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ABSTRACT: The combination of the effects of nonthermal plasma using atmospheric pressure of
plasma jet and the photocatalytic effects of titanium dioxide nanoparticles was used to study the
plasma flow modes, electrical characteristics, nonthermal characteristics, antimicrobial measurements,
and surface modifications. Using different wettabilities of argon discharges in a laminar flow: (i) wet I,
wettability with 2.4 slm argon mixture with oxygen ratio O2, equivalent to 15 mslm (Ar/O2), and (ii)
wet II, wettability (Ar/O2) mixture combined with titanium dioxide, to accelerate the inactivation
process on the nonwoven fabric surface. For wet 0, wet I, and wet II discharges, the average rate of
heat transfer to the nonwoven silk fabric increased significantly. Specifically, it goes from 104.6 to
118.6 and then to 241.7 mW, respectively. The kinetic deactivation rate of Escherichia coli increases
starting at 0.20, then going up to 0.32, and finally reaching 0.57 min−1. The increased wettability of
the TiO2 photocatalyst results in an enhanced bactericidal rate, which is caused by both the heat
impact from the nonthermal jet and potentially photocatalytic disinfection, leading to the generation
of active species. The mechanical parameters owing to different wettabilities and plasma interactions
with the fabric membrane were tested for the treated samples, such as stiffness, ultimate yield strength, tensile strength, strain,
hardening, elongation, resilience, and toughness.

1. INTRODUCTION
A novel method for studying the effects of plasma on various
applications can be achieved through a combination of low gas
temperature, low pressure, and atmospheric pressure glow
discharge in air. This method has been explored in many studies,
which have investigated the effects of heat-induced reactive
species and ultraviolet (UV) radiation,1−3 bacterial genera, and
surface disinfection by atmospheric pressure air-generated
plasmas.4 To further understand the atmospheric pressure of
plasma generated in air and its interaction with microorganisms,
all necessary diagnostic techniques have been outlined.5

Additionally, research has been conducted to examine the role
of cold plasmas in biological and environmental applications.6,7

Atmospheric pressure nonthermal plasma generated in the air
directly accelerates the disinfection process of microbes attached
to any surface without causing any damage.8 When the
nonthermal plasma impinges directly in the air onto the
contaminated sample, the ability to eliminate bacterial adhesion
to the surfaces is 100 times greater than with indirect jet
application, owing to the efficiency of the disinfection process
and the direct delivery of charges to contaminated surfaces.9 The
disinfection process is affected by various parameters such as
ozone, UV radiation, plasma, neutral active species, and
hydroxyl radicals.10

Fabric is a polymer that plays an important role in daily life
and is one of the most important industries in the world.11

Fabric has many applications, such as house clothing, medical
surgical gowns, and agricultural fabrics. In recent years, the
production of multifunctional fabrics has received increasing

attention worldwide.12,13 Nanoparticles with excellent proper-
ties, such as titanium dioxide, silver, zinc oxide, and copper, have
been introduced in many fields.14 Depending on their size and
morphology, titanium dioxide nanoparticles possess unique
properties such as electrical and thermal conductivity, photo-
catalytic activity, and antibacterial properties while being
nontoxic to human cells.15

The use of cold plasma as an environmentally friendly physical
agent is a topic of growing research interest in the field of
modern fabric technology, particularly in regard to environ-
mental requirements. From an ecological and economic
perspective, cold plasma is an acceptable choice,16,17 where
the exposure to atmospheric pressure plasma (APPJ) causes
physical and chemical changes in the surface or near-surface
layers of fabric materials. Reactive species generated in the APPJ
glow discharge play a crucial role in modern technological
processes that emphasize environmental sustainability.

Due to the high efficiency of plasma technology in industrial
applications, besides the low environmental impact and
simplicity, it is currently widely used in various environmental
processes, such as the application of cold plasma by APPJ to
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living organisms attached to fabrics. Cold plasma is a safe
process for both electrical and biological applications,18 where it
is used for the surface treatment of materials to bring about
changes in material properties. The textile industry is advancing
the use of plasma technology for diverse purposes, such as
ensuring dimensional stability, enhancing resistance to ultra-
violet degradation, self-cleaning capabilities, offering antibacte-
rial qualities, and flame repellency.19

The titanium dioxide (TiO2) photocatalyst, as a light-induced
antibacterial agent, has attracted great attention and interest in
the fabric industry owing to its excellent photoreactivity,
chemical stability, lack of toxicity, and other advantages, as
well as its physicochemical properties. At wavelengths less than
400 nm, the recombination of electrons and holes is known to
occur within nanoseconds when titanium dioxide is exposed to
ultraviolet light, thereby increasing the effectiveness of
antimicrobial agents in determining the type of microorgan-
ism.20,21

Escherichia coli, referred to as E. coli, is a Gram-negative
bacterium frequently found in both natural and artificial
environments. This versatile microorganism comprises a diverse
group, with certain strains being harmless and others potentially
posing a threat to human health. Illnesses caused by E. coli can
manifest in a range of symptoms, including diarrhea, respiratory,
and urinary tract infections.22 The influence of plasma on
various bacterial genera is a recent development made possible
by a low gas temperature and atmospheric pressure. There have
been numerous studies conducted on the evaluation of UV rays
and reactive species caused by heat,23 as well as methods of
surface disinfection using atmospheric pressure air-generated
plasmas.24 Various diagnostic techniques have been employed
to investigate the interaction between atmospheric pressure
plasma and microbes.25 Additionally, research has been
conducted on the role of cold plasmas in biological and
environmental applications.26

Many studies have dealt with nonthermal plasmas in air
generated by plasma jets at atmospheric pressure (APPJ). Many
parameters affect the disinfection of microorganisms attached to

fabric surfaces, such as survival curves, different gas mixtures,
distances between the beam of APPJ and fabric samples,
different beam intensities, different applied voltages, and
different types of grounded meshes (aluminum and copper)
covered with fabric samples containing microbes.27 In addition,
the use of different distances between the grid lines of the
meshes acts as an indirect exposure process using different
concentrations of pure argon and different mixtures of O2/Ar
plasma discharges, different sources of the magnetic field, and
direct and indirect exposure times.28 Other parameters, such as
the spectroscopic and photographic characteristics of non-
thermal plasmas in air generated by (APPJ), and the mechanical
parameters of the fabric, such as tensile strength, elongation,
hardness, frictional resistance, and light transmittance,29 are also
discussed.

Millions of pilgrims visit the city of Makkah (Mecca) every
year in the Hajj and Umrah seasons and touch the Kabba (the
holey house of Muslims), which is covered with the cloth Kiswa
and is made of silk fabric.30,31 Hence, microbes are spread, and it
poses a great challenge to eliminate them and to produce
antimicrobial fabrics for Kiswa to prevent contamination.

Many publications cover very rich applications of nano-
technology and plasma technology in the fabric industry,
especially in the disinfection of microbes and the killing of
microorganisms attached to fabric.32,33 Many researchers have
studied the subject of glow discharge plasmas at atmospheric
pressure owing to technically simple systems: no need for
vacuum systems, more supply gas options, and cost-effective-
ness.

In a recent study, the plasma characteristics of APPJs were
experimentally studied. A plume of cold plasma emitted by the
APPJ acted to produce an antimicrobial coating as a protective
silk fabric in combination with TiO2 as a photocatalytic
antibacterial agent, injected into the APPJ, or arising from the
nebulizer spray.

Figure 1. (a) APPJ experimental setup, (b) TiO2 precursor spray rate tester with an atomizer, (c) mesh control, (d) nonwoven sample, and (e) APPJ
image contains the ground electrode for calculating plasma jet dimensions as a calibration scale.
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2. MATERIALS AND METHODS
2.1. APPJ Experimental Setup. Figure 1a shows the full

experimental setup used for the APPJ to apply the nonthermal
effect and to investigate the antibacterial properties of the
nonwoven silk sample (n-WSF) from the Kiswa represented by
Figure 1d.34 The APPJ was powered from a high-voltage AC
source, and to control the circuit’s current, a sinusoidal AC
signal was supplied to the top copper ring through a 33 kΩ
resistor, with a variable frequency of up to 60 kHz and a voltage
between 2.5 and 25 kV. Discharges were created using wet argon
(wet I�oxygen/argon admixture), with argon flow rates
between 0.4 and 4 slm (standard liters per minute), and oxygen
admixture equal to 15 mslm. In addition, a Tektronix P6015A
grounded high-voltage probe was connected to the lower ring to
allow a 350 MHz digital oscilloscope to evaluate the electrical
properties of the jet’s ejected plume and the applied voltage. The
light emitted by the APPJ was captured by a lens at the end of a
fiber optic cable using an Avaspec-2048 spectrometer with a
CCD detector to determine the axial distribution of optical
emission spectroscopy from the nozzle beam to the bacterial
colony samples in the n-WSF. A mass flow meter (Alicat
ScientificModel No. 20 SLPM-D)was used tomeasure the wet I
flow rate, and a thermometer was used to measure the mean
plasma gas temperature (Luxtron Corporation,Model No. 604).

The plasma plume emerges from the APPJ, which has an inner
diameter of 1.5 mm and is distributed over a large area of the n-
WSF samples by indirect exposure using a grounded aluminum
mesh controller configuration (8 holes per inch of hole width, 3
mm), as shown in Figure 1c. Photocatalytic titanium dioxide
(TiO2) nanoparticles (MVX solution, Hi-tech, Kitakyushu,
Japan), representing wet II, combined with the emerging argon/
oxygen jet, representing wet I, were placed 10 mm from the jet
outlet for the inactivation process of culture media of E. coli (E.
coli�Gram-negative bacilli) attached to n-WSF.35 A TiO2
precursor spray tester with an atomizer to control the flow
rate of wet II is shown in Figure 1b. Furthermore, a TiO2
solution is used for the wetting process at a concentration with a
value of 0.5 g per liter to the n-WSF sample. Finally, Figure 1e
shows a photo of the ground electrode, including the afterglow
of the emerging plasma beam. The beam-size calibration
processes are briefly discussed; see the SM.

2.2. Water Repellency Tester. Water repellency is a
characteristic that pertains to a fabric’s resistance to wetting.
However, the protection against water is not entirely effective
under high hydrostatic pressure. Consequently, the wearer may
become wet in heavy rain when the hydrostatic pressure is
sufficiently high.

Enhancing the performance and quality of silk fabric through
treatment with APPJ discharge will be introduced and evaluated
at various treatment exposure times (t) and under different
nonthermal plasma conditions, including dry, wet I, and wet II.
The experimental results of the water repellency test for the n-
WSF repellency of the untreated and plasma-treated samples are
shown in Figure 2 (Standard International Group, Hong Kong
Limited). This evaluation involved determining the percentage
of water repellency (waterproofness) of the n-WSF using drops
of water at room temperature from a syringe containing 250 mL
of water. The drops were ejected from a nozzle diameter of 6.3
mm, positioned 150mm away from the fabric sample, which was
mounted on an inclined holder at a 45° angle. After 25 s, the
amount of water remaining on the fabric was measured.36,37

2.3. Tensile and Elongation Tester. Using the Zweigle
Z010 model conforming to ASTMD412−98a, we measured the
tensile and elongation behaviors of n-WSF in Kiswa samples that
were pretreated and treated with nonthermal plasma from the
APPJ plume. The measurements were conducted at a tension
speed of 100 mm/min according to ASTM D412−98a. The
average values obtained from three separate measurements
indicate the results. The stress σ (kPa), strain ε (percent), and
Young’s modulus (stiffness) values represent the basic
mechanical parameters. Subsequently, there were other
parameters such as the ultimate yield strength, tensile strength,
hardening, elongation, resilience, and toughness behaviors.38,39

The samples were compared with three different plasma
configurations: dry argon, wet I discharges, and wet II
discharges.

2.4. Culture Media Preparation. Experimental evaluation
of antimicrobial characteristics of n-WSF samples obtained from
Kiswa was conducted using the inactivation process of E. coli (E.
coli�Gram-negative bacilli) attached to the samples. Various
nonwoven silk samples were employed, and the following tests
were conducted to determine their efficiency: first, we prepared
an overnight culture of approximately 105 cell-forming units per
milliliter (cfu/mL) of E. coli using untreated n-WSF samples as
control Petri dishes that were not exposed to the APPJ plume.
Second, we assessed the antimicrobial performance of the n-
WSF samples after treatment with a viable suspension of culture
media for different exposure times. Finally, we spread E. coli onto
a series of Petri dishes containing MacConkey agar medium
(Oxoid Australia, Adelaide, SA) to evaluate the results. From the
15 n-WSF samples, five samples were exposed to dry Ar
discharges, five samples were exposed to wet I discharge, five
samples were exposed to wet II discharges at different exposure
times, and for each run, one was kept as a control and not
exposed.

The bacterial reduction, measured as the logarithm of the
CFU/mL (colony-forming units per milliliter) of bacterial
colonies attached to the n-WSF samples before and after the
antibacterial process using APPJ, was evaluated using a control
group of Petri dishes with a known concentration of 105 CFU/
mL E. coli.40−42 The inactivation rate, which depends on the
plasma exposure time, was calculated using eq 143 The plates
were exposed to wet I or wet II wettability, and the results were
compared to the control group

Figure 2.Water repellency test for n-WSF repellency of the untreated
and plasma-treated samples containing (1) a syringe, (2) a jet nozzle,
(3) water drop, (4) a fabric sample, (5) a support inclined with 45°, (6)
a holder, and (7) a stand.
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The concentration of bacteria before and after plasma treatment
can be expressed as N0 and N, respectively, in colony-forming
units (CFU) per milliliter. The inactivation rate, η, can be
determined using eq 2
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Table 1 shows the research plan for the development of an
antimicrobial controller that utilizes APPJ measurements, by
studying the plasma flow modes, electrical characteristics,
nonthermal characteristics, antimicrobial measurements, surface
modifications, and performance quality. Furthermore, the
treatment efficacy, exposure duration, water repellency property,
mechanical parameters, and heat directly impacted nonwoven
silk fabric (from Kiswa samples), using combined effects of
nonthermal plasma at an atmospheric pressure of plasma jet in
the laminar flow, and photocatalytic using titanium dioxide, at an
atmospheric pressure of plasma jet, with different wettabilities of
argon discharge: (i) dry argon (wet 0), (ii) wettability I (wet I);
with 2.4 standard liter per minute argon admixture with oxygen
ratio O2, equivalent to 15 milli-standard liter per minute, and
(iii) wettability II (wet II); (Ar/O2) admixture combined with
titanium dioxide, sprayed with ratio 0.5 g per liter into the jet, to
produce antimicrobial coating as protective n-WSF.

3. RESULTS AND DISCUSSION
3.1. Plasma Flow Modes. Two methods will be discussed

to determine the plasma flow modes and to determine the
suitable characteristics, measurements, and antimicrobial
application of laminar flow mode for different nonthermal
plasma wettabilities to improve the antimicrobial properties of
n-WSF, as a green approach as follows.
3.1.1. Voltage−Current Waveform of APPJ Discharge.

Figure 3a,b shows the discharge wettability effect on voltage−
current signals, where wet I of oxygen 15 mslm, with an argon
flow rate of 2.4 and 2.6 slm, respectively, changes in the stability
of APPJ waveforms. For each signal, the measured applied
voltage is sinusoidal with a peak-to-peak voltage (U, kV) of
11.51 kV, while the discharge current (I, mA) consists of the
displacement current as short peaks, represented by a current
pulse of 2.6 slm (as shown in Figure 3b), more than 2.4 slm (as
shown in Figure 3a), appearing at each half-cycle when the
plasma is formed.44 This may be due to

1. More sheath around the nozzle as the argon flow rate
increased to more than 2.4 slm.

2. The gas discharge residence time in the discharge zone
reaches a maximum at a gas flow rate of 2.4 slm and
decreases as the gas flow rate is more than 2.4 slm.

For a flow rate of 2.6 slm, there is a ripple in the elapsed
closed area of the corresponding charge−voltage (Q−V)
Lissajous characteristics,45 using a 40 kV high-voltage
capacitor with a capacity of 15 nF attached to the APPJ
experimental setup to measure power consumption. It
was connected between the lower electrode and the
ground. (Q−V) Lissajous characteristics as shown in
Figure 4b, in contract for 2.4 slm homogeneous elapsed
closed Lissajous figure (almond shape), as shown in
Figure 4a. The shape of the (Q−V) Lissajous figure
gradually changes with an increase in the flow rate
exceeding 2.4 slm.

3. The transition from laminar to turbulent flow as the flow
rate increases from 2.4 to 2.6 slm.

3.1.2. Jet Velocity and Plasma Spot Diameter. For a given
type of fluid, the laminar or turbulent flow mode can be defined
using the Reynolds equation46,47 as follows

Table 1. Research Plan for the Development of an Antimicrobial Controller by APPJ Measurements

dry argon
discharge

experimental studies of n-WSF using
APPJ

plasma flow modes (a) V−I waveform antimicrobial controller by
APPJ(b) jet velocity and plasma spot

diameter
(c) jet length and width

electrical characteristics (a) jet power
wet I discharge (b) consumed energy

nonthermal characteristics (a) jet temperature
(b) amount of heat transfer

wet II discharge antimicrobial
measurements

(a) survival curves of E. coli
(b) deactivation kinetic rate of bacteria

surface modification (a) surface morphology
(b) repellency quality
(c) mechanical properties

Figure 3. Voltage and current waveforms of wet I discharges (argon−
oxygen admixture) for an argon flow rate of (a) 2.4 slm and (b) 2.6 slm.
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where Re is the Reynolds number, ρ (kg/m3) is the gas density,
Q (m3/s) is the gas volume flow rate, μ (kg/m s) is the gas
dynamic viscosity, and D (m) is the hole diameter (inner
diameter of the nozzle tube), as shown in Table 2 for wet I.

According to eq 2, and Table 2, the Reynolds number (Re)
increases as the wet I discharge flow rate (Q) increases from 0.4
to 4 slm, admixed with a constant value of 15 mslm O2
(according to our previous research [Galaly et al.42], 15 mslm
represents the optimal oxygen admixture for the inactivation
process using an atmospheric pressure plasma jet with wet argon
discharges). Furthermore, the jet velocity v as a function of the
flow rate for wet I discharge according to eq 4a or 4b is

v
Q
A

= i
k
jjj y

{
zzz (4a)

Re D v= × ×
i
k
jjjj

y
{
zzzz

(4b)

where A is the sectional area of the nozzle.
Figure 5 shows, for the flow rate represented by region I from

0.4 up to 2.4 slm, the velocity values increased from 3.8 up to
28.7 m/s, the plasma jet spot diameter was increased from 0.25

up to 1.6 mm (spot diameters measured using the diameter
dimension of the ground electrode hole calibration of the APPJ
images as discussed in the SI), and the flow is mainly laminar
with a stable streamline flow where adjacent layers smoothly
flow over each other equivalent to Re equal to 2333.
Additionally, for the flow rate represented by region II after
the dashed line from 2.4 up to 4 slm, the velocity values
increased from 28.7 up to 38.3 m/s, and the plasma jet′s spot
diameter decreased from 1.6 mm and began to disappear, where
the flow is mainly changed from a laminar flow to random
motion and turbulent flow mode, leading to more dissipated
energy and the consumed energy begins to decrease as will be
discussed in Section 3.2. As indicated, the plasma jet has two
modes. The laminar flowmode is present when Re is below 2333
and transforms to the turbulent flow mode when the gas flow
exceeds 2.4 slm.
3.1.3. Jet Length and Width. A dimension calibration

method (using Microsoft Paint, Windows 10) was used to
calibrate the APPJ images; see the (SI). The ground electrode
was used as a calibration scale to determine the width and length
of the beam for the afterglow of the emerging jet. Figure 6a,b

Figure 4. Charge−voltage (Q−V) Lissajous characteristics of wet I
discharges (argon−oxygen admixture) for an argon flow rate of (a) 2.4
slm and (b) 2.6 slm.

Table 2. Reynolds Number Parameters for Wet I

15 mslm O2 1 slm Ar units parameters

1.35 1.449 kg/m3 density ρ
1.5 × 10−3 1.5 × 10−3 m nozzle diameter D
2.022 × 10−5 2.1 × 10−5 kg/m s dynamic viscosity μ
1.52 × 10−5 1.265 × 10−5 m2/s kinematic viscosity
2.5 × 10−7 Arslm × 1.6667 × 10−5 m3/s flow rate Q

Figure 5. Jet velocity and plasma spot diameters as a function of the
flow rate for the wet argon discharge flow rate from 0.4 to 4 slm,
admixed with 15 mslm O2.

Figure 6. Photoimaging of wet I discharge for (a) an Ar flow rate of 2
slm as the laminar flow mode and (b) an Ar flow rate of 3.2 slm as the
turbulent flow mode.
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shows photographs of the APPJ discharge taken in a darkened
laboratory with a Canon digital camera. Figure 6 show
photoimaging of the APPJ discharge wettability with O2 ratios
equal to 15 mslm for

1. Wet I discharge with an Ar flow rate of 2 slm as an example
for the laminar flow mode, and

2. Wet I discharge with an Ar flow rate of 3.2 slm as an
example for the turbulent flow mode.

Figure 6 indicates the existence of two modes: when the flow
rate exceeds more than 2.4 slm, the mode changes into
turbulence, causing the radial spread of the plasma jet.

Figure 7 shows the beam size as a function of the flow rate for
wet I discharge. The jet length drops from 20.1 mm at 0.4 slm to
11.6 mm at 2.4 slm with more decrement to 9.8 mm at 4 slm,
while the width mainly increases from 0.4 mm at 0.4 slm to 1.6
mm at 2.4 slm and began to decrease to 0.5 mm at 4 slm. This
may be attributed to more discharge in the downstream region,
indicating that the afterglow discharge in the laminar flow mode
from 0.4 slm reaches 2.4 slm. Furthermore, the width values
started to decrease in the turbulent flow mode when the flow
rate exceeded more than 2.4 slm because of the discharge
distribution between the downstream region outside the tube
and the upstream region inside the inner diameter of the tube.48

This may seem to contradict the previously established49 that
when the plasma jet operates in the laminarmode, the disruption
of the surrounding air entering the plasma jet is minimal and is
onlymarginally influenced by its speed. In this state, the flow rate
increased in the jet length. However, as the transition to
turbulence occurs, the mixing effect diminishes the length of the
jet, and in the turbulent mode, the transport mechanisms
become more dominant. Our explanation for this apparent

discrepancy may be due to more arc and sheath formation
around the nozzle in addition to a greater number of current
peaks behind the maximal laminar flow mode.

3.2. Electrical Characteristics. 3.2.1. Jet Power and
Consumed Energy. The power P and frequency F of the APPJ
discharge can be obtained using the voltage−current waveform
in Figure 3 and the following equation as in (eq 5)50

P F U t I t t( ) ( )d
t

T
=

(5)

Inside the laminar flow mode discharge, which is characteristic
of homogeneous emerging plasma, before the transition from
laminar to turbulent flow. Figure 8 shows the effect of wet I flow
rate (standard liter per minute) of different argon flow rates from
0.4 to 2.4 slm on the emerging jet power (watt), where the jet
power increases from 1.95 to 2.34 W.

Additionally, two methods were used to estimate the energy
consumed by the APPJ plasma:

1. As shown in Figure 9, the amount of consumed energy (ε)
can be calculated by dividing the power of the discharge
plasma (which was calculated from Figure 8’s estimate)
by the frequency tuned to 25 kHz (which was calculated
from Figure 3’s estimate of the I−V waveform).

2. The enclosed area of the (Q−V) Lissajous figure (which
was calculated from Figure 4’s estimate) according to eq 6

E L F Q V( ) d A Lissajous= = (6)

where V is the applied voltage, and Q is the quantity of
transported charges, which changes with the applied voltage.

Figure 7. Plasma jet dimensions as a function of flow rate for the wet argon discharge flow rate from 0.4 to 2.4 slm, admixed with 15 mslm O2.

Figure 8. Emerging jet power (watt) as a function of the influence of wet I flow rate (standard liter per minute).
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For laminar flow, the flow velocity, jet velocity, and energy
consumed are low, showing a stable streamlined flow and
smooth flow between adjacent layers. The consumed energy (ε)
increases from 79 μJ at 0.4 slm to 95 μJ at 2.4 slm, when Re
increases above the value of 2300, and transitions from laminar
to turbulent mode occur, with high velocity and gas flow; (ε)
starts to decrease after 2.4 slm. The wettability by wet I (Ar: 2
slm/O2: 15 mslm) was chosen in our project because it
represents the maximal laminar flow mode of the plasma jet and
a low number of current peaks, in addition to reducing sheath
formation around the jet.51

The increase in jet power and energy consumption as the
discharge current increases may be attributed to the increase in
carrier loss resulting from the growth of APPJ plasma volume
with an increasing discharge current. As the APPJ plume
completely enveloped and occupied the discharge gap between
the nozzle and the sample, the discharge current density
escalated with additional increases in the discharge current. The
increase in current density led to an increase in electron density,
which, in turn, resulted in a higher loss of charge carriers
(diffusion and recombination). These losses in discharge
carriers were compensated for by the increase in the power
and energy dissipated in the discharge.

3.3. Nonthermal Characteristics. 3.3.1. Jet Temperature.
The measured jet temperature reached (n-WSF) samples with
Reynolds numbers under the maximum laminar flow mode
value. Figure 10 shows the influence of the flow rate from 0.4 to
2.4 slm on the measured jet temperatures (TJ), which can be
classified as follows:52

(i) Dry argon discharge: the Ar plume interacted with
ambient gases and molecules in a dry argon discharge,
resulting in a decrease in the jet temperature. At a flow rate
of 0.4 slm, the temperature (Tj) of dry argon was 395 K,
which decreased to 346 K at 2.4 slm. The excited Ar
species and high-energy electrons in the plasma interact
with ambient air

e energetic electron Ar

Ar metastable argon em

* +

+ (7a)

e Ar Ar exciting argon em* + * + (7b)

(ii) Wet I discharge: (Ar/O2) with 2 slm argon admixture
with oxygen ratio O2, equivalent to 15 mslm, where jet
temperatures decrease from 355 K at 0.4 slm to 311 K at
2.4 slm occurs, where (Tj) wet I decreases more than (Tj)
dry argon. High-energy electrons in the plasma as well as
excited argon species may contribute to the interaction of
ambient air and lead to additional reactions.53

(a) Energetic electrons (e*) react with argon (Ar) to produce
metastable Ar (Arm)

e Ar Ar em* + + (8)

(b) Energetic electron reacts with Arm to generate exciting
argon (Ar*)

e Ar Ar em* + * + (9)

(c) Exciting argon (Ar*) combines with water to produce
OH•, with the radicals O• and OH• released as a result of
air entering the discharge zone or impurities in the gas

H O Ar H OH Ar2 + * + +• • (10)

and

O e 2O e2 + + (11)

(d) Ambient air interacts with excited N2 species and high-
energy electrons in the plasma as follows

O N NO N2+ + (12)

e N N N e2* + * + + (13)

Figure 9. Consumed energy as a function of the flow rate for the wet
argon discharge flow rate from 0.4 to 2.4 slm, admixed with 15mslmO2.

Figure 10. Flow rate from 0.4 to 2.4 slm on the jet temperatures for dry and different wet argon discharges.
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N O NO O2* + + (14)

(iii) Wet II discharge: combined wet I with titanium dioxide,
sprayed with a ratio of 0.5 g/L into the jet; for a wet argon
temperature, a lowering from 319 K at 0.4 slm to 291 K at
2.4 slm occurs, where (Tj)wet II < (Tj)wet I < (Tj)dry argon.
The Ar/O2 admixture creates additional reactions when
light is absorbed by TiO2, along with other reactions that
were previously mentioned, whereby increasing the
wettability II dosage, a photon from the nonthermal
plasma jet in addition to TiO2 photocatalysis, and the
band gap of TiO2 is overcome by APPJ photons, resulting
in increased energy that creates additional electron−hole
pairs as follows:

(a) Absorption of energy from APPJ photons owing to the
incident light of the nonthermal jet54

hvTiO (e h )(TiO )2 cb vb 2+ + (15)

Ti e Ti4
cb

3++ +
(16)

and
(b) Photons emitted from the APPJ can overcome the band

gap of TiO2 to produce more active substances that can be
absorbed by cells, accelerating the inactivation rate
process55,56

O e O2 cb 2+ (17)

and

O Ti O Ti2
3

2
4+ ++ + (18)

where ecb is a conduction band electron, hvb is a valence
band hole, and Ti2+, Ti3+, and Ti4+ are the titanium
oxidation states.

3.3.2. The Amount of Heat Transfer. The amount of heat
transfer QH [Watt] onto (n-WSF) samples is a very important
parameter for producing antibacterial kiswa samples. Using
Newton’s law of heat transfer, the heat loss QH by the APPJ is
calculated as the forced convection heat loss through the laminar
mode flow and can be represented by eq 1757,58

Q Pr Re
L

A T0.664H
0.3 0.5 a=

(19)

Pr
C

where, P

a
=

(20)

Pr (dimensionless) represents the Prandtl number, η (kg/m s) is
the gas dynamic viscosity, CP (J/kg K) is the specific heat, σa
watt/m K is the thermal conductivity, and Pr is (22.77 and 0.70)
for argon and oxygen, respectively. Considering the Reynolds
number Re in the laminar flow mode, A is the area of the
discharge volume [m2], and L is the length of the discharge
volume (nozzle) [m]. The thermal conductivity σa is [0.016 and
0.024W/mK] for argon and oxygen, respectively, and ΔT is the
change in temperature between the TJ and the ambient
temperature (290 K) in the laminar mode (TJ estimated from
Figure 10 for dry argon, wet I, and wet II).

Figure 11 shows the heat impacting onto the (n-WSF)
samples QH as a function of the laminar flow rate, QH is straight
lines, with an average value of 104.6 mW for Ar dry, 118.6 mW for
wet I, and 241.7 mW for wet II; the attached bacterial colonies
on n-WSF samples are directly impacted by this heat, where
(QH) increases for wet I and wet II discharges more than for dry
argon discharge. This can be attributed to the following reasons:

(i) For wet I discharge as shown in Figure 12a, where the
measured optical emission spectra for the emerging jet of
APPJ, with the lines and bands representing wavelengths,
ranging from 200 to 850 nm, show from the intensity
emission spectra (IES), that besides there is a hydroxyl
band (OH) at 309.6 nm ((A2∑+-X2∏) transition),
oxygen (O) radical lines at {777.84 and 843.8 nm}-
(3s23p5(2P°3/2)4s transition), where reactive species
radical emission OH• and O• represent the power agents,
which increase (QH), and then the process by which
bacteria are microbially inactivated.59,60

(ii) For wet II discharge as shown in Figure 12b, where the
measured OES of the atomic Ti I and molecular lines
TiOa, for wet II, combined with OES of wet I discharge at
an 11.2 mm axial distance from the nozzle and admixture
at 2.4 slm Ar and 15 mslm O2. As using wet II, a TiO2
photocatalyst was added to the reactions. The titanium
dioxide band gap is overcome by a fraction of the energy
from the APPJ plume, leading to the creation of electron−
hole (e−h)pairs. Photons are used as representations to
establish these pairings61−63

hvTiO e (TiO ) h (TiO )2 cb 2 vb 2+ + (21)

Electron−hole (e−h) pairs result in the formation ofmore active
chemicals that may be absorbed by the germs, enhancing
sterilizing effectiveness, where ecb is an electron in the
conduction band and hvb is a hole in the valence band. In
addition, QH includes impact parameters for the inactivation
effect because the type of active particles produced depends on
the plasma ionization level.

The previous measurements, nonthermal, electrical, and
optical emission spectroscopy characteristics of APPJ, represent
the roadmap for antimicrobial and surface modification
measurements using the measured parameters: applied voltage,
11.2 KV; frequency, 25 KHz; power, 2.2W; jet length, 11.3 mm;
jet width,1.5 mm; and energy, 89 mJ. as follows.

3.4. Antimicrobial Measurements. 3.4.1. Survival Curves
of E. coli. Based on the 11 nonwet samples, five of them were
exposed to wet I discharge, five were exposed to wet II
discharges at varying exposure times, and one was designated as
a control and not exposed. In light of the fact that the
preparation of the bacterial colony samples and the survival
curves of E. coli for dry argon were previously investigated in our
work,64 and the bacterial concentration was determined to be
approximately 105 cell-forming units per milliliter (CFU/mL) of
E. coli (E. coli),65,66 it is now feasible to evaluate the bacterial

Figure 11.Heat impact on the bacterial colonies attached as a function
of flow rate in the laminar mode discharge for dry and wet argon.
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colony concentrations of E. coli (CFU/mL) before and after
treatment.

Figure 13 displays a graph illustrating the logarithmic
reduction of bacterial count (CFU/mL) and the inactivation

rate (%) in relation to exposure time for different wettabilities,
specifically, wet I and wet II discharges. As exposure time
increased, so did the bacterial inactivation process, as shown in
eqs 1 and 2. The plasma jet inactivation results can be roughly
divided into two time periods, as shown in Table 3: 0−20 and
20−100 s. The inactivation process experienced a moderate
increase before the dotted line for the logarithmic reduction R,

and a hyperincrease after the dotted line for the inactivation rate
η %.

The wettability comparison between wet I and wet II shows
that the logarithmic R and η (%) values for wet II are higher than
those for wet I at different exposure times. This may be
attributed to the combined effect of the photocatalytic
disinfection effect67 of wet II due to the wettability by NPs
such as TiO2, with the nonthermal effect of APPJ, which speeds
up the inactivation percentage η%.
3.4.2. Deactivation Kinetic Rate of Bacteria. The results of

the survival curves showed that the bacterial reduction process
and inactivation rate increased with longer exposure times for
the n-WSF samples to the APPJ plume.68−70 Figure 14a displays
the controller sample photo, while Figure 14b−d depicts the
photographs of n-WSF Kiswa samples with varying applied
discharge controller factors, namely, dry argon, wet I, and wet II.
Additionally, Figure 15a presents the control Petri dish before
treatment, containing the bacterial colony concentration of E.
coli (CFU/mL), and Figure 15b−d portrays the E. coli culture

Figure 12. (a) (OH) bands and O radical lines, as OES for wet I discharge, and panel (b) represents atomic Ti I, and molecular lines TiOa, as OES for
wet II coupled with wet I discharge, at an 11.2 mm axial distance from the nozzle, and admixture at 2.4 slm Ar and 15 mslm O2.

Figure 13. Logarithm of the bacterial reduction R (CFU/mL) and
inactivation rate η % at different wettabilities: wet I and wet II
discharges as a function of the exposure time.

Table 3. Wettability Comparison between Wet I and Wet II
for the Logarithm of R and η (%) Values for the Discharge
Wettabilities I and II at Various Exposure Times

period (s) wet I wet II

0−20 log(R) 4.1 2.5
η% 77 96

100 log(R) 3.2 2.1
η % 88 99
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media exposed to different discharge controllers. The inactive
regions inside the Petri dish are illustrated by an etched area and
grow using the discharge controller factors, dry argon, wet I, and
wet II, respectively.

The Weibull deactivation function for the kinetic rate of
bacteria (κ) is a very important parameter for the comparison
between the sterilization rates of different types of wettability
discharges and can be driven71−73 as follows

N N/ et
kt

0 = (22)

Then

( )
k

t

ln N
Nt

0
=

i

k

jjjjjjjjjjj

y

{

zzzzzzzzzzz
(23)

where N0 and Nt are the concentrations of live E. coli cells at the
start (t = 0) and end of treatment (t), respectively.

Figure 16 shows ( )ln N
Nt

0 as a function of the exposure time of

dry argon, wet I, and wet II discharges for (n-WSF), exhibiting
straight lines with slope k, represented by y = k x, where k
increases for wet II with a maximum exposure time of 180 s,

lower than those of (k)dry argon and (k)wet I with 240 and 300 s,
respectively. The values of (k) are 0.20, 0.32, and 0.57 min−1,
corresponding to dry argon, wet I, and wet II, respectively. This
means that the bacterial reduction rate increases as the
wettability by wet II exceeds that of wet I and dry discharge
due to the combined effect of nonthermal plasma using
atmospheric pressure of the plasma jet in the laminar flow
mode and photocatalysis using titanium dioxide, supporting the
results discussed in Section 3.2.

3.5. Surface Modification. 3.5.1. Surface Morphology.
Under the same applied conditions of an applied voltage of 11.2
kV and a frequency of 25 kHz, surface morphological changes of
n-WSF were examined for different levels of wettabilities (0, I,
and II) at flow rates of 2.4 slm for Ar, 15 mslm for O2, and 0.5 g/
L for TiO2, respectively. Figure 17a shows the controlled
morphology of n-WSF prior to the black dyestuff process. Figure
17b,d illustrates the effect of APPJ treatments, which modify the
n-WSF surface topography due to the bombardment of the
fabric surface by energetic plasma species. The induced surface
morphology changes of the treated n-WFS were dependent on
the low-temperature treatment of APPJ using wet 0, wet I, or wet
II discharges at various exposure times.74

The results of scanning electron microscopy (SEM) revealed
that the fabric surfaces became rougher after plasma treatment,
and in some instances, voids and cracks were visible, particularly
when the wet 0 discharge with the APPJ treatment was used, as
demonstrated in Figure 17b.75 It was also observed that the
voids and cracks became more noticeable as the exposure time
increased, which was thought to be due to the physical
sputtering and chemical etching effects.

Using wet I discharge treatment as shown in Figure 17c, voids
and cracks disappeared and increased the surface repellency of n-
WFS, probably as exposure time increased. This finding was
attributed to the higher ratio of reactive species radical emission
(OH• and O•), which act as power agents, increasing the
treatment intensity (QH) given to the fabric surface and resulting
in higher fabric repellency.

Figure 14. (a) The controller sample image, while panels (b−d) illustrate then-WSF Kiswa samples with varying discharge controllers, including dry
argon, wet I, and wet II, respectively.

Figure 15. (a) The bacterial colony concentration of E. coli (CFU/mL) before and after treatment in a control dish and examination of the E. coli
culture media after exposure to different discharge controllers (b−d).

Figure 16. lnN0/Nt as a function of the exposure time for dry argon,
wet I, and wet II discharges.
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Figure 17d shows the morphological changes resulting from
the wet II plasma treatment, which involves the synergistic
effects of nonthermal plasma, oxygen, and titanium dioxide.
These treatments are expected to significantly enhance the
repellency of the fabric, as will be discussed in Section 3.5. This
improvement may increase the hydrophobic surface barrier of n-
WSF, thereby providing additional opportunities for achieving
waterproof characteristics in addition to the antimicrobial effect.
3.5.2. Repellency Quality. In this section, the performance of

different discharges represented by dry argon, wet I, and wet II is
compared according to the quality of the repellency of water
characteristics of the n-WSF samples.

Figure 18 shows the repellency quality at various exposure
time intervals ranging from 0 to 10 min, where various n-WSF

samples were placed under the influence of the measured
parameters mentioned previously. In general, the repellency
quality increased in all cases as the exposure time increased.76,77

Table 4 shows that for dry argon, wet I, and wet II discharges,
the repellency quality χ of the n-WSF increased from 30% to
50% up to 75%, respectively, after 2min, and χ increased from 50
to 65 up to 80%, respectively, after 4 minutes. Furthermore, after
4 min reaching 10 min, n-WSF began to be damaged by dry
argon and began to increase from 85 up to 94% for wet I and wet
II, respectively.

This indicates that

(i) In wet 0 discharge using glow discharge from APPJ, the
chemical and physical properties of the outer monolayer
of the generated n-WSF samples are altered by the
electronic, vibrational, and rotationally excited species
generated by the plasma plume.78−80

(ii) The formation of free radicals on the surface of n-WSF is a
result of the breakage of covalent bonds by energetic
particles, which is influenced by the oxygen-to-argon ratio
O2 in wet I discharge. This reaction is in addition to the
effect mentioned in (i). The active species in the plasma
react with the surface radicals to form reactive functional
groups, which have a strong affinity for hydrogen in water.
This property is known as hydrophilicity.81−83

(iii) As the concentration of TiO2 increased in the wet II
discharge, more species emitted light at specific wave-
lengths, such as atomic line Ti at 500.7, 586.6, and 600 nm
and molecular line TiO at 547.9 and 519.2 nm. This
suggests that more particles reacted with high energy onto
the fabric, as described in Section 3.1. Additionally, the
addition of TiO2 led to the incorporation of hydrophilic
groups (carbonyl, carboxyl, hydroxyl, and amino groups)
into the n-WSF surface after aging treatment. These polar
functional groups orient themselves toward the polymer
bulk and can interact with one another to form hydrogen
bonds, establishing physical bonds and stability within the
surface.84−86

3.5.3. Mechanical Properties. The mechanical properties
(MPs) of the 20 n-WSF samples were evaluated; five samples
were selected for each of the four groups: untreated, dry argon,
wet I, and wet II. Figure 19 shows the untreated and treated
samples exposed to a laminar flow of APPJ glow discharges for
testing their MPs.

Figure 17.Optical scanningmicroscope images of 5 × 5 μm2 surface morphological changes of n-WSF samples for (a) control, (b) wet 0 discharge, (c)
wet I discharge, and (d) wet II discharge.

Figure 18. Repellency of n-WSF samples (%) as a function of exposure
time (minute) for dry argon, wet I, and wet II discharges.

Table 4. Repellency Quality χValues of n-WSF after Different
Exposure Times

exposure times

discharge type 120 s 240 s 600 s

wet 0 30% 50% damage
wet I 50% 65% 85%
wet II 75%, 80% 94%
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The relationship between stress σ (KPa) and strain ε percent
gives a straight line in the linear region AB, denoted by σ = E ε,
with slope E representing the value of Young’s modulus
(stiffness),85 where E increased, corresponding to values of
2.75, 3.2, 3.6, and 4 KPa in the elastic region.

Tensile resilience ( )RT 1
2

= 87−89 indicates the area under
the curve of the elastic region AB (RT), corresponding to values
of 13,750, 16,000, 18,000, and 20,000 J/m3. RT represents the
ability of the n-WSF sample to absorb energy when elastically
deformed by wettability I, and sample II shows a higher capacity
than that of the dry argon discharge.

Elongation percentage (%) of the n-WSF samples at breaking
point D increases for the wettabilities I and II more than the dry
argon discharge, corresponding to values of 200, 230, 240, and
250%.

WT, reported by Microsoft Excel as the area under the curve
from the strain−stress curve from A to D to (breakpoint),
represents the energy required to extend the length of n-WSF
without damage, reflecting the deformation characteristic.90−92

WT increased to 50,375, 56,275, 70,515, and 65,410 J/m3,
respectively. All measured MPs of the untreated and treated
samples are summarized in Table 5 and are shown below:

(i) The MPs of treated n-WSF samples under plasma have a
positive influence for wettability I (2 slm argon admixture
with oxygen ratio O2, equivalent to 15 mslm) and
wettability II (Ar/O2 admixture combined with TiO2,
sprayed with ratio 0.5 g/L into the jet), more than dry
argon (100% Ar), and untreated sample.

(ii) The use of APPJ treatment, coupled with wet I and II, on
the n-WSF samples increased the elasticity area, stretch,
percent strain, and breaking point values.

All previously measured MP data showed that the quality of
nonwoven fabric under the influence of different nonthermal
plasma wettabilities I and II was superior to the other measured
data for fabric pretreated and treated with dry argon, which may
be attributed to the plasma wettability discharge, engineered
functions by the sputtering characteristics of the jet plume, and
polymerization and deposition processes of TiO2 to induce
surface modification and performance quality on n-WSF.93,94

3.6. Antimicrobial Controller by APPJ. 3.6.1. Laminar
Flow Control. The impact of gas flow as a fluid following the
discharge process in the downstream region of the APPJ is
explained by using the principles of hydrodynamics. This
includes the influence of Reynolds number (Re) and gas
pressure, as described by Bernoulli’s theorem.95,96

The velocity of the jet and size of the plasma spots vary based
on the flow type, which can be either laminar (Re < 2300) or
turbulent (Re > 2300). When the flow rate is increased, the
laminar flow and plasma column length also increase. Paschen’s
law states that the breakdown voltage of the plasma discharge
decreases with increasing flow rate. As a result, the plasma length
increases with a higher flow rate at a fixed operation voltage.

In the laminar flow discharge, the diameter of the plasma
beam on the substrate surface is smaller than the glass diameter,
so mesh control is used to broaden the jet width.
3.6.2. Mesh Control. The grounded aluminum mesh as an

indirect controller (with eight holes per inch and a hole width of
3 mm) works as an electrode for the APPJ for indirect plasma
exposure, with a 4 mm gap over the WST sample. There is a
significant rate of heat transfer in the gap region between the
mesh and n-WSF despite scattering losses with mesh wires and
the largest sheath length surrounding the mesh wires. Owing to
the penning effect, significant local electric fields at the Al mesh
and considerable heating impact on the antimicrobial process
are produced by adequate ionization and excitation processes
along the sharp edges of the mesh holes. The Al mesh
accelerated charged particles and improved interactions with
other particles to formmore reactive species, such as OH and O,
which increased the killing area of the inactivation process
because of the increased electric field between the mesh and the
electrodes of the APPJ.97

3.6.3.Wet I Control. E. coli attached to n-WSFwas inactivated
using a nonthermal APPJ control and a wet I discharge, where
the surface of the cell membrane became a collection point for
the charged particles produced by APPJ. Depending on how
quickly the various coverings represented by coatings, debris,
and dead cells erode, an electric field can penetrate the cell
membrane. Reactive species, such as O2 and OH, are the most
potent agents influencing the microbial inactivation process of
bacteria when the wet I plume interacts with the surrounding
gases and molecules.98

Figure 19. Stress as a function of the strain for untreated and treated n-
WSF samples with dry argon, wet I, and wet II discharges.

Table 5. Measured Mechanical Properties of the Untreated and Treated n-WSF Samples under Different Discharges: Dry, Wet I,
and Wet II Using APPJ

region parameters units untreated dry Ar wet I wet II

from A to B stiffness KPa 2.75 3.2 3.6 4
B yield strength KPa 275 320 360 400
C ultimate tensile strength σUTS KPa 410 420 450 475
B−C strain hardening σUTS−σY KPa 135 100 90 125
D elongation percent at breaking point % 200 230 240 250
area under the curve of the elastic region resilience J/m3 137,500 16,000 18,000 20,000
area under the strain−stress curve up to fracture toughness J/m3 50,375 56,275 705,15 65,410
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3.6.4. Wet II Control. As the wettability increases because of
the coupling between wet I and wet II, the reactive oxygen
species, reactive nitrogen species, atomic oxygen, and hydroxyl
radicals increase, decreasing the exposure time and accelerating
the inactivation process. The disinfecting property of TiO2 NPs
is highly dependent on the photocatalytic effect of TiO2,

99 where
the outer cell membrane wall of various bacterial species
attached to n-WSF acts as a barrier to the wet II mechanism to
complete the antibacterial process, so the outer membrane first
disintegrates before the whole cells are completely broken down.

According to the photocatalytic oxidization mechanism of
Gram-negative E. coli, the organic material is oxidized because of
its photocatalytic activity, and as a result, the organic material of
the cell wall membrane increases the number of holes in the
TiO2 valence band.100 The bactericidal activity and aggregation
of TiO2 are positively linked to the rate of cell death.101,102

4. CONCLUSIONS
The nonthermal, electrical, and optical characteristics of APPJ
were discussed, given the improvement in the performance of
Kiswa nonwoven silk fabric owing to the combination of the
photocatalytic effect of titanium dioxide and the effect of
nonthermal plasma. The attachment of living bacteria to the
surface covers the nonwoven silk fabric (Kiswa) using
wettability I (2 slmad mixed argon with oxygen ratio O2, equal
to 15 mslm) and wettability II (Ar/O2 mixture combined with
TiO2, sprayed in the plasma jet at a ratio of 0.5 g/L) to accelerate
the inactivation process. Furthermore, an aluminum mesh was
used as an indirect exposure control to increase the antimicrobial
area owing to the nonthermal nature of the plasma jet.

The quality of the nonwoven fabric under the influence of
different nonthermal plasma wettabilities was improved by
studying the surface modification, performance quality, treat-
ment efficiency, exposure time, water repellency property,
mechanical parameters, and heat directly impacted on non-
woven silk fabric samples. As the wettability of the TiO2
photocatalyst increased, the average heat transfer rate,
antibacterial treatment, and sterilization rate of the E. coli
microorganisms increased. This may be due to photocatalytic
disinfection and the generation of active species. The sputtering
characteristics of the jet plume help the polymerization and
deposition processes of TiO2 induce antimicrobial activity on n-
WSF, and wet II accelerates the inactivation process more than
wet I discharge. In addition to the influence of the incident cloud
of nonthermal jets on the mechanical parameters of the fabric
membrane, plasma interactions and wettability are also
important. The current article represents a roadmap to improve
an environmentally friendly green approach to the nonwoven
silk fabric, and our anticipated future work will include
nanoparticle solutions with different wetting doses, concen-
trations, and flow rates for biomedical applications such as
surgical instruments to improve the performance of photo-
catalytic disinfection.
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