PBS was added to each well that
contained the test material. The plates were then shaken at
a speed of 450 rpm, room temperature for 30 min. An aliquot
(10 uL) of the samples was collected and prepared a ten-fold
serial dilution in sterile PBS. Thereafter, 10 puL of each dilu-
tion was placed on the MH agar and incubated at 37 °C for 24 h.
The survival bacteria were counted and recorded as the number
of CFU mL™". The blank substrate or aluminum mesh was also
used as a control. The antibacterial capability was expressed as
the percentage of bacterial reduction and calculated by using

eqn (5).
Bacterial reduction (%) = ((No — N4)/Ng) x 100 (5)

where N, and N are the average number of CFU mL ™" at initial
(0 h) and after treatment (4 h).

The log number of CFU mL™" were expressed as mean =+
standard deviation (SD). The statistical analyses were per-
formed using SPSS (version 29.0, SPSS Inc., Chicago, IL, USA).
An analysis of variance (ANOVA) was performed, and significant
differences between means were determined using Tukey's
honesty significant difference test or Dunnett's T3 test at
a significance level of p < 0.05.

3. Result and discussion
3.1 Characterization of TiO,(001) facet

Fig. 1(a) and (b) are SEM and TEM images of the synthesized
TiO,. The measured side length of TiO, with (001) facet is
~200 nm. The spot pattern of the selected area diffraction
(SAED) confirms that the synthesized TiO, was anatase phase
with a single crystalline structure along (001) zone axis, as
shown in Fig. 1(c). Thus, the square-faceted surface is the (001)
surface.?®*® The percentage of (001) of TiO, was calculated by
using Raman spectrum, as shown in Fig. 1(d). Four vibration
peaks are observed at 153 (Eg), 396 (Big), 512 (As) and 634
(Eig) ecm ™', indicating the characteristic Raman bands of
anatase TiO,.** The percentage of exposed (001) facet on TiO,
was 53% which calculated by measuring Raman peak intensity
ratio of Eg (153 cm™ ') and A, (512 ecm ™ ') peaks which represent
symmetric stretching and antisymmetric bending vibration of
O-Ti-0, respectively.”

3.2 Characterization of AgNPs on TiO, with (001) facet

Ag-deposited TiO, with (001) facet (Ag-TiO,) nanoparticles were
synthesized using photo-deposition technique. This involved
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200 400 _ 600 , 800
Raman shift (cm-1)

Fig. 1 (a) SEM image, (b) TEM image, (c) SAED pattern, and (d) Raman
spectrum of synthesized TiO, with (001) facet.

adding an aqueous solution of AgNO; in TiO,(001) facet solu-
tion and irradiating the mixture solution with UV light. Fig. 2(a)
shows the photographs of Ag-TiO, doped with different amount
of Ag (0.1, 1.0, and 10%, respectively), while Fig. 2(b)-(d) are
their corresponding SEM and EDS mapping.

The elemental maps reveal that the signal of Ag element
(vellow color) is uniformly dispersed throughout the whole
samples. In addition, the signal of Ag element becomes more
intense with respect to the higher concentration of Ag loading
contents, indicating successful variation of Ag in the samples.

The microstructure of AgNPs deposited on TiO, was further
characterized by TEM. As seen in Fig. 3(a), (b) and (c), which are
the TEM images of 0.1%Ag-TiO,, 1%Ag-TiO,, and 10%Ag-TiO,,
respectively. AgNPs are successfully deposited on the surface of
TiO, with an intimate contact between the two materials. In
addition, the number of Ag deposited on TiO, is obviously

Fig.2 (a) The photographic images of TiO, and Ag-TiO, with different
loading of AgNPs which were dispersed in water, SEM images (top row)
and EDS mapping images of Ti, O and Ag of (b) 0.1%Ag-TiO,, (c) 1%Ag-
TiO,, and (d) 10%Ag-TiO..

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 TEMimages of (a) 0.1%Ag-TiO,, (b) 1%Ag-TiO,, (c) 10%Ag-TiO,
and (d) lattice fringes of 1%Ag-TiO,.
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Fig. 4 (a) XRD patterns of TiO, and Ag-TiO, with various loading
amounts of AgNPs, XPS spectra of 1%Ag-TiO,, (b) Ti 2p, (c) O 1s, and (d)
Ag 3d.
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Fig. 5 (a) UV-Vis spectra, and (b) zeta potential of various catalysts.

increased when increasing the concentration of Ag from 0.1 to
10%. It was found that the particle size of dopant AgNPs slightly
increased with respect to an increase of AgNO; concentration.
For example, the average sizes of AgNPs in 0.1%Ag-TiO,, 1%Ag-

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 SEM images of (a) TiO,-silk, (b) 0.1%Ag-TiO,-silk, (c) 1%Ag-
TiO,-silk, and (d) 10%Ag-TiO,-silk.

TiO,, and 10%Ag-TiO, are ~8.6 nm, 10.4 nm, and 12.5 nm,
respectively (Fig. S11). The lattice fringe of AgNPs deposited
TiO,(001) was also investigated, as seen in Fig. 3(d). AgNPs with
large particle size was considered for measuring HRTEM to
observe clear and sharp lattice fringe. The lattice fringe of
AgNPs found in Ag-TiO, was 0.23 nm which corresponds to
(111) lattice spacing of face centered cubic (fcc) metallic Ag.*

Crystal phases of the catalysts were characterized by using
powder X-ray diffraction (PXRD) technique. Fig. 4(a) shows the
diffraction patterns of TiO,(001) and Ag-TiO, with various Ag
contents. All catalysts exhibits the diffraction peaks at 26 of
25.4°, 37.8°, 48.1°, 54.0°, 55.1° and 62.8° which belong to the
(101), (004), (200), (105), (211), and (204) lattice planes of
anatase phase TiO, (JCPDS 21-1272), respectively.*® At the low
content of Ag (0.1 and 1 wt%), the peaks corresponding to
metallic Ag are not detected, possibly due to the Ag doping
contents in these two samples are lower than the detection limit
of the XRD machine. On the other hand, when Ag content is
increased to 10 wt% (10%Ag-TiO,), the corresponding diffrac-
tion peaks of Ag with face-center cubic (fcc) lattice at 26 of 38.1°,
44.3°, and 64.5°,* are evidently observed.

Next, the surface chemical states of the elements contained
in 1%Ag-TiO, were investigated by using X-ray photoelectron
spectroscopy (XPS). Fig. 4(b)-(d) show high resolution XPS
spectra of Ti, O, and Ag, respectively. For XPS Ti 2p (Fig. 4(b)),
the binding energy of 458.8 and 464.5 eV, which respectively
assigned to Ti*" 2p,,, and Ti** 2p,,,, were observed.® In addi-
tion, the lattice oxygen (Lo) at 530.0 eV and the oxygen vacancy
(Vo) at 531.4 eV on the surface of TiO, were observed in the
deconvoluted O 1s XPS spectrum, as seen in Fig. 4(b).>® For XPS
Ag 3d (Fig. 4(d)), the doublet binding energy at 366.6 and
372.6 eV which corresponds to Ag® 3ds,, and Ag® 3ds,,, respec-
tively, were observed. This confirms the zero-valence state of
metallic Ag deposited on TiO, surface.’”

The optical properties of various Ag-TiO,(001) samples were
observed by using UV-Vis spectroscopy technique. TiO, and Ag-
TiO, samples showed intense light absorption wavelength at
around 388 nm (Fig. 5(a)), representing the absorption band of
anatase TiO, (~3.2 eV). This suggests that doping AgNPs onto

RSC Adv, 2023, 13, 25729-25737 | 25733
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Table 1 Diameter, thickness, and surface area of silk and Ag-TiO,-silk nanofibers

Average fiber diameter

Surface area

Samples (nm) Thickness (mm) (m*>g™)
Silk 200.14 + 1.73 0.70 £+ 0.28 3.50
TiO,-silk 165.00 £+ 0.76 0.72 £+ 0.09 5.34
0.1%Ag-TiO,-silk 129.84 + 0.55 0.84 + 0.04 12.30
1%Ag-TiO,-silk 194.18 £+ 0.98 0.88 + 0.15 50.47
10%Ag-TiO,-silk 168.23 + 1.62 0.95 + 0.19 16.63
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Fig. 7 PM, s filtration efficiency, pressure drop and quality factor of
silk, TiO,-silk, and Ag-TiO5-silk nanofibers at initial 20 min filtration.

TiO,(001) does not change light absorption properties of TiO,.
In addition, the absorption wavelength in the range of 400 to
700 nm was also observed for all Ag-TiO, samples, indicating
the absorption band of plasmonic AgNPs. The absorption
intensity significantly increased with an increase amount of
deposited AgNPs. In addition, 10%Ag-TiO, exhibited the
broader and red-shifted absorption that could imply to non-
uniform particle size of AgNPs.

The surface charge energy of the photocatalysts was also
elucidated using zeta ({) potential (Fig. 5(b)). The zeta potentials
of pure TiO, and Ag-TiO, show negative values (—25.5 to —61.0
mV), which are similar to the reported values in the previous
literatures.***° In our case, the negative zeta potential could be
caused by the use of NaOH, which activates -OH groups on the
surface of TiO, before and after photo-deposition of AgNPs.
Interestingly, 1%Ag-TiO, exhibits the most negative Zeta
potential value (—61 mV), compared to those of 0.1%Ag-TiO,
(—25.5 mV) and 10%Ag-TiO, (—43.6 mV).

3.3 Characterization of Ag-Ti0,(001) silk nanofiber

First, the optimal applied voltage for electrospinning of silk
nanofiber was investigated. Fig. S2f depicted that the
morphology of the electrospun silk nanofibers have smooth
surface. The effects of applied voltage on the size of silk are
reported in Table S1.f Increasing the applied voltage from 12 kv
to 15 kV, results in a decrease in fiber diameter from 311.05 +
12.47 nm to 200.14 + 1.73 nm. However, increasing the applied
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voltage to 20 kV leads to an average diameter as of 206.02 +
3.38 nm. Thus, 15 and 20 kV were the suitable applied voltage
for electrospinning of silk nanofiber because the smaller fiber
diameter would lead to a higher specific surface area that
beneficial to capture air pollutants. In addition, the histograms
of silk nanofiber showed normal distribution with the coeffi-
cient of variation (defines as the ratio of standard deviation of
the fiber diameter to the mean of the fiber diameter (SD/FD))
below 0.3,*" indicated that all of the electrospun silk was
uniform nanofiber. Next, the synthesized TiO, and Ag-TiO, with
various Ag loading contents (0.1, 1, and 10 wt%) were mixed to
the silk solution and electrospinning to form Ag-TiO,-silk
nanofiber. Fig. 6(a)-(d) are SEM images of the electrospun TiO,-
silk and 0.1%Ag-TiO,-silk, 1%Ag-TiO,-silk, and 10%Ag-TiO,-
silk, respectively. The average fiber diameters of TiO,-silk and
Ag-TiO,-silk are around 129 to 194 nm (Tabel 1 and Fig. S37). In
addition, agglomeration of TiO, and Ag-TiO, nanoparticles
could be observed on the silk fibers, which is also confirmed by
EDS mapping images of Ti (blue) and Ag (purple) elements, as
shown in Fig. S4.1

The nitrogen adsorption isotherms analysis of silk, TiO,-silk
and Ag-TiO,-silk nanofibers was investigated as shown in
Fig. S5.1 The specific surface areas calculated by the Brunauer-
Emmett-Teller (BET) equation are reported in Table 1. Silk
nanofiber has a specific surface area of 3.50 m> g ', while
incorporating with TiO, and Ag-TiO, particles appears to
increase the surface area (5.34-50.47 m> g~ '). The enhanced
surface area could be attributed by the thinner fiber diameter
and the deposited particles that increase surface roughness.”
BET results shows that 1%Ag-TiO,-silk has the highest surface
area of 50.47 m* g~

3.4 PM,; removal efficiency

PM, 5 removal efficiencies of silk nanofibers as well as the Ag-
TiO, loaded silk nanofibers were measured in a sealed-custom
testing box. As shown in Fig. 7 and Table S2, plain silk nano-
fiber exhibited PM, 5 removal efficiency of 77.59 £ 0.58%, while
incorporation silk nanofiber with TiO,-silk and Ag-TiO, can
enhance the filtration performance to 87.03-99.04%. The
highest removal efficiency of 99.04 + 1.70% was achieved from
1%Ag-TiO,-silk nanofibers, followed by 10%Ag-TiO,-silk, 0.1%
Ag-TiO,-silk and TiO,-silk, respectively. These results agree well
with the BET and the zeta potential results, showing that 1%Ag-
TiO,-silk nanofibers has the highest surface area and the most
negative zeta potential which are beneficial for adsorption PM, 5
particles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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* Significant difference from the control (blank substrate).

The pressure drop (AP) or air flow resistance of the filter is
another factor affecting filtration performance. In this work, the
pressure drop of silk nanofibers was 30.0 £ 3.61 Pa, whereas the
pressure drop of Ag-TiO,-silk nanofibers was slightly increased
to 35.67 £ 5.51 Pa. It was found that the pressure drop of our
silk nanofibers is lower than the electrospun silk based air
filters that reported in literatures.*** This could be attributed to
a lower thickness as well as high porosity of the silk nanofibers.
In addition, the quality factor (QF) of the best air filter, 1%Ag-
TiO,-silk, was 0.14 for PM, 5 filtration.

Next, to determine reusability of 1%Ag-TiO,-silk, the nano-
fiber was constantly filtered incense smoke for 10 cycles. The
performance of regeneration 1%Ag-TiO,-silk was depicted in
Fig. S6.1 After five cycles of filtration, the PM, 5 removal effi-
ciency was slightly decreased to 97.03%. After that, the perfor-
mance was obviously declined and reach 86% at ten cycles.
These results demonstrate that 1%Ag-TiO,-silk can be reused
up to five times with the optimal filtration performance.

3.5 Photocatalytic properties

The photocatalytic activities of Ag-TiO,-silk nanofibers were
accessed via decomposing of formaldehyde under solar irradi-
ation. Fig. 8(a) and (b) show photocatalytic degradation and
degradation rate of formaldehyde. The 1%Ag-TiO,-silk nano-
fiber exhibited the highest photocatalytic degradation of form-
aldehyde, as of 98.3% with the maximum degradation rate of

© 2023 The Author(s). Published by the Royal Society of Chemistry

0.034 min ", followed by 10%Ag-TiO,-silk and 0.1%Ag-TiO,-silk
nanofibers as of 87.12% and 21.45%, respectively. The superior
photocatalytic performance of 1%Ag-TiO,-silk can be ascribed
to the plasmonic resonance effect of AgNPs deposited TiO,,
which can improve the photocatalytic performance through
extension light absorption to the visible region and depletion
electron/hole pairs recombination at the TiO, interface.**® On
the other hand, the excessive amount of deposited AgNPs
loaded on TiO, surface could lead to the decreased the photo-
catalytic efficiency, as excessive AgNPs can cause a lower active
sites on the surface of TiO, or increase charge recombination,
resulting in the low photodegradation performance.*”**

3.6 Antibacterial activity

As shown in Fig. 8(c)-(e), the survival of Gram-positive and
-negative bacteria on filter meshes was affected by the coating
materials. The results showed that the viable bacteria growing
on the silk and TiO,-silk were not significantly different from
those growing on the blank substrate, although their antibac-
terial capabilities were greater than 1-log;, CFU mL " against
both bacterial strains, corresponding to greater than 90.000%.
It could be noted that a decreasing number of viable bacteria on
dry surfaces without any treatment was a common phenom-
enon, and the survival bacteria can persist on the surface for
days or weeks before dying completely.** However, the bacterial
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killing capacity could be increased by treatment with mesh
coating with Ag.

Interestingly, this mesh showed a significant decrease in
a viable cell count with a concentration-dependent character.
The 10%Ag-TiO,-silk demonstrated the most effective perfor-
mance to inhibit S. aureus with a capability of 99.999%, fol-
lowed by 1%Ag-TiO,-silk (99.993%). Moreover, the 10%Ag-TiO,-
silk could significantly reduce bacterial growth by approxi-
mately 2.6-log;o CFU mL " reduction when compared with the
blank substrate. No survival E. coli were detected after incuba-
tion on the silk loaded with 10%Ag-TiO,-silk mesh for 4 h (100%
bacterial reduction), whereas the 1%Ag-TiO,-silk mesh showed
an antibacterial capability of 99.999%. These results imply that
AgNPs could play an important role for antibacterial property of
the nanofiber meshes. In addition, Gram-negative bacteria is
more susceptible to effects of AgNPs than Gram-positive
bacteria. These results agreed well with the previous
studies.”** This could be explained by the difference in bacte-
rial membrane structure. The thin layer of peptidoglycan in
Gram-negative bacteria may have higher permeability for the
silver ions passing through the cells.>

Although both TiO, and AgNPs have been reported to have
antibacterial properties, this activity depended on their
concentrations.**** The effective concentrations of AgNPs to kill
Gram-positive and negative bacteria were in a range of 30-200
ug mL "% whereas those of TiO, were in a range of 10-80 ug
mL~'.5* Moreover, the incorporation of Ag on the surface of
TiO, could improve the low antibacterial activity of pure metal
oxide in a concentration-dependent manner. Ag-doped TiO, at
a low concentration of 10 pg mL™", the bacterial viability was
greater than 60%, while zero viability could be observed at
a high concentration of 80 pg mL ™" Altogether, the TiO,-Ag
silk composite prepared with 1% and 10% Ag could be
considered as functionalized materials for air filtration with
antibacterial capability greater than 99.993%.

4. Conclusions

In summary, TiO,(001) facet and Ag-TiO,(001) facet with Ag
content of 0.1, 1 and 10 wt% were successfully synthesized.
Then silk, TiO,-silk, 0.1%Ag-TiO,-silk, 1%Ag-TiO,-silk, and 10%
Ag-TiO,-silk nanofibers have been fabricated using electro-
spinning method. The 1%Ag-TiO,-silk, that has the largest
surface area and negative zeta potential, produced the best
properties for PM, 5 (99.04 + 1.70%), and VOC (98.3%) removal.
Moreover, the Ag-TiO,-silk can also function as an antibacterial
filter. These results suggested that the Ag-TiO,-silk nanofiber
can be potentially utilized as a multifunctional green air filter.
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