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Abstract. The coronavirus disease of 2019 (COVID-19) has become a global pandemic, leading to severe health issues such
as pneumonia, organ failure, and death. Face masks made of non-woven textiles have been widely used to protect against
SARS-CoV-2, but concerns arose regarding the potential infection from contaminated masks. To address this, titanium diox-
ide, a photocatalyst, shows promise in antimicrobial applications, including virus inhibition. This study explores the devel-
opment of a sheath-core bicomponent fibre with a polypropylene core and a sheath containing an Ag and Zr co-doped TiO,
photocatalyst (AZT). Zr-Ag-TiO, The fibres were produced using a double-extrusion spinning system, and the effects of
the sheath-core ratio (50:50 and 80:20 w/w) and AZT content (1-3 wt%) on mechanical and antiviral properties were
analysed. The fibres demonstrated improved mechanical strength and thermal stability, with the highest anti-SARS-CoV-2
activity (99.91%) observed in fibres with 2 wt% AZT at a 50:50 ratio after 30 min of fluorescent irradiation.

Keywords: antimicrobial properties, photocatalytic activity, nanocomposite, textile composite, bicomponent polymer fibre,
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a viral ill-
ness caused by the coronavirus strain SARS-CoV-2.
It was first identified in December 2019 in Wuhan,
China, and has since become a global pandemic.
COVID-19 primarily spreads through respiratory
droplets when an infected person coughs, sneezes,
talks, or breathes and spreads through contact with
surfaces or objects contaminated with the virus, fol-
lowed by touching the face [1-3]. Common symp-
toms include fever, cough, shortness of breath, fa-
tigue, muscle aches, headache, sore throat, loss of
taste or smell, congestion, nausea, vomiting, and
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diarrhoea. Symptoms range from mild to severe, but
some individuals may be asymptomatic [4]. While
many people recover without hospitalisation.
COVID-19 continues to affect lives and strain health-
care systems worldwide. Socially effective preven-
tion measures include frequent handwashing, wear-
ing face masks, practising physical distancing,
avoiding large gatherings, and following guidelines
and recommendations from health authorities. Per-
sonal protective equipment (PPE) plays an important
role in preventing the transmission of COVID-19.
Researchers reported SARS-CoV-2 can survive on
surfaces and masks for 1-28 days [5]. This raises
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concerns over the potential for infection from im-
properly handled, contaminated PPE. To overcome
this obstacle, researchers have embedded antiviral
substances into PPE to inactivate any contaminating
viruses. This may result in less viral propagation and
PPE that lasts longer, which would benefit any short-
ages occurring in the PPE supply chain.

In response to the current COVID-19 outbreak, anti-
SARS-CoV-2 spun-bond fabrics and fibres were de-
veloped by coating disinfectants onto the surface of
the fabric or fibre. Consequently, coating textiles
with antiviral compounds may reduce the spread of
respiratory infections through indirect contact. In this
context, a variety of coating techniques for antivirus
purposes have been developed, such as the vacuum
method used for coating PP non-woven surgical face
masks with copper oxide [6], and spray and dipping
methods for coating NaCl on the non-woven mi-
crofiber cloth made, exhibited antiviral efficacy [7].
Coated fibres are effective at inhibiting the virus. In
addition, fabrics coated with antiviral coatings, such
as silver nanoparticles [8], organo-silane [9], and
photocatalyst particles [10], which were coated by
the dip-coat, pad-dry-cure and sputtering method on
fibre or fabric, have been developed.

Unfortunately, wiping or washing can easily remove
the disinfectant coating on surfaces. To overcome
this limitation, disinfectant additives, such as silver
nanoparticles and other photocatalysts (zinc oxide,
titanium dioxide, zirconium dioxide [11, 12]), may
be incorporated into the fibres during extrusion pro-
cessing. In the textile field, modifications typically
occur during the fibre-forming process. Recently, it
has been possible to create antibacterial fibres by
embedding antibacterial particles into polymers dur-
ing the fibre-forming process. However, when the
additive is embedded in the fiber matrix, its contact
with microbes is limited, reducing its effectiveness.
To address this, a novel bicomponent fiber melt-
spinning technique places the photocatalyst in the
sheath and the polymer in the core. Pivsa-Art S [13].
prepared the TiO, on RPET (recycling polyethylene
terephthalate). Bicomponent multifilament yarns are
responsible for their antibacterial properties. They
exhibit high efficacy, and TiO, nanoparticles embed-
ded with the RPET melt blend method used on mul-
tifilament yarns stay for longer periods of time. Fur-
thermore, the use of TiO, particles for the formation
of antibacterial bicomponent fibers has been highly
resistant to bacteria.

TiO; photocatalysts frequently employ polymers to
impart special functionality. Moreover, many articles
report that photocatalysts have potential candidates
for anti-SARS-CoV-2 under UV irradiation, such as
titanium nanotubes (T _NTs) [14], and pure TiO,
[15]. However, the disadvantage of TiO, is its wide
bandgap (3.2 eV), and exhibits a relatively high rate
of electron-hole recombination [16, 17]. To over-
come these disadvantages the photocatalytic activity
performance of TiO,, first approach is to control the
structure such as morphology crystal phase and sur-
face area by doping single or co-doping metal and
non-metal [18]. Many studies have currently report-
ed that metal doping, such as Zr [19], Cr [20], Pd
[21], Au [22], and Ag [23], can improve photocat-
alytic activity in to visible light. The co-doping of
TiO, with Ag and Zr will be examined in this paper
since each dopant metal component contributes dif-
ferently to the increase in photoactivity. As previous-
ly mentioned [24], the synergistic effects of certain
co-dopants can increase photocatalytic activity re-
sponses.

Thus, this article aims to modify the photocatalytic
activity of TiO, by co-doping Ag and Zr via the
solvothermal method. It is used as an additive to pre-
pare sheath-core bicomponent fibre, whereas the PP
was used as a polymer matrix. The effects of the S/C
ratio and photocatalyst powder content on morphol-
ogy, thermal stability, and mechanical properties
were evaluated. The anti-SARS-CoV-2 efficacy of
the bicomponent fibres was then examined follow-
ing International Organization for Standardization
No. ISO 18184:2019 [25].

2. Experimental section

2.1. Materials and reagents

Titanium tetrachloride (TiCly, 98%) was purchased
from Shanghai Runwu Chemical Technology Co.,
Ltd. (China). Zirconium tetrachloride (ZrCly, 98%)
and silver nitrate (AgNO3, 99%) were purchased
from Sigma-Aldrich. Ammonia solution (NH3, 28—
30%), hydrogen peroxide (H,O,, 30 mass%), and
methylene blue (C14H;gN3SCl, 98%) were obtained
from Merck. The polypropylene H561R (PP561R)
supplied by HMC Polymers Co. Ltd. (Thailand) was
used as a polymer matrix. The melt flow rate and the
density of the PP matrix were 25 g/10 min (230°C/
2.16 kg) and 0.90 g/cm’, respectively. For the SARS-
CoV-2 inhibition test, Vero cells (Vero clone E6,
Vero E6) CRL1586TM, Gibco Minimum Essential
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Media (MEM; Gibco BRL), fetal bovine serum, glu-
tamine, penicillin, and streptomycin were used ac-
cording to ISO 18184:2019 [25]. All raw materials
were employed without additional purification.

2.2. Preparation of bear-TiO; and co-doped
TiO, photocatalysts
Bear-TiO, was synthesized by adding TiCly into
deionised water under stirring for 30 min. Precipita-
tion of the TiCl, solution, adding ammonia solution
with the final pH of the solution after precipitation
was 7, the titanium gel was formed. The gel was
washed with deionized water and separated by cen-
trifuge and filtration until CI ions were not detected
with 0.1 M of AgNOs. The gel was changed to a
transparent yellow by adding an H,O, solution with
four times the number of moles of titanium, then
transferred to a teflon-lined stainless-steel autoclave
(250 mL) reactor for a solvothermal treatment in a
hot air oven at 15045 °C for 6 h to form a particle
catalyst. The precipitated particles were filtered and
washed with deionized water several times and then
dried at 80+5 °C overnight. The dried particles were
grinded to a fine powder by hand grinding.
For the preparation of the Zr and Ag co-doped TiO,
(AZT), AgNO; and ZrCly were used as Ag and Zr
sources, respectively. This approach added the fixed
Zr at 5% mole of TiO, into the titanium solution. The
Zr was fixed at 5% mole of TiO,. It shows the high-
est photocatalytic activity of the Zr doped TiO; from
recent publication research [24]. Silver nitrate at 1,
3, and 5 mole% of titanium was added to the solution
and stirred for one hour to release gas. The photo-
catalyst was formed by solvothermal treatment under
the same conditions as bare-TiO,. The AZT particles
were identified as AxZT when x is the concentration
of Ag in a percent mole unit.

2.3. Catalyst characterizations

The fabrication of photocatalyst particles was inves-
tigated using several analytical characterization
techniques. Scanning electron microscopy with en-
ergy-dispersive X-ray spectroscopy measurements
(SEM-EDX) was used to identify the morphology
and chemical composition of samples. The structural
phase and crystallinity structures were characterized
by using an X-ray diffractometer with Cuk, radia-
tion (A = 1.5406 A) at a 40 kV source, recording a
20 range from 20-80°. The Joint Committee on
Powder Diffraction Standards (JCPDS) database was
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used to identify the peak. The average crystallite size
was determined using the Scherrer formula (Equa-
tion (1)) [18]:

KA

D= Bucose v

where D is the average crystallite size [nm], K is the
shape factor (0.89), A is the incident X-ray wave-
length (1.5406 A). The optical properties were in-
vestigated by using a UV-VIS-NIR spectrophotome-
ter at a wavelength range of 300-700 nm. The band
gap energy of catalysts was estimated using the Taur-
plot method by plotting the (a/kv)"? versus the pho-
ton energy (Av) [18].

2.4. Photocatalytic decolorization of
methylene blue

The photocatalytic activity experiments of synthe-
sized photocatalyst particles were carried out by in-
vestigating the decolorisation of methylene blue dye
(MB) under a fluorescent lamp (fluorescent 18 W,
Philip lamp) in a closed wooden box chamber. The
light intensity in a closed reactor was around 500—
700 lux. In the experiment, 0.02 g of photocatalyst
was dispersed in particles in 100 mL of 1-10° M
methylene blue solution. The absorption is carried
out in the dark with continuous stirring at room tem-
perature (28-30°C) until the adsorption equilibrium
is reached. The photocatalytic reaction was evaluat-
ed with the new methylene solution, and the light
was turned on. To show the photocatalytic perform-
ance of a catalyst that has already been synthesised,
the photolysis process of MB was also carried out
without any catalyst. The photocatalytic degradation
of MB was investigated by using UV-visible spec-
troscopy at 665 nm (Amax) [18]. The photocatalytic
efficiency was calculated using the following ex-
pression from Equation (2):

G~ G
C

Photocatalytic efficiency = -100%  (2)

when Cj and C; are the MB concentrations at the ini-
tial time and measuring time, respectively.

2.5. Preparation of polypropylene/AZT
particles composites

The highest photocatalytic efficiency was used to

prepare PP/AZT particle composites fiber. The

PP/AZT composites as a fiber sheath were prepared

by compounding PP561R with AZT at 1-3 wt% in
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a dry mixer chamber and transferring it into a twin-
screw extruder. The temperature profiles were set at
130, 160, 180, 190, 210, 220, and 230°C, and the
die temperature was set at 230 °C with a screw speed
of 95 rpm. The extruded polymer composites were
cut with a cutting machine at a speed of 990 rpm.

2.6. Melt-spinning of PP/AZT bicomponent
fibres

Sheath-Core (S/C) bicomponent fiber spinning was
performed using a lab-scale double-extrusion fiber
spinning system with 24 spinneret holes (HILLS,
Inc., model LBTH) as shown in Figure 1. The
1-3 wt% of PP/AZT composite pellets were placed
in extruder B (sheath extruder), and neat PP was
placed in extruder A (core extruder). The tempera-
ture profiles of both extruders were set at 210, 220,
and 230°C, and the temperature of the melt pumps
was set at 235°C. The throughput rate was set at
0.2 g-hole"min~!. The effect of the S/C ratios
(50/50 and 20/80 (w/w)) on fibre formation and
properties were determined. The samples were la-
belled PPx/50:50 and PPx/20:80, where x represents
the sheath’s AZT content [wt%]. For control sam-
ples, solid PP and solid PP/AZT composite fibers
containing 1 wt% AZT (PP1), 2 wt% AZT (PP2),
and 3 wt% AZT (PP3) were used. The extruded
fibers were collected on bobbins at a fixed speed of
1000 m/min.

PP virgin Metering pump

2.7. Fiber characterization

The fibre morphology was examined with an optical
microscope (Olympus CX41, Panasonic) at a mag-
nification of 10%. The fibre cross-section microtome
plate method was used to make fibre cross-section
specimens for the tests. The fibre samples were
packed into plates and cut off with a sharp razor
blade. In addition, the elemental composition and
depth profiling surface analysis of the bicomponent
fibres were characterised by scanning electron mi-
croscopy with energy-dispersive X-ray spectroscopy
(SEM-EDX). A differential scanning calorimeter
(Thermo Scientific model NETZSCH DSC 200 F3)
was used to examine the thermal properties of the
bicomponent fibers. To remove the thermal history,
the fiber samples were heated from room tempera-
ture to 200 °C at a rate of 10 °C/min for 3 min. Then,
the samples were cooled to 30 °C at a cooling rate of
10°C/min and heated again to 200°C at a heating
rate of 10 °C/min under nitrogen flow. The melting
temperature (7y,), melting enthalpy (Hy,), and per-
cent crystallinity were examined according to the
differential scanning calorimetry (DSC) data. The
percentage of crystallinity (X;) of the samples was
calculated according to Equation (3) [26]:

. AH,
Crystallinity (X;) = - 100% 3)
AH?
Spin head PP/AZT composite
PP virgin PP/AZT composite

\ J

Distribution
plates

4— Spinneret

Sheat: PP/AZT composite

Core: PP virgin

Figure 1. Sheath/core bicomponent process with lab-scale, double-extrusion fiber spinning system (HILLS Inc., model

LBTH).
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where AH,, is the enthalpy of crystallization of the
tested fibre samples calculated from the area of the
endothermic melting peaks and AH; is the extrapo-
lated value of enthalpy corresponding to the melting
of 100% crystalline PP, which was reported as
207.1 J/g [26].

The tensile strength test of the fibres was modified
according to the ASTM D 3822-01 standard method.
A universal testing machine was used with a load
cell of 10 ¢cN capacity with a gauge length of 20 mm
and a test speed of 20 mm/min. The pressure was set
to 0.5 cN/dtex and the testing temperature was main-
tained at 25 °C. The tensile strength of the fibers was
calculated using the measured diameters.

2.8. Photocatalytic activity against severe
acute respiratory syndrome coronavirus 2
Vero cells (Vero clone E6, Vero E6) CRL1586TM
were cultured in minimum essential media (MEM,;
Gibco BRL) with 10% heat inactivated FBS, 1%
glutamine, 100 U/mL penicillin, and 100 g/mL strep-
tomycin. Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2) (locally isolated strain
Delta variant (B.1.617.2)) was propagated and titrat-
ed in Vero cells using the 50% tissue culture infec-
tious dose assay (TCID50). The virucidal activity of
the bicomponent fiber samples was determined
using a modified test method according to ISO
18184:2019 [25]. In this testing, methods are used
to determine the antiviral activity of the textile prod-
uct, including woven, non-woven, knitted fabric,
yarns, active wear, socks, daily wear, and health prod-
ucts such as scrubs, masks, surgical clothes, and other
home textiles. The samples were cut into 20x20 mm
pieces and tested for their activity against SARS-
CoV-2. Bicomponent fibers were inoculated with
200 mL of virus at a concentration of 2-10° cell/mL
and incubated for 15 min at 25 °C and for 30 min at
30°C. They were then neutralized and filtered after
15 and 30 min of contact. The light source was a flu-
orescent lamp (fluorescent 18 W, Philip lamp) with
an intensity of around 500—700 lux in a glass-closed
chamber. The filtrate was subjected to 10-fold serial
dilutions, applied in quadruplicate to 96-well plates
containing Vero E6, and incubated for 3—4 days at
37°C. The Reed-Muench method was used to quan-
tify the number of remaining viruses following the
appropriate incubation time. Many controls that are
essential to test validity are included in our tests.
When a sample is recovered just after the virus is
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added to the virgin PP (time zero), the viral recovery
control measures the initial amount of virus. For the
test to be considered genuine, there must be a suffi-
cient similarity in the quantity of infectious virus re-
covered from the virgin PP both immediately after
inoculation and after the contact period. The antiviral
activity was then calculated according to Equa-
tion (4) [25]:

M, = logy, <Va)_ 10g10(vb) 4)

where M, is the antiviral activity value, log;o(V3) is
the logarithm average of 3 infectivity titre values im-
mediately after inoculation of the control specimen,
and log10(V%) is the logarithm average of 3 infectiv-
ity titre values immediately after inoculation of the
test specimen. The antiviral performance of the tex-
tile product is considered good when the log value
is between 2 and 3. If the log value is greater than or
equal to 3, then the antiviral is considered excellent.

3. Results and discussion

3.1. Photocatalyst materials characteristics
3.1.1. Color and morphology

The coloured particles of the produced photocata-
lysts, bare TiO, (T) and Ag and Zr co-doped TiO,
(AZT) with Zr 5 mole% and Ag 3 mole% (A3ZT),
are shown in Figure 2. On the inset picture the color
of A3ZT is portrayed as pale grey, while the color of
T is shown as dazzling white. When compared to the
Ag 3% dopant loading, the doped TiO, with different
Ag loadings of 1 and 5 mole% showed brighter and
slightly darker colours, respectively (the images are
not shown). The various hues of the photocatalyst
have an impact on the light absorption characteris-
tics. A photocatalyst’s hue will vary depending on
the doping agent’s amount and ability to reflect and
absorb light. The SEM image in Figure 2. shows that
all the prepared photocatalysts have the same uni-
form spherical shape agglomeration. The A3ZT has
a large particle agglomeration and a homogenous
distribution compared to the bare TiO, particles. The
estimated particle size was around 25-60 nm for
AZT and 15-20 nm for bear-TiO,. Hence, the effects
of Ag and Zr dopants in the TiO; structure.

3.1.2. Crystallinity

X-ray diffraction (XRD) techniques were used to in-
vestigate the effects of Zr and Ag on the crystal
structure and crystallite size of photocatalysts with
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Figure 2. The surface morphology of a. TiO; (a), and (b). Ag-Zr co-doped TiO, with Ag 3 mole% of Ti (b), determined from

SEM.

different loading levels of Ag at 1, 3, and 5 mole%.
The Joint Committee on Powder Diffraction Stan-
dards (JCPDS) database with card no. 21-1272 [27],
43-0997 [28] and 04-0783 [28] as anatase crystal
phase, silver dioxide crystal phase and silver nano-
particles, respectively. The XRD patterns of AZT,
including bare TiO,, Ag doped TiO,, and Zr doped
TiO, were shown Figure 3. All the diffraction planes
correspond to anatase phase of TiO, with tetragonal
body centered and having two forms of silver: Ag,O
and Ag on Ag doped TiO, and Ag and Zr co-doped
TiO,. However, no additional diffraction peak match
with any Zr phase (JPCDS card no. 17-0923 and
37-1484 [29]), which mean that the anatase phase of
TiO, with doped and co-doped remained unchanged
and Zr was successfully incorporation in to TiO,

A Analase * Silver metal + Silver oxide

A
ASZT

A
I
A A AA

El
S,
>
2 Y.L
£
* * A3T
_/AH A N m ALY
J\L A M A T,\_
1 1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60 65 70
a) 26 [°]

matrix. This absence might be attributed to the good
incarceration of Zr into Ti [19]. Hence, Ag and Zr
were shown the different effects on crystal structure.
The Zr doping can have an interstitial effect due to
the fact that the ionic radius of Zr*" (72 pm) is
slightly bigger than that of Ti*" (53 pm), so Zr*"
could be in interstitial. The other kind, the substitu-
tional Zr*" effect on TiO,, is that Zr*" ions will re-
place the Ti*' ions in the crystal structure [24, 30].
Its effect on the lattice parameters and crystal size,
accompanied by a shift of diffraction angle of the
XRD peak (Figure 3b). In comparison to ZT with T,
the samples gradually move slightly to lower angles
as the doping Zr. The Ag dopant, Ag" (128 pm) has
a larger radian than Ti*", which it cannot incorporate
into the TiO, lattice [31, 32]. The rest of the Ag ended

A5ZT

A3ZT

A1ZT

{l

A3T

Intensity [a.u.]
K\ KKKAM

ZT

" 1 PRI B 1 1
24.0 245 25.0 255 26.0
b) 20 [°]

26.5

Figure 3. XRD pattens of T, single and co-doped TiO; (a) and displays the enlargement of (101) plane (b).
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up as metallic silver and silver dioxide nanoparticles
on the surface of the TiO,. So, the Ag dopant can be
moved to a lower degree of XRD, which shows that
most of the Ag dopant was put on the surface of the
TiO,, as shown in Figure 3b. Figure 3b shows a shift
in the diffraction peak of anatase 101, which is T,
A3T, ZT, and A3ZT.

The crystalline size was calculated by using Scherrer
equation at the principal diffraction peak at 20 =
25.1° [33]. The XRD pattern of pure TiO, display
for 6 main peaks located at 25.3, 38.0, 48.2, 54.0,
55.1, and 63.0°, respectively, with planes of (101),
(004), (105), (211), and (204) [27], respectively. The
main diffraction peak (101) at 20 at 25.3 (Figure 3b)
slightly decreases with doping Ag. The average crys-
talline size of Ag-Zr co-doped TiO, with difference
ration (0, 1, 3 and 5 mole%) was determined using
XRD data show in Table 1. The crystals size decreas-
es with increasing Ag ratio. This could be owing to
an Ag has affected the TiO; crystal [32]. The lattice
parameter was expanded with doped and co-doped

TiO, as defect in the crystal lattice. Consequently,
the XRD results are clearly demonstrates success-
fully modifies TiO, by Ag and Zr co-dopant. In this
study, the crystallite size of anatase TiO, has been
changes. So, Zr and Ag loading through solvother-
mal synthesis were successfully added to a TiO, ma-
trix and were the main factors affecting the crys-
tallinity of TiO,.

3.1.3. UV-visible spectroscopy

Figure 4a displays the results of doped and co-doped
TiO,, including pouring TiO, as a reference. Accord-
ing to the spectra, the absorbance of Ag-doped TiO,
changes a lot at longer wavelengths and goes up a lot
when it is exposed to fluorescent light. Due to sur-
face plasmon resonance, a special optical character-
istic of Ag when Ag nanoparticles interact with light,
this may be the cause of this [31]. By doping Zr into
the TiO,, the optical absorption edges became bluer,
which was caused by the re-placing of Zr*" in the
TiO, lattice. The AZT showed a noticeable red shift

Table 1. Morphologic and electronic properties of the synthesized photocatalysts.

SRP effect

T\

Absorbance [a.u.]

300 400 500

Wavelength [nm]

600 700

a)

d-spacing at 20 = 25.3° at Lattice parameter (a = b, ¢) Crystalline size Band gap
Samples name (101) plane [4] [nm] [eV]
T 1.8071 a=b=2.0746, c=5.0222 26.81 3.23
ZT 1.8083 a=b=2.0754, c=5.0431 17.49 3.08
A3T 1.8008 a=b=2.0721,c=5.0212 9.08 1.85
A1ZT 1.8078 a=b=2.0744, c = 5.0407 19.66 2.85
A3ZT 1.8077 a=b=2.0751,c=5.0394 16.81 2.80
ASZT 1.8066 a=b=2.0760, c=5.0351 14.94 2.79
—ZT — 2T
— A3T — A3T
N —T —T
A1ZT A1ZT [M'\A
— A3ZT
— A5ZT

((XhV)”Z

Figure 4. UV-visible spectra (a) and Tauc-plot (b) of T and AZT (varied Ag at 1, 3, and 5 mole%).
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in the visible light range. This is because Zr traps
electrons and slows down the recombination of elec-
tron/hole pairs, whereas Ag increases the absorba-
bility of TiO, in visible light by narrowing the ener-
gy band gap. The visible light absorbance of ASZT
is higher than the sum of all the samples’ visible light
absorbances, except for Ag-doped TiO,. This sug-
gests that Zr and Ag have a synergistic effect on vis-
ible light absorption.

Figure 4b displays the band gap energies. This was
computed from the Tauc equation, and the n value is
1/2 as TiO,, a direct band gab energy [33]. All of the
doped samples had a decrease in band gap energy.
The band gap energy was reduced when doped with
Ag and increased when Zr-doped TiO,. Therefore,
when considering single-dopant Ag, it shows the
lowest band gap energy due to the effect of color and
the surface plasmon resonance of silver. while the
single-dopant Zr traps electrons, retards electron/
hole pair recombination, and shows strong absorp-
tion in the blue region. When considering Ag and Zr
co-doping with varying amounts of Ag, the TiO, op-
tical band gap shifts to lower energy values (2.85,
2.80, and 2.79 with A1ZT, A3ZT, and ASZT, respec-
tively). This phenomenon has a synergistic effect.

3.1.4. Photocatalytic activity of sample

The degradation progress of MB was monitored with
UV-VIS absorption spectra. In this experiment, the
photocatalyst powder was stirred in the dark until ad-
sorption equilibrium was reached for 3 h. Figure 5a
shows the photo decolorization of the MB under flu-
orescent light in the presence of the investigated
photocatalysts. After the light was turned on for 8 h,
MB had a slight degradation of only 5.51%, which

100

—e— MB photolysis
N1 T

A1ZT
— 801 —e- A3ZT
S, —— A5ZT
= 707
3
£ 60
2
o 50 1
=
e}
© 40
£
(0]
> 301
<
2 201
10 W
e = _ _
0 60 120 180 240 300 360 420 480

a) Irradiation time [min]

is affected by the light photolysis. In Figure 5a, the
result found under fluorescent irradiation was that
all doped TiO, samples had higher degradation effi-
ciency than virgin TiO, in the order of TiO,
(18.99%) < A1ZT (50.35%) < ASZT (72.60%) <
A3ZT (93.53%). Interestingly, A3ZT exhibited the
highest photocatalytic efficiency of 93.51% in 8 h,
indicating its optimum concentration of Ag dopant
for improvable photocatalytic activity. This is be-
cause the surface plasmon resonance of silver was
performed. Another reason that should improve pho-
tocatalytic activity is that the Zr doping effect retards
electron-hole pair recombination. The possible
mechanism for photocatalytic degradation of the
MB over bare TiO, with the doping of Zr, and Ag
are presented in Figure 5b. When the AZT was acti-
vated with light, the synergetic effects on the ther-
mos catalytic activity upon the silver oxide surface
and the efficient electron-hole separation at the pho-
tocatalyst/ Ag,O interface migrated to the Ti*" site,
where they were transferred to the conduction band
and trapped by Zr to generate the superoxide radical,
while H,0O molecules could be adsorbed by the pos-
itive hole placed in the valence band of TiO; to pro-
duce the hydroxyl radical. In the photocatalytic ox-
idation process, both superoxide (05°) and hydroxyl
(OH®) radicals are potential oxidants that can strong-
ly interact with the organic compound [34]. For this
research, we are looking at the co-doped TiO, duo
to show the synergy effect of the photocatalyst.
From this result, Ag-Zr co-doped TiO, with Zr
5 mole% and Ag 3% mole was selected as an addi-
tive in bi-componence fiber. Because of its show the
highest photocatalytic activity under fluorescents ir-
radiation.

B0 0805

L
a0 A A A

. 4424

- HO

oxidation

H* + OHe

OH/0°

Organic pollution Degradation products

b)

Figure 5. Photocatalytic degradation efficiency of T and AZT under fluorescent light irradiation (a), and schematic diagrams
of the band energy structure and mechanism of photocatalytic degradation (b).
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3.2. Photocatalyst bi-componence fiber
characteristics
3.2.1. Spinnability, morphology, and chemical
composition

PP fiber, PP composite fiber, and S/C bicomponent
fiber were successfully fiber spin at a winder speed
of 1000 m/min. The A3ZT was increased to 3 wt%,
spinneret clogging was observed along with an in-
ability to form fibers at all S/C bicomponent ratios.
The morphology of the samples was examined using
optical microscopes, as shown in Figure 6. The
cross-section of the PP composite fiber with various
A3ZT particles was shown to be poorly transparent.
Poor transparency indicates that the A3ZT powder
incorporated in the PP matrix may be dispersed in
all matrices. The cross-section of the sheath-core bi-
component fiber exhibited a poorly transparent
sheath containing A3ZT powder and the core exhib-
ited light transmittance through the polymer materi-
als. Similarly, the sheath-core bicomponent fiber
with different S/C ratios had a different sheath thick-
ness. The fiber thicknesses of virgin PP, PP1 and PP2
were 91.16+1.03, 74.34+1.64 and 58.09+8.39 pum,
respectively. At the S/C ratio of 20:80, the sheath
thickness of both concentration at 1 wt% Figure 6b
and 2 wt% Figure 6e were approximately 6.11+0.33
and 6.26+2.57 um, respectively. While at the S/C
ratio of 50:50, the sheath thickness increased to
about 17.40+0.31 um for 1 wt% Figure 6¢ and
13.31£0.33 um for 2 wt% Figure 6f, respectively.

When the sheath ratio increased, it was observed that
the sheath thickness increased while the sizes of the
fiber core decreased. The increase in sheath ratio af-
fects the mechanical and thermal properties of the
polymer [7]. The larger sheath area, the better pho-
tocatalytic antivirus activity.

The fiber properties were significantly affected by
the prepared photocatalyst particle dispersion stage.
A mixing procedure with a twin-screw extruder can
be used to distribute and break up the agglomeration
of A3ZT particles uniformly throughout the polymer
matrix. The surface morphology and elemental com-
position on the surface of the fibers are shown in
Figure 7. A pure PP fiber was shown to have a smooth
surface, whereas fiber made with a sheath that con-
tained A3ZT powder was not smooth on the surface.
The result indicates that some A3ZT powder on the
fiber had particle agglomeration on the surface,
which was clearer in those containing 2 wt%, and
the surface of the fibers was not smooth. Further-
more, the polymer containing a photocatalyst or any
additive amicrobial filler fixed inside the polymer
matrix will be inactive because of its inability to con-
tact and react with microbes. Thus, the sheath-core
fiber technique is the most effective way to improve
the antibacterial properties of the fiber because it in-
creases function, maintains the fiber properties, and
reduces cost. The results indicated that the sheath PP
composite with A3ZT powder exhibited effective
photocatalytic activity, which was enhanced when

Figure 6. Micrography of the cross-section of free fall fiber with 10x magnification a) PP virgin, b) PP1/20:80, ¢c) PP1/50:50,
d) PP1, e) PP2/20:80, f) PP2/50:50, and g) PP2.
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e)

Figure 7. SEM magnification (2500x) images of the Sheath-Core bicomponent fibers prepared at different S/C ratios and
A3ZT powder content: a) PP virgin, b) PP1/20:80, ¢) PP1/50:50, d) PP1, e) PP2/20:80, f) PP2/50:50, g) PP2.

A3ZT content was increased in the sheath and the
composite was incorporated into the polymer, thus
remaining for a longer time.

The EDS was used to identify the surface element
composition (Figure 8). Before the SEM-EDS
image, an Au atom was sputtered onto the substrate.
Figure 8. shows the energy-dispersive spectra of the
A3ZT particles on the fiber and the sharp peaks of
Ag, Zr, and Ti confirming the compositional struc-
ture of A3ZT on the fiber. Ag, Zr, and Ti atoms were
clearly located on the fiber surface. Ti (red), Ag (yel-
low), and Zr (green) were distributed on the surface
(Figure 8 inset). The elemental distribution on the
surface had an influence on the antibacterial activity
of the fiber and exhibited significant photocatalytic
activity.

3.2.2. The thermal properties

The DSC results for the composite materials con-
firmed the composition of the sample, including
the bicomponent fiber, by comparing the melting

temperature with the relative results of the neat PP
polymer. The addition of AZT powder to the PP
polymer matrices affected the melting temperature
(Tw), melting enthalpy (AH),), and crystallization be-
havior (X.), which were observed by DSC. The ther-
mal profile used to study. The results data are sum-
marized in Table 2 and Figure 9.

Figure 9a (exotherm) comparison of the PP blend
without and with the addition of 1 and 2 wt% of A3ZT
powder. Ty, of neat PP and 71, of PP1 and PP2 com-
posite fiber were changed with the addition of A3ZT
powder based on the values shown in Table 2. Ty,
of PP1 and PP2 did not significantly change with
A3ZT loading. AH,, and the degree of crystallinity
increased with the addition of A3ZT powder and
reached a maximum of 94.93 J/g and 45.86%, re-
spectively. The crystallization temperature of PP is
clearly evident in Figure 9b (endotherm) and
Table 2. This suggests that the degree of PP crys-
tallinity increased with increasing A3ZT during the
extrusion process. As a result, the presence of TiO,
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. Mass Atom . Mass
Element Series [wt%] [at.%] Element Series [Wt%] Atom
Titanium K-series 18.46 23.35 Titanium K-series 42.84 12.82
Silver L-series 06.99 03.92 Silver L-series 05.86 01.48
Zirconium L-series 67.10 44.54 Zirconium L-series 01.62 00.92
Oxygen K-series 07.45 28.19 Oxygen K-series 49.68 84.78
Total 100.000 100.000 Total 100.000 100.000
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81 81
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Figure 8. EDX spectra of the S/C bicomponent fibers, a) PP1/50:50, and b) PP2/50:50.

in PP resulted in an increase in the degree of crys-
tallinity. The crystalline regions contribute to im-
proved mechanical properties, such as tenacity and
elongation [35]; however, it is important to note that
the specific effect of TiO, on crystallinity can de-
pend on various factors, such as the concentration of
A3ZT, processing conditions, and compatibility be-
tween A3ZT and neat PP.

Bi-componence fiber prepared with and without
AZ3T, there were two peaks for all the bicomponent
fibers. The first peak, which had a lower temperature,
is T, of PP virgin (core site), whereas the higher peak
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Figure 9. DSC heating (a) and cooling (b) curves.

represents T, of the PP/AZT composite (sheath
site). The results indicate that the sheath-core ratio
affected the melting point. It was altered slightly to
a higher degree when the sheath was changed com-
pared with the PP virgin. Furthermore, the X, was
calculated, and the results showed that the X, of bi-
componence fiber was affected by the A3ZT powder
in the sheath. With an increased sheath ratio, X, was
reduced when the sheath increased, which affected
the mechanical properties of the fiber. Recent studies
[26, 36] examining the effect of TiO, on thermal prop-
erties revealed that TiO, significantly affected the
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degree of crystallinity of PP, because TiO; is readily
dispersed between molecular chains, which damages
and prevents the formation of a regular molecular
chain structure of PP. Thus, the addition of AZT par-
ticles during composite fiber formation results in an
effect on the thermal properties. However, the degree
of crystallinity can be influenced by various factors,
including processing conditions, cooling rates, and
the presence of nucleating agents or additives. In ad-
dition, the compatibility between the sheath and core
components can affect the formation of crystalline
regions and the resulting degree of crystallinity.

3.2.3. Mechanical properties

The tenacity and elongation of fibers are shown in
Table 2. The tenacity of the PP virgin and PP/A3ZT
composite fibers were compared. The tenacity was
increased by the addition of A3ZT powder. A3ZT at
2 wt% showed the highest tenacity, indicating good
orientation of the PP matrix, whereas at lower con-
centrations (1 wt% of A3ZT), tenacity was decreased,
which suggests that AZT affected the orientation of
the PP matrix and the particles indicating reinforcing
effect. This corresponded to the degree of X, in
which X, of PP2 exhibited the highest degree of crys-
tallinity at 45.86% and tenacity at 3.21+0.41 cN/dtex
compared with PP1 having 43.39% crystallinity and
2.59+0.48 cN/dtex tenacity and PP with 42.28%
crystallinity and a tenacity of 3.00£0.65 cN/dtex
which were lower. On the other hand, elongation of
the PP/AZT composite fiber descended in order: PP
virgin > PP2 > PP1. The tenacity and elongation prop-
erties are dependent upon the degree of PP crystal-
lization. Recent studied [37, 38] indicated that TiO,
particles can act as nucleating agents, providing sites
for the initiation of crystallization and potentially en-
hance the rate and extent of crystallization. The pres-

ence of nucleating agents can promote the formation
of crystalline regions and increase the overall degree
of crystallization. However, the impact of TiO; as a
nucleating agent on the degree of crystallization de-
pends on various factors, including the concentration
of TiO,, processing conditions, and the compatibility
between TiO, and PP.

For the bicomponent fiber, the tenacity was slightly
decreased with increased sheath thickness at a 20
to 50 mass ratio; however, the tenacity of the bi-
component fibers was significantly affected by
changes in the C/S ratio. The percentage of crys-
tallinity corresponds to the relative amount of fiber
tenacity. PP2/20:80 showed the highest tenacity at
3.11+£0.51 cN/dtex, whereas PP1/20:80, PP2/50:50,
and PP1/50:50 were lower (Table 2). The elongation
at the break of neat PP and bicomponent fiber was
reduced by varying the S/C ratio. Compared with
neat PP, the bicomponent fiber was at a 20 and
50 ratio in the sheath at 1 and 2 wt%. The elongation
at the break of the bicomponent fibers with a
PP2:20/80 was the highest; however, using the same
AZT content, the elongation at the break decreased
as sheath thickness increased. In particular, elonga-
tion at the break of a 50/50 (large sheath) bicompo-
nent fiber was lower compared with that of a 20/80
(thin sheath) bicomponent fiber. This may be attrib-
uted to the degree of PP crystallization in the sheath,
or it could be attributed to the non-uniform distribu-
tion of AZT as sheath thickness increased. Here, the
results indicated that the elongation properties were
increased concomitantly as the degree of crystalliza-
tion increased (Table 2). With respect to the impact
of the sheath and core ratio, the sheath component
represented 20% of the AZT composite of the total
bicomponent and the core represented 80% of the
neat PP. The mechanical properties of the bicomponent

Table 2. Melting temperature, crystallization temperature, melting enthalpy, crystallinity and mechanical properties of PP

virgin, PP/AZT composite, and the bicomponent fiber.

* P’

Samples name [fa ?’"51 |°T(c?1 ﬁ%‘f Ii;:] ltfvn/?i?etxy] Elmlgm]lﬁzlat ek
Virgin PP 165.6 — 116.0 87.51 42.28 3.00+0.65 271.37+23.99
PP1 - 174.9 118.0 69.82 43.39 2.59+0.48 226.06+24.89
PP2 — 173.4 118.5 94.93 45.86 3.21+0.41 265.83+30.27
PP1/20:80 164.9 172.3 117.6 102.10 49.32 3.06+0.32 251.56+26.41
PP1/50:50 163.9 174.4 117.3 96.38 46.56 2.81+0.23 238.534+31.35
PP2/20:80 163.5 170.2 117.5 96.95 46.84 3.11+0.51 252.23434.83
PP2/50:50 169.1 172.7 117.3 90.95 43.73 2.87+0.38 250.08+21.07

“Trn is melting point of neat PP and
**Tne is melting point of PP/AZT composite
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will be primarily governed by the properties of the
core. Therefore, it is not surprising that when the
sheath increased, elongation decreased.

3.2.4. Antiviral activity of bicomponent fiber
The antiviral activity of the composite fiber and
sheath-core bicomponent fiber against SARS-CoV-2
were examined and the results are shown in Table 3.
After 30 min of contact, both fibers exhibited strong
antiviral activity against SARS-CoV-2. The antiviral
activity of the composite fiber increased as A3ZT
levels increased. The antiviral activity of the com-
posite fiber at 1 and 2 wt% was 99.81 and 99.86%,
with log reduction values of 2.73 and 2.85, respec-
tively under florescent irradiation. The was higher
compared with previous studies [39, 40]. SARS-
CoV-2 can survive for 48 h on cloth and other stud-
ies revealed that fabric coated with an antiviral agent
had antiviral activity of 99.38% resulting in a value
of 2.21 on logarithmic scale [7]. Considering the S/C
bicomponent fiber with different S/C ratios, efficacy
increased with increasing S/C ratio. AZT at 2 wt%
in the sheath fiber exhibited higher efficacy com-
pared with 1 wt% AZT in all samples; however, viral
efficacy did not change significantly when compar-
ing 1 and 2 wt% AZT composite fibers and 1 and
2 wt% ZA3T sheath-core fibers. As a result, the op-
timal S/C ratio and AZT particle content of the bi-
component fiber for antiviral activity were 50/50
with 2 wt% A3ZT particles. The antivirus mecha-
nism may be due to the interaction of A3ZT on the
surface of the sheath fiber with the viral capsid. This
suggests that the sheath-core interaction of the fiber
with A3ZT particles strengthens the antiviral activi-
ty. Because of the susceptibility of A3ZT particles to
SARS-CoV-2, the sheath-core bicomponent fiber
may play a role in containing the transmission of
SARS-CoV-2, particularly in high-risk locations.

4. Conclusions

In this study, the solvothermal method was used to
successfully produce Ag and co-doped TiO,. The ex-
istence of Ag and Zr doping improved TiO, photo-
catalytic activity under visible light. The XRD pat-
tern and lattice parameter evaluated the interaction
of Zr in the TiO, lattice. On the other hand, Ag
species could be incorporated on the TiO, lattice sur-
face in the form of Ag® and Ag,O. The major roles
of Zr and Ag on the photocatalytic activities of TiO,
were different. The Zr doping has a significant in-
fluence on trapping and retarded electron-hole pair
recombination. Ag-doping has an incredibly signif-
icant effect on the narrowing band gap energy of
TiO,, which enhances the light absorption ability to-
ward a visible light region. The co-doped photocat-
alyst of Zr 5% mole and Ag 3% mole (A3ZT)
demonstrated synergistic effects, with the highest
methylene blue photocatalyst degradation efficiency
of up to 93.51% within § h under fluorescence light.
This could be since AZT showed improved photo-
catalytic reactivity with synergistic effects by reduc-
ing the band gap and inhibiting electron-hole pair re-
combination. The A3ZT photocatalyst powder was
used to prepare bicomponent fiber using the PP ma-
trix. The PP composite TiO, co-doped with Ag and
Zr (A3ZT) was used to produce sheath-core bicom-
ponent fibers with antiviral activity using a double-
extrusion, melt-spinning fiber system. The structure
of the bicomponent fiber consisted of a PP/AZT
composite sheath and a virgin PP core. We generated
bicomponent fiber by varying the AZT particle con-
tent in the sheath between 1 and 2 wt%, with a
sheath-core ratio between 20/80 and 50/50 (w/w).
The results indicated that the AZT particles and S/C
ratio affected the tensile elongation and thermal
properties of PP. The bicomponent fiber killed
SARS-CoV-2 in human isolates. An S/C ratio of

Table 3. The antiviral activities of PP/AZT composite fiber and sheath-core bicomponent fibers against SARS-CoV-2.

Sample 15 min 30 min
log(reduction) Efﬁz’z}cy log(reduction) Ef[t:l;;;cy
PP (100) control 0.900 87.41 1.020 90.45
PP1/20:80 2.610 99.75 2.610 99.75
PP2/50:50 2.610 99.75 2.640 99.77
PP1 2.685 99.79 2.730 99.81
PP2/20:80 2.610 99.75 2.700 99.80
PP2/50:50 2.670 99.79 2.790 99.84
PP2 2.820 99.85 2.850 99.86
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50:50 bicomponent fiber with 2 wt% AZT in the
sheath was the most effective at killing the virus, re-
sulting in 99.86% eradication within 30 min of con-
tact. This indicates that the bicomponent fiber com-
posite with AZT particles can be used to make
antiviral products, such as air filters, gloves, and
masks, to stop the spread of coronavirus.
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