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Abstract

The output argon plasma stream was generated, and its properties were studied.
The deionized water was formed using the optically described plasma stream. The
titanium plate was melted using a needle with the argon gas stream. An analysis
was conducted on the emission spectra of the plasma generated within the argon gas
plasma jet system at different operating voltages, a flow rate of 4 L/min, and the
pressure of the atmosphere. The amounts of NO,, NOs, and H>O, that the lab will
treat to evaluate their impact on removing bacterial aggregation were determined by
measuring the absorbance of the plasma-treated water at wavelengths between 300
and 400 nm. Using optical emission spectrometry (OES), we measured the electron
temperature, Debye length, and Debye range while examining the excited titanium
metal's spectral lines. A series of spectra generated by the plasma were recorded
under different flow rates of argon gas. The temperature and electron band density
(Te) and (ne) of titanium metal and argon gas increased with increasing the flow rate
of argon gas into the DC plasma, and increased killing of bacteria was observed
with increasing the potential difference of ionized water in the plasma. This study
shows that prepared cold plasma has beneficial effects on killing bacteria.

Keywords :Cold plasma, activated water, Surface treatment, Argon gas (Ar), Ti-
metal.
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1-Introduction

There is a growing need to study the characteristics of gas-discharge processes to assess
their suitability for sterilizing and disinfecting industrial materials, equipment, and
electronics. This is done to safeguard them against biological harm and corrosion caused by
microorganisms [1,2]. Plasma treatment has been discovered to possess a therapeutic impact
on living tissues through the processes of sterilization, hemostasis, and the treatment of skin
ailments [3,4]. In recent years, there has been a significant increase in the need for
sterilization and disinfection technologies that are efficient, user-friendly, do not require high
temperatures, and are very reliable. This trend has gained considerable momentum. The
investigation into the characteristics of emissions that produce low-temperature (cold) non-
equilibrium plasmas at atmospheric pressure is significant in plasma technologies [11-5]
Various gas discharges, such as creeping discharge, corona, barrier, and pulsed discharges,
can function as reservoirs of low-temperature, non-equilibrium plasma for chemical
reactions, which can be generated under atmospheric pressure. Although many papers have
examined different aspects of these discharges and their demonstrated efficacy for biomedical
applications in a controlled laboratory setting, the utilization of cold plasma at atmospheric
pressure to deactivate microbes has not been widely adopted. The reason behind this is that
the plasma sources needed are technically intricate and economically inefficient. Moreover,
the utilization of atmospheric pressure discharges to treat biological items necessitates the
application of high voltages ranging from 10 to 40 kV, hence presenting a significant safety
hazard. Hence, a primary concern in plasma medicine is the selection of discharge settings
that provide both safe and nondestructive treatment. The majority of plasma jets typically
exhibit a diameter ranging from a few millimeters. Plasma jets with huge diameters and good
homogeneity can be generated using a low-current spark discharge in argon at atmospheric
pressure. Plasma jets show potential in various applications, including treating large wounds
in the medical area .[11]

This investigation involved subjecting two distinct microbial species to cold atmospheric-
pressure plasma jets to assess their effectiveness in deactivating the microorganisms. Gram-
positive bacteria possess a robust cell wall composed of many layers of peptidoglycan, and
Gram-negative bacteria possess an outer membrane. In contrast, gram-negative bacteria
possess a stratified composition including three primary components: the outside membrane,
the peptidoglycan cell wall, and the inner membrane. The outer membrane serves as an
additional stabilizing barrier surrounding the cell, safeguarding it from harmful substances

[11].
In this paper, the effect of cold plasma on S. aureus and E. coli were investigated via the

performance of cold plasma at different times of treatment. In addition, the emission
spectrum of a plasma jet obtained using a multichannel spectrometer was also analyzed
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2-Experimental Setup
2.1. Plasma jet Generator

In this study, a cold plasma generator is employed. Figure 1 depicts the schematic diagram
of the equipment utilized [12]. The device's essential parts include a power supply, a high-
voltage converter, a control circuit unit, a plasma-generating circuit, and an air pump. The
device also features a discharge chamber, which is essential for producing plasma. The
chamber is constructed with air tubing, a metal deflector, an insulated enclosure, positive and
negative poles, and a barrier medium. During this experiment, we optimized the device's
settings to function at a frequency of 60 Hz. The input voltage was adjusted to around 220 V,
while the circuit current utilized was 2.5 = 0.2. We calibrated the air pump to get a flow rate
of 4 liters per minute. The StarLine AvaSpec-ULS4096CL-EVO fiber optic spectrometer,
produced by Avantes in Apeldoorn, The Netherlands, was utilized to analyze the optical
emission spectrum (OES) of the cold plasma in the range of (300-900) nm wavelength. To
determine the species that were present, we utilized this spectrometer. In addition, we
monitored and documented the cold plasma generator's electrical usage, voltage, and
individual high-voltage output pulses (plasma doses) for 15 minutes [13]. Additionally, an
investigation was carried out to assess the water's electrical conductivity and oxidation-
reduction potential (ORP). Treated with cold plasma for each treatment [14].

Figure 1: Plasma jet experimentation framework diagram

2.2. Cell Survivability

The Luria-Bertani (LB) broth was employed for the cultivation of S. aureus and E. coli
until they attained the logarithmic growth phase, which normally required a duration of 2 to 3
hours. Following this, a total volume of 150 pL of the suspensions was spread onto a 90 mm
Petri plate containing LB agar culture medium in preparation for plasma treatment and
subsequent analysis. Subsequently, the suspensions were diluted to achieve a concentration of
10'° colony forming units (CFU) per milliliter (ml) prepared to culture the bacteria for
exposure to plasma jetting.
Following the treatment, the Petri dishes were hermetically sealed and incubated for 18-21
hours at 37°C for S. aureus and 37°C for E. coli. Subsequently, the quantity of colony-
forming units (CFUs) was enumerated on the Petri dish. The rate of bacterial inactivation was
determined by calculating the percentage reduction in CFU numbers of the plasma-treated
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sample through the use of software colony count under room temperature. The control sample
by dilution is shown in the figures (9) and (10) which are considered before exposing it to
plasma jetting at different voltages, and the cause of bacterial killing is due to changing the
plasma generation voltage in order to stabilize other factors that are not related to killing.
Pathogenic bacteria were obtained from Biology Department, College of Science, University
of Baghdad, these bacteria were previously identified by traditional methods, biochemical
testing, and then the Vitek method.

2.3. Plasma treatment

Figure (2a) displays a diagram illustrating the treatment arrangement. The treating
distance is the distance between the PMJ device's exit nozzle and the Petri dish's surface. In
this investigation, three voltages (400, 700, and 1000 V) was used to specifically target
titanium, at a fixed distance of 1.5 cm for 1 min. The plasma treatment was confined to a
square area measuring 2 cmx2 cm in the middle of the Petri dish, which is referred to as the
"treated area" (Figure (2b)). The Petri dish containing each bacteria sample was subjected to
the plasma torch. The torch moved over the dish at a consistent gas flow speed of 4 L/min.
The movement of the torch followed the gridlines as shown in Figure (2b), the torch's
movement followed the gridlines. For both S. aureus and E. coli, the treatment duration was
30 seconds, and the total time for treating each sample ranged from 30 seconds to 1 minute.
The experiment was replicated a minimum of three times to determine the average rate of
inactivation and measure the variation. We solely exposed the control group to a consistent
gas flow rate.

Figure 2: Schematic diagram of the PMJ treatment of a Petri dish.

2.4 Statistical analysis

The results presented in this study were presented as means derived from the data
collected in a minimum of three separate studies, each performed in triplicate, using Origin
Lab 2022 for Windows 10. The calculation (decrease in colony forming units/ml) is referred
to the untreated (non-plasma) controls compared to plasma treatment. Figure 11, which
represents the bacterial colonies of both species before and after treatment and the logl0
reduction in numbers compared to the corresponding untreated (non-plasma) controls, in
which the calculation process was done by dividing the sample into four quarters, and using
the colony method application, the number of colonies in it was calculated, are shown. A
decrease of at least three log10 orders of magnitude is indicated by Figure 11[15].

3-Results and Discussion
3.1 Absorption of activated water

When subjected to an atmospheric pressure plasma jet, water undergoes interactions with
a range of reactive oxygen and nitrogen species (RONS) that are generated as a result of the
plasma emission. The concentration and type of these species can vary based on the plasma
generation method and the gas used in the plasma jet, leading to significant changes in the
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water's oxidation-reduction potential (ORP), pH, and conductivity compared to untreated
water. A volume of ten milliliters of distilled water, which was pure and had its temperature
and acidity assessed, was subjected to the plasma jet for one hour to produce the plasma-
activated water (PAW). Following the completion of the water treatment process, the levels
of H202, NO3, and NO> were assessed using test strips (Bartovation, USA), as indicated in
Table 1. The pH was determined using a pH meter (PH-009(1), China), while the temperature
was obtained using a remote infrared thermometer.

Table 1: The concentrations of H,O», NO3, and NO».

Chemical component Concentration (ppm)
NO; 12
NO; 110
H>O» 200
PH 3.5
Temperature before effect 20°C
Temperature after effect 40°C

3.2 Plasma parameter diagnosis

3.2.1 Spectroscopy of Optical Emission

Figures (3-5) Display the spectrum of nitrogen gas observed during the diagnosis of plasma
jet systems created by argon gas. These figures display many peaks of nitrogen gas within the
wavelength range of 300 to 450 nm. The image illustrates the presence of the OH peak at a
wavelength of 308 nm, which was further corroborated by the test strips, as indicated in
Table (2). The peak with the greatest intensity in the spectrum was observed at a wavelength
of 357.69 nm at V=400v, accompanied by smaller peaks on either side [16]. The initial
technique employed for sterilizing the utilization of a plasma jet. The gas flow rate was
continuously maintained at a fixed rate of 1-4 liters per minute.

Spectrum for Ar-gas with Ti foil, V=400V
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Figure 3: The emission spectrum of Ti-foil with V=400V at different gas flows.
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Figure 4: The emission spectrum of Ti-foil with V=700V at different gas flows.
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Figure 5: The emission spectrum of Ti-foil with V=1000V at different gas flows.

In the emission spectrum, spectral bands in the 300—400 nm and 700-900 nm wavelength
ranges were found. The emissions generated by the second positive system of nitrogen
molecules (N2) are observed within the spectral region of 300-400 nm; within this range,
strong molecular bands can be identified, which are crucial for understanding various plasma
and atmospheric phenomena[17]. Given that N> molecules originate from the atmosphere, it
may be inferred that the outer section of the plasma jet emitted from the quartz tube contains
excited N2> molecules. The emission observed in the plasma jet is attributed to the excited Ar
atoms and Ti molecules. This emission occurs within the spectral range of 700 to 900 nm
[18,19]. The findings indicate the existence of electroneutral excited entities within and in the
vicinity of the plasma jet, such as excited argon atoms and excited nitrogen molecules.
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The plasma jet's emission spectra show that excited N> molecules have a peak emission

intensity at 335 nm, whereas excited Ar atoms have a peak emission intensity at 761 nm.
Hence, the energy levels of the N> molecules in an excited state and the Ar atoms in an
excited state are 85.5 and 37.6 kcal per mole, respectively. The C-C and C-O bonds possess
binding energies valued at 83 and 84 kcal/mol, respectively[20]. When the excited N>
molecules hit the cell wall and membrane of E. coli and S. aureus “heightened energy levels
result in the breaking of C-C and C-O bonds” This leads to the disruption of the cells.
Therefore, these bonds remain intact even when the energized argon atoms come into contact
with the cell wall and membrane of E. coli, without causing any disruption. Ultimately, the
presence of electroneutral excited N> molecules could potentially lead to the demise of E. coli
bacteria.
Ultraviolet radiation with wavelengths between 260 and 280 nm causes harm to the DNA in
cells and can eliminate bacteria [20,21]. While examining our emission spectrum, we
detected peaks at wavelengths ranging from 260 to 280 nm. However, these peaks exhibited
relatively modest intensities [22].Hence, we hypothesize that the UV light emitted by the
plasma jet did not cause any damage or disruption to the cell wall and membrane of the E.
coli.

The OH radicals produced when electrons in the plasma jet react with HoO molecules in
the air are responsible for the observed emission in the spectrum. The source of hydroxyl
(OH) radicals in a plasma jet primarily stems from the interaction of the plasma with water
vapor and liquid water present in the environment. Therefore, we anticipate the presence of
OH radicals at the outer edge of the quartz tube's plasma jet. They have a redox potential of
2.85 V, indicating their high oxidative power [23,24].

3.2.2 Calculation of electron temperature

The electron temperature (Te) was determined by applying Equation (1) to the line
strength ratio, as seen in Figures 6-8. The advantageous benefits of several obstacles were
derived from the National Institute of Standards and Technology (NIST) data set utilizing
spectra from the Optical emission spectroscopy (OES). The electron densities were computed
concurrently with the observed electron temperature.

The line graph depicted in the Figures demonstrates the dependence of the electron's
temperature (Te) and density (ne) on the manipulation of the gas flow rate [25]. As the gas
flow rate increases, the density of neutral gas molecules also rises. This higher density
facilitates more frequent collisions between electrons and neutral particles, which can lead to
increased ionization. The greater number of collisions enhances the overall ionization rate,
resulting in a higher concentration of free electrons in the plasma. It can be observed that the
Te and ne values in the cold plasma system exhibit an upward trend with an increase in flow
rate. Assuming a flow rate of 1 L/min, the electron temperature is 1.295 eV, and the electron
density is 5.12x10"'® cm™. Furthermore, when the flow rate is elevated to 4 liters per minute
(L/min), the electron temperature increases to 1.327 eV, and the electron density increases to
6.10x10"8 cm,
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Figure 6: Measurement of n. and Te of Ti-foil with V=400V at different gas flows.
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Figure 7: Measurement of n. and Te of Ti-foil with V=700V at different gas flows.
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Figure 8: Measurement of n. and T. of Ti-foil with V=1000V at different gas flows.
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The plasma parameters for argon gas are listed in Tables 2-4. Electron density (ne),
electron temperature (Te), plasma frequency (fp), Debye length (Ap), and Debye number were
determined for Ar gas at various flow rates (Np). Plasma parameters estimated (Ap, fp, and
Np) fulfilled the plasma criteria. Since f, is proportional to me, it shows that f, declines as
laser energy increases, but f, and Np have the opposite (decreasing) trend. This agrees with
the results of an earlier study [26].

Table 2: Measurements of Plasma Parameters for Ar-gas at V=400V

?ﬁ?ﬁiﬁ}v T, (V) . (cm) £, (Hz) Ap (cm) Nq
4 1.358 7.90E+18 2.5E+13 2.9E-05 7.7E+05
3 1328 6.77E+18 23E+13 3.1E-05 8. 1E+05
2 1132 2.03E+18 13413 52E-05 1.2E+06
1 0.935 381E+17 5.5E+12 1.1E-04 2.0E+06

Table 3: Measurements of Plasma Parameters for Ar-gas at V=700V
Gas Flow

(L/Min) Te (eV) ne (cm?) f, (Hz) Ap (cm) Ny
4 1.049 5.03E+17 6.4E+12 1.0E-04 2.1E+06
3 1.003 3.41E+17 5.2E+12 1.2E-04 2.4E+06
2 0.984 2.86E+17 4.8E+12 1.3E-04 2.5E+06
1 0.948 2.03E+17 4.0E+12 1.5E-04 2.8E+06

Table 4: Measurements of Plasma Parameters for Ar-gas at V= 1000V

((;31\23? Te (V) 5. () £, (Hz) s () Nq
4 1393 441E+18 1.9E+13 3.9E-05 1.1E+06
3 1.281 2 43E+418 1 4E+13 5.0E-05 1.3E+06
2 1.228 1.78E+18 1.2E+13 5.7E-05 1 4E+06
1 1.174 1.26E+18 1.0E+13 6.7E-05 1.6E+06

3.3 Electronic camera imaging

Twenty mL of bacterial suspensions were collected before and after treatment at various
voltages. The liquid portion was removed, and the remaining thin layer was subjected to
plasma treatment in the treated group, whereas the control group was treated with Argon gas.
The sample Ti has a higher level of efficiency, as illustrated in Figures 9 and 10.

The discharge used to treat E. coli and S. aureus suspended in water solutions with
varying electrolytic conductivity levels was a Plasma jet. Figures 9 and 10 display the results
of measuring and expressing the bactericidal efficiency as a logarithmic decline. Both E. Coli
and S. aureus showed a larger bactericidal effect; the PMJ system's efficiency was marginally
better with high voltage. The reason for this might be the electrospray effect, which involves
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spraying the solution of treated water into tiny, measured droplets. This increases the surface-
to-volume ratio and makes it easier for reactive oxygen and nitrogen species (RONS) to mass
transfer from the gas phase into the solution. The altered RONS chemistry was connected to
the greater efficiency found in non-buffered solutions. Table 5 displays the expected efficacy
of using the discharge system before and after treatment[27].

V=1000V |

Figure 9: Displays images of E. coli before (control) and after plasma treatment with Ti
metal at various voltages.
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metal at various voltages.

Figures 9 and 10 depict the correlation between the rate of eradication of E. coli and S.
aurous bacteria and various voltages. The initial concentration of E. coli colonies before
plasma exposure was 5x10° CFU/ml. The voltage levels of 400, 700, and 1000 V resulted in
the killing of E. coli bacteria at proportions of 4.73 * 10°, 1.3 * 10°, and 6.1 * 10’ CFU/ml,
respectively. During the time that the voltage of 400, 700, and 1000 V resulted in the killing
of S. aureus bacteria at a proportion of 4.53 * 10°, 2.4 * 10% and 3.4 * 10°® CFU/ml,
respectively. It has been observed that raising the voltage of plasma exposure is a crucial
aspect in augmenting the rate of lethality. The bacteria were significantly impacted, resulting
in complete eradication when exposed to a high concentration of voltage. The colonies' act of
killing is a result of the production of reactive species. The oxygen generated through the
contact of plasma with air is crucial for cleansing the afflicted root canals. It achieves this by
disturbing the cells and inducing their disintegration through oxidative stress. This work
utilized a unipolar plasma jet to treat E. coli and S. aureus bacteria. The plasma temperature
was maintained at 37°C to ensure that it did not cause any detrimental effects on the live
membranes. These methods ensure that the plasma remains safe for use with living tissues by
preventing thermal damage while allowing for effective application in biomedical fields such
as wound healing, sterilization, and tissue engineering. The results demonstrated that plasma
treatment efficiently decreases the colony-forming units (CFU) in the afflicted bacteria, hence
enhancing the efficacy of the treatment. The use of voltage enhanced the efficacy of bacterial
purification by facilitating the rapid diffusion of free radicals created by the plasma. These
radicals immediately interact with subcellular organelles and biomolecules, thanks to the
bacteria's robust physical and chemical membrane. The plasma and reactive species' atoms
and ions can directly engage with the bacteria. The gradual build-up of charges on the cell
membrane leads to its rupture as a result of the coulomb force. Certain reactive species have a
prolonged lifespan and undergo breakdown upon contact with the water present on the
surface of the tooth. This process results in the formation of potent oxygen compounds[27].
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Table 5: The results of the number of E. coli and S. aureus after treatment with different

voltages.

Bacterial Type 400 V07l:;(1)ge 1000 Average SD
E. coli 473 *10°¢ 1.3*10°b 6.1*107 a 2.04* 10°a 2.4%10°
S. aurous 4.53*%10° ¢ 2.4*%10%a 34*%107a 1.59*%10°b 2.5%10°
Average 4.63* 10°c 7.8*10°b 3.2*107a
SD 1.4 *10° 7.7 *10° 4.0 * 107

It is clear from Table (5) that the effect of voltage, type of bacteria, and the interaction
between them is statistically significant (P< 0.05). Figure 11 shows the statistical variation of
both types of bacteria when treated with jet plasma at different voltages. The plasma jet
device is utilized to eradicate E. coli and S. aureus through the kill bacteria groups. An
experiment to determine the colony-forming units (CFUs) was conducted immediately
following the plasma treatment. Raising the plasma voltage applied to bacteria results in an
augmentation of charge accumulation, hence intensifying the bacteria's rate of eradication. It
is evident that the duration of exposure significantly impacts the killing rate, resulting in a
decrease from 5x10° CFU per mL to a low value in the groups. Given that all bacterial
samples in this study were subjected to indirect exposure to the plasma column[28§].

5.00E+09
4.50E+09
4.00E+09
3.50E+09
3,00E+09
§~.SOE+09
$.00E+09
1.50E+09
1.00E+09
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0.00E+00

[ —

E.coli S.aurous

BACTERIAL TYPE
@400 @700 1000

Figure 11: The statistical variation of E. coli and S. aureus through the utilization of a plasma
jet apparatus.

4-Conclusions

The environment exerts a significant influence on the line intensity of the emission spectra
produced by the plasma jet in cold plasma. The statistics revealed that the entry of argon gas
has led to a rise in emission intensity, suggesting a higher concentration of gas molecules.
Consequently, the common gas molecules passing through the plasma tube become ionized
due to the electrolyte field's energy being adequate to induce secondary ionization of the
molecules. The ionization of the moving gas converts into plasma at a rate of 4 liters per
minute as the voltage fluctuates. As the gas current rate increases, the Debye duration, plasma
frequency, and number of molecules on the surface all also rise. Additionally, the mortality of
both bacterial populations was significantly impacted by voltage manipulation. This is due to
the increased mortality rate caused by gas molecules adhering to the cellular structure. When
the voltage hit its peak of 1000 volts, the groups' influence became clear. The killing of
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bacteria using plasma jets is facilitated by the generation of reactive species that cause
cellular damage, their non-thermal nature that allows safe application on tissues, and their
effectiveness against antibiotic-resistant strains and biofilms.
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