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ARTICLE INFO ABSTRACT
Keywords: The distribution of electron temperature Te and density Ne for direct current glow plasma
DC glow discharge discharge was investigated, using a single Langmuir probe, inserted inside the plasma cell. The
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radial temperature distribution has the same values, except with a small increment variation at
the cathode edge, and an axial decrement for the temperature T, distribution profiles from the
cathode fall region, passing the abnormal glow region, up to the faraway axial region.

The radial distribution of the electron density N, has its highest value at the cathode, with very
intense plasma at the cathode fall region, and more N, decrement in the abnormal glow region,
passing the abnormal glow region up to the faraway axial region. In the axial N, distribution, an
increase in N, from the cathode fall region reaches maximum values in the abnormal glow region
and decreases in the faraway axial region.

The optimal plasma surface treatment of non-woven silk fabric (n-WSF) can be achieved by
utilizing a high plasma density and low energy of electrons to inactivate viable cells attached to
(n-WSF) at very short application times, leading to complete inactivation, where the bacterial
inactivation rate increases in the abnormal glow region. Based on analyses of the experimental
data of initial and final densities of viable cells using survival curves in the abnormal glow
discharge region, a dramatic inhibitory effect of plasma discharge on the residual survival
microbe ratio was observed.

1. Introduction

Plasma physics studies the fourth state of matter with the highest ratio in the universe. Plasma can be created on Earth through
various methods such as electrical discharge, laser ablation, chemical reactions, thermal methods, and nuclear reactions [1,2]. Owing
to its wide temperature range, plasma technology is currently being used in various fields for different applications, such as surface
etching, biomedicine, surface coating, surface modification, waste destruction, gas treatments, chemical synthesis, disinfection,
sterilization, fabric treatment, and machining [3-5]. Over the past two decades, numerous articles have been published on
non-thermal plasma glow discharges using atmospheric pressure of plasma jet (APPJ), radiofrequency (RF), and Direct Current (DC)
for various applications such as etching, coating, disinfection, sterilization, medical applications, and woven and non-woven fabric
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treatment [6-8]. Additionally, many studies have focused on thermal plasma using plasma gasification reactors for the treatment of
different wastes, solid, plastic, scrap tires, medical, and grey water, and plasma gasification is considered a source for energy recovery
by converting different wastes into syngas, pyrolysis oil, diesel oil, carbon, and slug [9-12].

Several studies have investigated the inactivation factors of spore-forming bacteria using low-pressure plasmas. These studies
compared the characteristics of low-pressure plasma between different working gases for sterilization purposes [13]. Most of these
studies have focused on the influence of the non-thermal characteristics of cold plasma on the acceleration of the sterilization process,
depending on the discharge conditions. Escherichia coli, a gram-negative bacterium found in various habitats, can cause a range of
illnesses ranging from diarrhea to respiratory and urinary tract infections. The use of plasma to combat various bacterial genera is a
new technique made possible by the low gas temperature, low pressure, and atmospheric pressure in the air. Diagnostic methods have
been utilized to examine the interaction between non-thermal plasma and microbes generated in DC glow discharge under vacuum and
the effects of UV rays and reactive species caused by heat on surface disinfection. Additionally, the role of cold plasmas in biological
and environmental research has been studied [14-16].

Fabrics, made of polymer materials, are one of the most significant industrial products owing to their crucial role in everyday life.
They have various applications, including household clothing, medical surgical gowns, and agricultural fabrics. Recently, there has
been growing global interest in the production of multifunctional fabrics. This interest has led to exceptional properties, such as
antibacterial properties, and is non-toxic to human cells.

The use of plasma and fabric technology has gained considerable attention due to the need to address the growing environmental
concerns. Consequently, extensive research is being conducted on the application of cold plasma as an environmentally friendly
physical agent [17]. Cold plasma is gaining acceptance not only from an ecological standpoint but also from an economic perspective.
The exposure of fabric materials to DC glow discharge causes both physical and chemical alterations in the surface and near-surface
layers. The reactive species generated in the glow discharge have a profound impact on the mechanical properties of the fabric, and
these advancements in modern technological processes are crucial in addressing the escalating environmental challenges [18].

Plasma technology has been extensively utilized in diverse industrial applications owing to its exceptional efficiency, minimal
ecological footprint, and simplicity. This has led to its widespread adoption in various environmental processes, including the
treatment of living organisms on fabrics using cold plasmas. Cold plasma, which ensures both electrical and biological safety, is
employed to alter the properties of the material surfaces. In the fabric industry, plasma technology is being developed for numerous
purposes such as improving dimensional stability, imparting flame repellency, enabling self-cleaning capabilities, providing anti-
bacterial qualities, and enhancing resistance to UV degradation [6,19].

The focus of our current research is the diagnostic technique of a DC glow discharge plasma sputtering device, which operates at
low pressures through particle bombardment. Additionally, it has extensive applications in various industries and material surfaces
owing to its environmentally friendly nature. These applications include cleaning, purification, and sterilization. Moreover, the study
of basic gas discharge processes and the development and improvement of detection techniques for small gas plasma values have been
conducted [7,20].

In this work, we specifically investigated the characteristics of the electron temperatures and densities in different axial and radial
distributions for an argon discharge. To achieve this, we used a mesh cathode (MC) configuration within the plasma cell. The aim was
to determine the optimal position for the nonwoven fabric sample, ensuring a homogeneous and suitable disinfection process.
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Fig. 1. The experimental set-up of the sputtering unit and the electrical circuit necessary to produce a glow discharge between two electrodes in a
stainless tube with: 1) mesh cathode, 2) n-WSF with holder, 3) gas in, 4) glass windows, 5) lenses, 6) spectrometer, 7) CCD detector, and 8) vacuum.
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2. Experimental set-up and procedures
2.1. Sputtering unit set-up

The experimental set-up of the sputtering unit and the electrical circuit necessary to produce a glow discharge between the two
electrodes in a stainless tube with glass windows is illustrated in Fig. 1. In this set-up, argon gas was used as the working gas for various
low-pressure glow discharges under breakdown. Furthermore, to generate a stationary DC glow discharge, several parameters were
adjusted as follows: the discharge current ranged from 4 to 30 mA, the discharge DC voltage ranged from 200 to 1200 V, the pressure
ranged from 1 to 5 mbar, and the current density ranged from 2 to 15 mA/m?. The emission from the MC plume to the bacterial colony
samples attached to (n-WSF), was determined by capturing the light emitted from a DC plasma glow discharge system using an
Avaspec-2048 spectrometer with a CCD (Charge Coupled Device) detector. The optical emission spectra of the emerging plasma plume
above the MC were measured and showed lines and bands representing wavelengths ranging from 200 to 850 nm. Furthermore, the
intensity emission spectra (IES) were also recorded.

The discharge chamber utilized in this study was the same as that previously employed by the author, as described in more detail in
Refs. [21,22]. However, there is a difference in the diagnostic techniques employed, with the Faraday cup probe being replaced by a
single probe [23]. The DC plasma source was operated using two parallel circular plate electrodes, with one electrode made of
aluminum mesh serving as the cathode, and a copper electrode serving as the anode. These electrodes were positioned near each other
with a small gap distance of 2 mm to prevent plasma formation between them. The plasma was confined above the mesh electrode,
where the region of interest for the plasma study was located. To isolate the two electrodes from the stainless-steel outer chamber, a
polytetrafluoroethylene (PTFE) insulating material was placed around them. This insulation confines the plasma over the mesh
cathode (MC) and prevents the accumulation of charged sheaths on the electrode surfaces. The aluminum MC plays a crucial role in
controlling the plasma, as will be discussed later. The number of holes per centimeter in the mesh configuration (which consists of a
grid with seven wires per centimeter) allows for axial and radial measurements to control various parameters such as electron tem-
perature, electron density, and ion velocity. These parameters are of great importance in sputtering processes, as they influence the
rate, profile, reaction, and exposure time of the target sample, which floats in the plasma above the MC at different axial positions.

To measure the distribution of electron temperature T, and density N, in the direct current glow plasma discharge, a single-probe
electric circuit was utilized in this study [24]. The circuit, as depicted in Fig. 2, consists of a single spherical probe made of phosphor
bronze with a diameter of 2 mm. The probe diameter was kept as small as possible to minimize any potential disturbances to the
plasma. In addition, the probe was cleaned by electron bombardment to reduce surface contamination. The probe was isolated using a
thin glass tube, and the tip was immersed in glow discharge plasma. The probe was connected to a steady positive voltage ranging from
60 to 100 V to perform electron bombardment. The electrical circuit used for the single probe included a DC power supply, a 10-turn
potentiometer (50 K), a load resistor (Rp = 1 K), and a 10 pF capacitor placed in parallel with the measuring resistor Rp to filter out
noise. It is important to note that the axis of the single spherical Langmuir probe should always be positioned perpendicular to the
electric field to avoid any distortion of the probe characteristics, especially in the vicinity of the space potential. The probe was
periodically cleaned by ion bombardment to remove any possible hysteresis effects on the probe characteristics [25].

2.2. Culture media preparing

The culture media of the bacterial colonies adhered to the (n-WSF) samples were prepared before and after the antibacterial process
using the DC plasma discharge system, and the Petri dishes were kept hidden at 10° CFU/mL (colonies formed per milliliter) E. coli
from the contaminated sample without any sputtering [26,27].

To investigate the antibacterial properties of (n-WSF) samples, we experimented with the inactivation process of Escherichia coli
(E. coli - gram-negative bacilli) attached to the samples. We tested various non-woven silk samples in the following ways. First, we
prepared an overnight culture of approximately 10° cell-forming units per milliliter (cfu/ml) using untreated (n-WSF) samples as
control Petri dishes that were not exposed to the plasma column above the MC.

Second, we tested the antimicrobial performance of the (n-WSF) samples after treatment for different exposure times with a viable
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Fig. 2. Single probe electric circuit for measuring the axial (A) and radial (R) distribution of electron temperature T, and density N, in an evac-
uated chamber.
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suspension of culture media. Finally, we spread E. coli onto a series of Petri dishes containing MacConkey agar medium (Oxoid
Australia, Adelaide, SA) to assess the results [28]. From 15 (n-WSF) samples held perpendicular to the plasma column, each of the five
samples was held at axial distances from the MC of 5 mm, 10 mm, and 15 mm at different exposure times, and one was kept as a control
and not exposed [29].

The logarithm of the bacterial reduction (R) CFU/ml (the culture media of the bacterial colonies adhered to the (n-WSF) samples)
was prepared before, and after the antibacterial process, taking into account the controller Petri dishes kept hidden with 10° CFU/mL
(colonies formed per milliliter) E. coli [30], and the inactivation rate 1%, as a function of the plasma exposure time, where R, Ny and N
are given by equation (1) [31]:

N
Log (R) =Log,, {TO} (€]

The bacterial intensity before and after plasma treatment can be represented as Ny and N, respectively, in units of CFU/ml. The
inactivation rate 1 can be calculated using Equation (2):

Np -

N
Inactivation rate = { } x 100% 2)

2.3. Article structure arrangement

Table (1) shows an experimental roadmap for the antimicrobial control by DC glow discharge measurements, by studying the
electrical characteristics, non-thermal characteristics, plasma modes, optical emission measurements, and anti-microbial measure-
ments for the plasma plume incident on the (n-WSF).

3. Results and discussion
3.1. Potential and electric field distribution measurements

Potential distribution measurements were carried out by moving a single probe across the plasma cell with axial motion concerning
one of the electrodes. These measurements were performed at a discharge current of 10 mA and a gas pressure ranging from 1 to 4 mbar
for argon (Ar). The results in Fig. 3 illustrate that the potential distribution can be divided into three distinct regions.

In region I (AB), the potential rapidly increases over a short discharge length. This was attributed to the occurrence of gas
breakdown within the tube, leading to a sudden increase in the ionization rate, particularly in the vicinity of the mesh cathode. Owing
to their larger masses, positive ions move more slowly in an electric field than in electrons. Consequently, electrons are swiftly drawn
toward the sample inside the plasma, leaving behind a dense positive space charge near the mesh cathode. Consequently, the electric
field becomes distorted, and a significant portion of the applied potential is concentrated in the narrow space in front of the mesh
cathode. In region II (BC), the potential exhibits a slight decrease, indicating a weaker electric field. This could be attributed to the
presence of numerous free electrons in this region. In Region III (CD), the potential distribution remains nearly constant and linear.
This is because the densities of positive and negative carriers are approximately equal in this region [32].

The measured potential distribution curves in Fig. 3 were differentiated to determine the values of the electric field (E). The formula
used to calculate the electric field is as follows [33]:

E=(AVp /Ax) 3)

Fig. 4 shows the distribution of the electric field at a discharge current of 10 mA and gas pressures ranging from 1 to 4 mbar. A high
electric field was observed, which decreased sharply as one moved away from MC. This phenomenon can be attributed to the presence
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Fig. 3. The axial potential distribution measurements at a discharge current of 10 mA and an argon gas pressure ranging from 1 to 4 mbar.
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Fig. 4. The axial electric field distribution measurements at a discharge current of 10 mA and an argon gas pressure ranging from 1 to 4 mbar.

of an intense positive space charge in front of the MC. This space charge acts as an accelerator for the electrons toward the sample, and
the kinetic energy gained by the electrons is dissipated through collisions with gas atoms near the sample, resulting in the production of
secondary electrons [8].

3.2. Current-voltage characteristic of the single probe

The current-voltage characteristic curves of the single probe are depicted in Figures (5) and (6). These curves illustrate the behavior
of the probe in two different axial regions: 4 mm near the MC and axially away further by 12 mm. The electrical characteristics of the
discharge current were kept constant at 10 mA, while the argon gas pressure ranged from 0.5 to 4 mbar.

In our previous work [33], we discussed the confinement of plasma over the MC, which is represented by an abnormally glow
discharge region. In region I, a potential V}, was applied to a single probe, resulting in a potential difference between the probe and
plasma. Owing to the quasi-neutrality of the plasma, the fluxes of the positive ions and electrons toward the probe surface must be
equal in the steady state. However, because electrons have a higher mobility than positive ions, the probe immersed in the plasma
acquires a negative electrical charge. This leads to the establishment of an electric field that accelerates the positive ions and repels
electrons. Consequently, the ion saturation current increased with increasing gas pressure [34].

After the transition to region II and the attainment of floating potential values, the single probe gradually became less negative and
eventually positive. Just above the floating potential, the current increases exponentially (because the electron energy distribution is
Maxwellian). This allows electrons to reach the probe, causing its potential to become even more positive in this region. In this region,
the number of electrons collected by the probe exceeds the number of ions collected, owing to the higher mobility of electrons [35]. As

550

3

=

500

I 1] 450
—— p=0.5 mbar 400
—#— P=Imbar
—#— P=2mbar 350
—— P=2.5mbar 300
—¥— P=3mbar
—@— P=4mbar 250
200
r 150
100
+ 50
——a--——_N—_— T+ 0
Yvolt % < % @ | < | | = % < -50
-65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0

Fig. 5. The current-voltage characteristic curves of the single probe at a discharge current of 10 mA and an argon gas pressure ranging from 0.5 to 4
mbar, at axial region; 4 mm near the mesh cathode.
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Fig. 6. The current-voltage characteristic curves of the single probe at a discharge current of 10 mA and an argon gas pressure ranging from 0.5 to 4
mbar, axially away from the MC further by 12 mm.

a result, the probe current rapidly increased with increasing applied voltage. Only electrons with sufficient energy to overcome the
sheath repulsion can reach the probe. It is worth noting that the electron saturation current (IpA) can be obtained when the sheath
potential is zero, and its values are higher near the MC compared with the faraway axial distance [36].

3.3. The axial and radial distribution for the electron temperature

The current collected by the probe (IpA) versus the potential (V) of the probe in transition region II from Figures (5) and (6) of the
(I4-Va) characteristic of the single probe can be represented by the logarithm plot according to the single-probe theory [37]. This
logarithmic plot formed a straight line with a slope of — (e/KTe). The electron temperature was determined by estimating the
reciprocal of the slope as follows:

dvVv
KT, = |———
= 7] @

The estimated temperature decreased as the pressure increased. This can be explained by the inverse relationship between the

temperature and pressure, given by the following equation [38]:

|Te|= 6.5 [P0 | )

As the pressure increased, the breakdown voltage also increased, resulting in a higher electron density and a greater frequency of
electron-electron collisions. These factors contribute to the decrease in electron temperature [39].
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Fig. 7. 3-D distribution profile of the axial and radial electron temperature using the single Langmuir probe.
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Furthermore, the electron density N, increased as T, decreased, where N, can be calculated using the following equation:

Il‘e
N.= 6
Aev, (6)

Where L., A, e, v, are: the electron saturation current, the area of the probe, the electron charge, and the electron velocity respectively.
All can be calculated using the following equation:

R KT,
Ve =4 /—— ()]
T me,

Fig. 7 shows the 3-D distribution profile of the axial and radial electron temperatures using the single Langmuir probe. The axial
distribution reveals a sharp decrease in electron temperatures near the MC, with T, values ranging from 8 to 9 eV, up to the abnormal
glow discharge (at 12 mm) region, where Te varies from 5 to 3 eV. Furthermore, in the faraway region, T, varies from 0.5 to 2 eV.

Regarding the radial distribution, the temperatures remained relatively constant at approximately 2 eV within the same discharge
region, except at the edge where it increased to 3.75 eV. This variation may be attributed to the non-uniform effect of plasma caused by
the concentration of the electric field near the edge of the cathode, known as the “edge effect” [40].

Overall, the temperature values decreased from the MC to the axially away region, passing through the abnormal glow discharge
region. Electrons emitted from the cathode surface gain energy and entered the abnormal glow discharge region, where they lose some
energy through collisional excitation processes. The length of the abnormal glow discharge region is then determined by the dissi-
pation of electron energy due to inelastic collisions with neutral atoms [41].

3.4. The axial and radial distribution for the electron density

Considering the inverse relationship between T, and N, values (T x N. = constant) [42], it can be observed that the maximum value
of one corresponds to the minimum value of the other. Fig. 8 shows the 3-D distribution profile of the axial and radial electron density
exhibits a significant increase along the axial direction, starting from the MC region at 4 mm. The N, values range from (3-4) x10°
cm 2 in this region and further increase to (10-12) x10° cm ™3 in the abnormal glow discharge region at 12 mm. As the axial distance
increased, the N, values sharply decreased to (0.5-1) x10° cm 2 in the faraway axial distance range of (26-30) mm.

Additionally, Fig. 8 also illustrates the radial distribution of the electron density. The highest value of electron density, reaching 15
x 10° em ™3, was observed at the edge of the mesh cathode, resulting in bright and intense plasma. As the probe moved toward the
abnormal region, the electron density gradually decreased to a moderate value of 6 x 10° cm™2. Finally, it sharply decreases toward
the center, reaching a value of 2 x 10° cm™>. These decreases in electron density can be attributed to the ionization process that occurs
after the breakdown of argon [43]. When electrons gain sufficient energy to ionize gas atoms, ionization occurs, causing a loss of
energy in the electrons and an increase in their number. Moreover, an increase in pressure leads to an increase in the rate of ionization
and, consequently, an increase in the number of electron-atom collisions.

3.5. Floating potential distribution

Optimal plasma surface treatment of polymers can be achieved by utilizing the high plasma density and low energy of electrons or
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Fig. 8. 3-D distribution profile of the axial and radial electron density using the single Langmuir probe.
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ions [44]. This can be accomplished by increasing gas pressure. The potential difference between the (n-WSF) (as a floating body) and
plasma is referred to as the floating potential (V¢), which is dependent on the electron temperature (Te). Floating potential V¢ can be
determined using the following equation [45]:

1 . KT, KT,
Vi=— [m(zn m—) - 1} Bleazgg 2 ®)
2 e e

m;

where k represents Boltzmann’s constant, m. represents the mass of an electron, and m; represents the ion mass. The values of tem-
perature T, can be obtained from the measurements of the probe using the data from Figures (5 and 6). Fig. 9 illustrates the values of
the axial floating potential distribution V¢ at different applied pressures (1-4) mbar using equation (8). It shows a sharp axial
decrement of the V¢ at the MC, with a value of 13.5 eV, up to the abnormal glow discharge region (at 12 mm) with values ranging from
10 to 8 eV, and further faraway with values ranging from 6 to 4 eV. Moreover, as the temperature and floating potential decrease,
plasma potential Vpjasma also decreases, which can be calculated as follows [46]:

Ve = Vi + AL [m( 2m; )} ©)

2 T m,

The floating potential is a critical factor for the floating sample (n-WSF), where fluctuations in the floating potential simply reflect
changes in the plasma potential, local plasma density, and electron temperature [47,48]. Furthermore, there are various forces on the
(n-WSF) sample, including electrostatic, gravitational, neutral, ion drag, and thermophoretic forces that influence inside low-pressure
plasma (under vacuum) and satisfy a good medium for the inactivation process (see Table 1).

3.6. Optical emission spectroscopy (OES)

The emission spectra intensity of the DC glow discharge can be plotted against the wavelength, ranging from 200 to 900 nm, using
the characteristics provided previously and are listed in Table 2. This allowed for the retrieval of OES data [49] of the DC glow
discharge.

In the case of the argon-DC glow discharge, as depicted in Fig. 10, OES data were collected and are presented in Table 3, which
includes information on the species elements, wavelength, intensity of emission spectra, and transitions for hydroxyl (OH), nitrogen
bands (N3), and argon (Ar) with oxygen (O) radical lines. The presence of these bands and lines was attributed to the interactions of the
Ar plume inside the chamber. The excited Ar species and high-energy electrons in the plasma interact with the surrounding ambient air
[50].
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Fig. 9. 3-D distribution profile of the axial floating potential V¢ at different applied pressures (1-4) mbar.
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Table 1

An experimental roadmap for the antimicrobial control by DC glow discharge measurements.

Heliyon 10 (2024) e24490

Experimental study of (n-WSF) using DC glow

Electrical characteristics

a) Discharge current, from 4 up to 30

Antimicrobial Control by DC glow

discharge mA discharge
b) Discharge DC voltage, from 200 up to
1200 V
¢) Pressure, from 1 up to 5 mbar
d) Current density, from 2 up to 15 mA/
m2
Plasma parameters a) Potential distribution
b) Electric field distribution
c) Electron temperature
d) Electron density
e) Floating potential
Plasma distributions a) Axial distribution
b) Radial distribution
Optical emission a) Detecting wavelengths lines and
spectroscopy bands
b) Detecting intensity emission spectra
Anti-microbial a) Survival curves of E. coli
measurements b) Exposure time
Table 2
Measured characteristics for argon discharge.
Characteristic Value Unit
Low pressure plasma DC glow Discharge
Discharge current 4-30 mA
DC voltage 200-1200 volts
Pressure 1-5 mbar
Current density 2-15 mA/m?
Axial Position Abnormal at 12 mm
Electron temperature 5to3 eV
Electron density 10to 12 x10° cm ™3
Floating potential 10to 8 eV
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Fig. 10. Intensity of emission spectra versus wavelength for argon DC glow discharge (low pressure plasma).

16)

The emission of OH® and O° radicals can also occur as a consequence of impurities present in argon gas (commercial gas) or the
infiltration of air into the discharge zone through the evacuation process [51]. Among the reactive species, O and OH are considered
the most potent agents contributing to microbial inactivation of bacteria [52].

3.7. Survival curves

Fig. 11(a) displays a photograph of the control sample, while Fig. 11 (b, ¢, and d) show photographs of (n-WSF) samples treated
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Axial Positions Control 4 mm 12 mm 25 mm

(n-WSF) samples

a b T8 d

Fig. 11. (a) Represents the control sample photo, and (b, ¢, and d) represent the treated (n-WSF) samples, with different applied axial distances
from the MC of 4, 12, and 25 mm, respectively.

with various DC glow discharge controls at different distances from the MC: 4, 12, and 25 mm, respectively. The objective of this study
was to analyze the survival curves of microorganisms attached to non-woven fabrics under direct-current glow discharge.

Fig. 12(a) shows the control Petri dish prior to treatment, containing a concentration of bacterial colonies of E. coli (CFU/mL).
Fig. 12 (b, c, and d) illustrate the E. coli culture media after exposure to controls positioned at axial distances of 4, 12, and 25 mm from
the MC, respectively. The deactivation regions within the Petri dish are indicated by an etched area, which initiates growth in the
abnormal discharge region located 12 mm from the MC compared to the 4 mm position and 25 mm from the MC.

The survival curves presented in Fig. 13 show the logarithm of the bacteria reduction R (CFU/ml) as a function of the exposure time,
indicating that the bacterial reduction process and inactivation rate of (n-WSF) samples increased with increasing exposure time. The
study also observed the survival data inside the Petri dish after the sputtering process and the amount of bacterial reduction [53]. The
inactivation rate was found to increase because of the DC glow discharge plume. In this study, we identified three phases of bacterial
spore inactivation.

Phases L, II, and III [54,55]. The survival curves for the axial position (12 mm) contained three phases, with death time values less
than those for the axial positions of 4 mm and 25 mm owing to the low exposure time. The low treatment period, low pressure, low
temperature, low floating potential, high density, and low dusty plasma were found to have the ability to produce a higher concen-
tration of plasma over E. coli microbes and fast inactivation of bacteria at the axial position of 12 mm. Additionally, the exposure time
was approximately halved when compared to the axial distances of 4 and 25 mm. Particulate contaminated DC glow discharges in the
axial position of 4 mm, due to dust nanoparticle formation, delay the inactivation process [56,57], and the influence of the
ambipolar-to-free diffusion transition on dust particle charge in a complex plasma [58] near the MC due to charging of dust grains in
plasma with energetic electrons. Finally, a dramatic inhibitory effect of plasma discharge on the residual survival microbe ratio [59] in
the abnormal region for the axial position of 12 mm was also observed. Finally, the optimal parameters of the axial position to 12 mm,
the control region to the abnormal glow discharge region, and the low treatment period to 5.5 min for a complete inactivation process,
which recommends maximum bacteria reduction when treating the n-WSF with the proposed discharge plasma sputtering device.

4. Conclusion

The antimicrobial performance of the non-woven fabric under the electrical characteristics of direct current glow discharge was as
follows: discharge current: 4-30 mA, discharge DC voltage: 200-1200 V, applied pressure: 1-5 mbar, and current density: 2-15 mA/
m?. Axial and radial distributions of low-pressure plasma parameters, such as potential distribution, electric field distribution, electron
temperature, electron density, and floating potential. Furthermore, plasma modes, such as optical emission spectroscopy, wavelength
detection, and detection of intensity emission spectra, were discussed.

As the pressure increases, the breakdown voltage also increases, resulting in a higher electron density with a greater frequency of
electron-electron collisions and contributing to a decrease in electron temperatures. These factors are satisfied in the abnormal glow
discharge region suitable for the antimicrobial process of the (n-WSF).

Axial Positions Control 4 mm 12 mm 25 mm

Culture media

a C

Fig. 12. (a) Represents the control Petri dish before treatment containing the bacterial colony concentration of E. coli (CFU/mL), and (b, ¢, and d)
represent E. coli culture media after time exposure, and different applied axial distances from the MC of 4, 12, and 25 mm, respectively.
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Fig. 13. 3-D distribution profile of the survival curves at different axial positions shows the logarithm of the bacteria reduction R (CFU/ml), as a
function of the exposure time (min.).

The ideal plasma surface treatment for non-woven silk fabric (n-WSF) can be achieved by utilizing a high plasma density and low
electron energy to effectively inactivate any viable cells attached to the fabric within optimal parameters for the axial position at 12
mm, the control region to the abnormal glow discharge region, and the low treatment period of 5.5 min for a complete inactivation
process, which suggests maximum bacteria reduction when treating the n-WSF with the proposed discharge plasma sputtering device.

An analysis of the experimental data on the initial and final densities of viable cells using survival curves in the abnormal glow
discharge region revealed a significant inhibitory effect on the residual survival microbe ratio due to the impact of plasma discharge.

From the perspective of future work, a comparison of the effects between the atmospheric pressure of the plasma jet and the direct
current of glow discharge at low pressure (in vacuum) on the antimicrobial process of the (n-WSF).
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