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Abstract
The application of atmospheric-pressure plasma jets (APPJs) in medicine often involves interac-
tion with saline environments. This study examines how the salinity of the target liquid influences
APPJ behaviour and plasma-induced liquid chemistry. The APPJ is used to treat two types of tar-
gets: (a) deionized water (DIW) and (b) an agarose gel made in DIW, with both targets made with
and without the inclusion of physiologically-relevant 150 mM NaCl. APPJ is operated with argon
gas at an applied voltage of 1.60 kV (rms), current of 1.95 mA (rms), frequency of ≈35kHz, and
output power of ≈0.55W. The coupling of the APPJ with the DIW or NaCl solution establishes
a stronger conductive path for the flow of current/charge towards the target. The magnitude of
charge/current flow is higher for the 150 mM NaCl solution due to the presence of more conduc-
tive ions inside the solution. The higher flow of charges towards NaCl solution leads to a stronger
emission from excited species at the plasma–liquid interface and this is confirmed through optical
emission spectroscopy. It was found that the APPJ produced more hydrogen peroxide (H2O2) and
nitrites (NO−

2 ), as markers of reactive oxygen and nitrogen species, respectively, in DIW compared
to 150 mM NaCl. However, the oxidation potential of agarose gel was qualitatively enhanced with
the addition of NaCl. These contrasting results suggest that measurement of H2O2 and NO−

2 is not
reliable to predict the oxidative potential of all media, particularly with saline media. We attribute
the discrepancy in our result to the formation of potent oxidant hypochlorous acid (HOCl) in
saline media, which inhibits the formation of H2O2 as described in the manuscript through the
differing chemical reaction pathways that take place when the APPJ interacts with DIW and NaCl
solution, and their respective rate coefficients.

1. Introduction

Atmospheric-pressure plasma jets (APPJs) have attracted significant attention over the past two decades
due to their ability to generate non-thermal plasmas that can be safely operated in open air and brought
into direct contact with liquids and soft matter [1–3]. These sources produce a rich mixture of ener-
getic electrons, ions, excited species, ultraviolet (UV) radiation, and reactive oxygen and nitrogen species
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(RONS), making them highly attractive for applications ranging from surface treatment and materials
processing to environmental remediation and plasma-based medicine [4–6]. Among these, biomedical
applications such as wound healing, sterilization, cancer therapy, and blood coagulation have emerged as
particularly promising areas for APPJ deployment [7, 8].

A defining feature of plasma in medicine is the unavoidable interaction with liquid environments as
biological tissues and fluids are predominantly aqueous and contain dissolved electrolytes [6, 9]. As a
result, plasma–liquid interactions play a central role in determining the transport, transformation, and
lifetime of plasma-generated reactive species [10, 11]. Numerous studies have demonstrated that long-
lived species such as hydrogen peroxide (H2O2), nitrite (NO−

2 ), nitrate (NO−

3 ), and changes in pH act
as key chemical mediators linking plasma exposure to biological responses [12, 13]. However, most fun-
damental plasma–liquid studies have traditionally relied on distilled or deionized water (DIW) as the
target medium, which does not adequately represent the electrolyte-rich conditions encountered in real
biomedical environments.

Liquid conductivity and ionic composition can significantly influence both plasma behavior and
plasma-induced liquid chemistry. In saline media, the presence of ions such as Na+ and Cl− modifies
the electrical boundary conditions at the plasma–liquid interface, potentially affecting discharge cur-
rent, electric field distribution, and power coupling [14]. At the same time, chloride-containing solu-
tions introduce additional chemical pathways, including the formation of chlorine-based oxidants such as
hypochlorous acid (HOCl), which are absent in pure water but are highly relevant in biological systems
[15]. Despite their importance, the combined effects of salinity on APPJ discharge characteristics and
reactive species generation remain insufficiently understood.

To establish a clearer link between plasma physics and liquid-phase chemistry, it is essential to inves-
tigate plasma–liquid interactions using well-controlled diagnostics while systematically varying liquid
properties. Several prior studies have investigated the characteristics of the APPJ or dielectric barrier
discharge (DBD) in contact with saline or phosphate-buffered saline [14]. Baik et al investigated the
effect of feeding gas composition (air vs N2) in four different physiological solutions (DIW, 0.9% NaCl,
phosphate buffered saline—PBS, and Dulbecco Modified Eagle’s medium) on the decontamination of
Escherichia coli [16]. While the results are useful to compare decontamination effects, the underlying
chemistry and characteristics of the plasma jets in contact with different physiological solutions was not
investigated. Nie et al investigated the effects of tissue thickness and liquid composition on the penetra-
tion depth of RONS using a He+O2 APPJ [17]. Their study investigated the concentration of RONS into
six different types of liquids (double distilled water, 1% PBS, 0.9% NaCl, 5% glucose, 2% serum and
10% serum solution) below the pig muscle tissue. Whilst their study provides important information
about the fate of long-lived RONS at different depths, the underlying characteristics of the APPJ as well
as liquid solution(s) and the underlying plasma chemistry was not investigated. Zhao et al investigated
the effect of the fluid environment on the inactivation efficiency of plasma activated water (PAW) and
plasma activated—PBS against Pseudomonas fluorescens [18]. The results from this study demonstrated
stronger decontamination efficacy of PAW but the underlying mechanisms were not investigated. Jirasek
and Lukes presented important results on the oxidation of saline by a µ-APPJ operating with He/O2 gas
flow [15]. Their study indicated the role of hypochlorite ion or HOCl for the strong oxidation of the
saline medium with the APPJ. The observations from these findings are very useful to understand the
interaction of APPJ with saline medium but more studies are required to advance the field for safe and
efficient application in medicine.

In this work, an argon APPJ is employed to treat two representative liquids: distilled water and an
aqueous 150 mM NaCl solution. 150 mM NaCl solution was chosen as it represents concentration of
sodium salts typically found in physiological fluids. The characteristics of the APPJ are analyzed using
electrical and optical diagnostics, while the chemistry of the liquid after plasma treatment is analyzed
through absorbance spectroscopy, measurement of long-lived RONS (H2O2, NO−

2 ), and pH. To further
bridge the gap between simplified liquid models and biologically relevant conditions, a KI-starch gel sys-
tem is used to visualize plasma-generated reactive species under saline and non-saline conditions. By
correlating plasma behavior, liquid chemistry, and visual indicators of oxidative activity, this study pro-
vides new insight into how target liquid salinity governs plasma–liquid interactions, with direct relevance
to plasma–tissue interactions in plasma biomedical applications.
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Figure 1. Schematic of the experimental setup.

2. Experimental setup andmethodology

2.1. Setup of the APPJ to treat saline and non-saline medium
Figure 1 is a schematic of the experimental setup. An APPJ is designed by inserting a stainless-steel nee-
dle electrode (diameter 1.2 mm) with pointed tip inside a quartz tube (inner diameter (ID): 2 mm,
outer diameter (OD): 4 mm). This needle electrode acts as the high voltage (HV) electrode. The ground
electrode is made up of copper (thickness 0.5 mm, width 5 mm) and this this is wrapped outside the
quartz tube at 10 mm below the tip of the HV electrode. The jet configuration is then inserted inside
a stainless steel tubing (ID 5 mm, OD 8 mm) which is isolated from the HV electrode but in contact
with the ground electrode. This is then inserted inside the quartz tube (ID = 10 mm, OD = 12 mm)
for safety. The distance from the end of the inner quartz tube to the end of the outer quartz tube was
8 mm. Operation of the APPJ is done using a custon-built power supply (frequency ≈35 kHz) which
produces sinusoidal waveforms when operated with a direct current power supply [22]. Argon gas with
a purity of 99.99% was fed through the HV electrode at a constant flow rate of 2 standard liters per
minute (SLPM), and its flow rate was controlled using a mass flow controller (MFC).

A transparent quartz cuvette (internal volume: 4.5 ml) was placed at 4 mm position below the exter-
nal quartz tube and it was filled with two types of targets (liquid or gel). In one set of experiments, the
quartz cuvette was filled with: (a) DIW, conductivity ≈0.5 µS cm−1, and (b) sodium chloride (NaCl)
solution with a concentration of 150 mM, conductivity ≈15 mS cm−1 and subjected to 5 min of plasma
treatment. Analysis of the liquid characteristics were then done by measuring long-lived RONS (H2O2

and NO−

2 ), pH and liquid absorbance. Optical emission spectra (OES) of the APPJ in contact with two
liquid targets was also conducted. In another set of experiments, the quartz cuvette was filled with potas-
sium iodide (KI)-starch solution or KI-starch agarose gel made using (a) DIW and (b) 150 mM NaCl
solution. Absorbance of the KI-starch solution as well as visualization of the color changes of the gel
after 5 min of plasma treatment were conducted afterwards in order to investigate the effects induced by
argon APPJ into the saline or non-saline target. No significant deformation of the liquid or gel surface
was observed at the chosen gas flow rate of 2 SLPM used in this study.
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2.2. Measurement of electrical signals
Voltage (V) and current (I) waveforms of the discharge were recorded using a HV probe (Model
P6015A, Tektronix) and current probe (Model P6022, Tetronix), and were recorded in an oscilloscope
(Lecroy Wavesurfer 434, 350 MHZ). In order to obtain the charge (Q)–voltage (V) Lissajous plots, a 4.7
nF capacitor was connected in series with the ground electrode and a passive voltage probe (10:1) was
connected across it. All signals were averaged 512 times in order to reduce the effect of noise.

2.3. Optical emission spectroscopy
OES of the discharge were collected by using a spectrometer (Model HR4000+CG-UV-NIR, Ocean
Insights Inc.) equipped with an optical fiber of diameter 600 µm. The optical fiber was placed at an
angle of 45◦ above the liquid target (see figure 1) at ≈1.5 cm away from the plasma–liquid interface.
The intensities were calibrated to absolute values (µW/cm2 nm) using a deuterium (D)–halogen (T)
light source (S/N: 089370012, Ocean Insights Inc.). OES were also collected using a monochromator
(Dongwoo Optron, Monora500i) in the same configuration for a freestream APPJ and were utilized for
calculating rotational temperature.

2.4. UV absorption spectroscopy (UV–Vis)
The technique of UV–Vis was used to obtain the absorbance spectra before and after plasma treatment
of DIW and 150 mM NaCl solution. The emission from a Tungsten-deuterium (T-D) lamp (power:
30 W, spectral range 160–800 nm) were focused inside the quartz cuvette containing saline or non-
saline media using a biconvex lens (focal length: 30 cm), and the signals were collected using an optical
fiber of OD: 600 µm. The signals were then processed by a spectrometer (Model HR4000+CG-UV-NIR,
Ocean Insights Inc.). Absorbance (Abs(λ)) of the plasma treated saline or non-saline medium at a par-
ticular wavelength λ) was calculated using Beer–Lambert’s law as [19]:

Abs(λ) = log10

(

I ′ (λ)

I(λ)

)

(1)

where I ′(λ) is the transmitted light intensity and I(λ) is the reference lamp intensity.

2.5. Measurement of H2O2, NO
−

2 , and pH
Determination of the concentrations of H2O2 and NO−

2 before and after plasma treatment of the DIW
and 150 mM NaCl solution were performed through colorimetric measurements. A quantiChromTM

Peroxidase Assay Kit (BioAssay Systems) was used for the quantification of H2O2. This assay uses H2O2

and an electron donor dye that forms resorufin during the peroxidase reaction. The fluorescence inten-
sity (λex/λem = 585 nm/530 nm) is proportional to the concentration of H2O2 in the sample and this
was measured using a microplate reader (BioTek Gen5). The concentrations of H2O2 in untreated/-
plasma treated DIW or NaCl solutions were determined from the calibration curves constructed with
known concentration of H2O2 following manufacturer’s instructions [20].

Measurement of the concentrations of NO−

2 before and after plasma treatment of DIW and 150 mM
NaCl solution were conducted using quantiChromTM Nitric Oxide Assay Kit (BioAssay Systems). A cali-
bration curve was constructed with known concentration of sodium nitrite (NaNO2) and measuring the
fluorescence at 540 nm using a microplate reader (BioTek Gen5) following manufacturer’s instructions
[21]. The calibration curve was then used to estimate the concentration of NO−

2 .
Measurement of the pH of the saline and non-saline medium before and after plasma treatment

was conducted by immersing a calibrated pH meter into the respective liquid solutions and values were
recorded.

2.6. Visualization of the color change induced by APPJ generated RONS
A KI-starch is commonly used to visualize the formation of RONS. The principle is based upon RONS
oxidizing iodide ions with the starch to produce a stable, brown colored complex [22]. Firstly, a KI-
starch-agarose solution was made by heating and dissolving 0.3% KI, 0.5% starch and 0.5% agarose in
(a) DIW and (b) 150 mM NaCl. The solution was then transferred to a transparent cuvette (volume: 4.5
ml) before it solidified. The solidified gel was treated by argon APPJ for 5 min and the color change of
the gel immediately after plasma treatment was photographed. Absorbance spectra were also recorded in
the range of 200–650 nm by treating 0.3% KI and 0.5% starch made in (a) DIW and (b) 150 mM NaCl
immediately after 5 min of APPJ treatment. The spectra were recorded using the T–D lamp and a spec-
trometer (Model HR4000+CG-UV-NIR, Ocean Insights Inc.).
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Figure 2. Electrical characteristics showing—I−V waveforms of the APPJ during: (a) freestream operation, (b) contact with
DIW, and (c) contact with 150 mM NaCl solution; and (d) Q−V Lissajous plots for the freestream APPJ, and APPJ in contact
with DIW and 150 mM NaCl solution. The current shown in figures (a)–(d) represents the total current flowing through the
ground electrode of the APPJ. Each signal represents an average of 512 oscilloscope acquisitions.

3. Results and discussion

The results in this paper are presented to illustrate how the characteristics of an APPJ operating at fixed
input parameters change while the APPJ comes in contact with saline and non-saline medium, and how
this influences the chemistry of the target. We then use a KI-starch-agarose gel to visualize the color
change during this process. The saline solution is formulated to replicate the salt levels naturally found
in physiological fluids.

3.1. Electrical characteristics
The electrical characteristics (I−V waveforms and Q−V Lissajous plots) of the Ar APPJ operating at
fixed input parameters freestream, in contact with DIW and in contact with 150 mM Nacl solution are
presented in figures 2(a)–(d). The APPJ is operated at a constant frequency of ≈35.77 kHz. In all three
conditions, the positive half cycle of the applied voltage is characterized by the appearance of the pos-
itive current peak while the negative part of the applied voltage is characterized by a negative current
peak, typical for DBD discharges. For a freestream APPJ (no target), the average root mean square (rms)
values of the voltage and current are 1.60 kV and 1.93 mA respectively. Both voltage and current val-
ues were reduced by ≈25%–26% when the target was replaced by DIW. The use of conductive target
(150 mM NaCl) below the APPJ further reduced the average rms values of voltage and current by ≈5%
and ≈10% respectively. Also, the observations from Q−V plot (figure 2(d)) showed a similar decreasing
trend in the the maximum accumulated charges for a freestream jet, jet contacting DIW and jet contact-
ing NaCl solution. The values of maximum accumulated charges for a freestream jet, jet contacting DIW
and jet contacting NaCl solution are 11.20 nC, 7.67 nC and 7.11 nC respectively. The I−V waveforms
(figure 2(a)–(c)) and Q−V plots (figure 2(d)) measured over one period (T) were used to calculate the
dissipated power.

Dissipated power (PI−V) using I−V waveforms was calculated as:

PI−V =
1

T

ˆ t=T

t=0
I(t)V(t)dt (2)

where I(t) is the total current and V(t) is the applied voltage. Similarly, dissipated power (PQ−V) using
Q−V plots was calculated as:

PQ−V =
1

T

ˆ

QdV (3)
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Table 1. Summary of the operating parameters of the freestream Ar APPJ, and the APPJ in contact with DIW or 150 mM NaCl solution.
I−V waveforms (n = 3), each averaged over 512 cycles were used to calculate the mean and standard deviation.

Condition Vrms [kV] Irms [mA] F [kHz] PI−V [W] Qmax [nC] PQ−V [W]

Freestream 1.590±0.034 1.928±0.041 35.77 0.542±0.0164 11.168±0.008 0.532±0.024

DIW 1.191±0.002 1.416±0.001 35.77 0.395±0.003 7.664±0.013 0.389±0.013

NaCl 1.125±0.004 1.282±0.007 35.77 0.369±0.005 7.114±0.015 0.365±0.018

Table 2. Estimated values of discharge current, transferred charge and dissipated power along
the target for the APPJ interacting with DIW and 150 mM NaCl solution. I−V waveforms
(n = 3), each averaged over 512 cycles were used to calculate the mean and standard
deviation.

Target type Current [mA] Transferred charge [nC] Dissipated power [W]

DIW 0.512±0.001 3.503±0.013 0.146±0.003

NaCl 0.647±0.007 4.053±0.015 0.172±0.005

where Q is the charge measured across a 4.7 nF capacitor using a passive probe. A summary of the Ar
APPJ operating parameters is presented in table 1. The dissipated power was the highest when the APPJ
was operated freestream. The values for the APPJ contacting DIW and 150 mM NaCl solution were
lower by ≈27% and ≈32%. The average dissipated power calculated using equations (2) and (3) are in
close agreement validating the accuracy of our measurements.

In an APPJ, the electrical characteristics depend strongly on how the plasma couples to the down-
stream medium that acts as the electrical load. When the jet operates freestream, no physical target is
present and the current must close through the surrounding air primarily via displacement (capacitive)
currents. This weak coupling requires a higher electric field to sustain ionization, resulting in the highest
measured voltage, current, and dissipated power. When the plasma impinges on a liquid target, an addi-
tional pathway of current is established through the plasma–liquid interface. This redistribution modifies
the effective impedance of the system and reduces the current measured through the ground electrode of
the APPJ as clearly seen in table 1.

The observations in table 1 can be used to estimate the current flowing onto the target (∆I) as:

∆I = Ifreestream − Itarget (4)

where Ifreestream is the current measured through the ground electrode of the APPJ during freestream
operation, and Itarget is the current measured through the ground electrode of the APPJ when it inter-
acts with either DIW or with the 150 mM NaCl solution. Using equation (4), the current flowing onto
the DIW and NaCl solution targets are 0.51 mA and 0.65 mA respectively. Similarly, the observations in
table 1 can be used to estimate the net charge transferred to the sample ∆Q) as:

∆Q = Qfreestream −Qtarget (5)

where Qfreestream is the maximum accumulated charges measured through the ground electrode of the
APPJ during freestream operation, and Qtarget is the maximum accumulated charges measured through
the ground electrode of the APPJ when it interacts with either DIW or with the 150 mM NaCl solution.
Using equation (5), the net charges transferred to the DIW and NaCl solution targets are 3.50 nC and
4.05 nC respectively.

The estimated values of discharge current, transferred charge and the dissipated power induced by
the particular target (DIW or 150 mM NaCl) are summarized in table 2. During interaction of the APPJ
with the 150 mM NaCl solution, a stronger conductive path is established with the target due to the
presence of conductive ions which leads to higher transferred charge, higher discharge current and also
higher dissipated power through the target.

In addition to sodium salts, physiological fluids also contain potassium and calcium salts. It is thus
critical to understand how the characteristics of the APPJ change when it interacts with mixed salts.
We tested this in a mixed salt solution containing 50 mM NaCl, 50 mM KCl and 50 mM CaCl2 (con-
ductivity ≈27 mS cm−1). Analysis of I−V waveforms and Q−V Lissajous plots (figure 3) show that
the electrical characteristics are very similar to that of the APPJ interacting with the 150 mM NaCl
solution (figure 2). The measured voltage (Vrms), current (Irms) and dissipated power derived from the
I−V waveforms (figure 3(a)) are observed to be 1.122±0.006 kV, 1.273±0.006 mA and 0.363±0.002 W
respectively, and are very close to the ones presented in table 1. Similarly the Q−V plots for the APPJ

6
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Figure 3. (a) I−V waveforms of the APPJ interacting with a mixed salts solution prepared in DIW (50 mM NaCl + 50 mM KCl
+ 50 mM CaCl2, conductivity : ≈ 27 mS cm−1); (b) comparison of Q−V Lissajous plots for the APPJ interacting with DIW,
150 mM NaCl and mixed salts solution (50 mM NaCl, 50 mM KCl and 50 mM CaCl2). All signals were measured through the
ground electrode of the APPJ. Each signal represents an average of 512 oscilloscope acquisitions.

interacting with the 150 mM NaCl solution and the mixed salts solution almost overlap (figure 3(b)),
presumably due to the presence of sufficient conductive ions inside the solution.

3.2. Optical emission spectra (OES)
Optical emission characteristics of the discharge for the freestream APPJ, and the APPJ in contact with
DIW and 150 mM NaCl solution are presented in figures 4(a), (b), and (c) respectively. The optical
emission intensities are displayed in the unit of µW cm−2 nm−1 through calibration with a tungsten–
halogen lamp. In all cases, it can be seen that the emission in the UV range of 200–400 nm is dom-
inated by excited nitrogen species (N2 SPS). The emissions from N2 SPS are dominant at 315 nm,
337 nm, 356 nm and 380 nm. Emission from hydroxyl radical (OH) is also observed at 309 nm. In the
visible and infrared range, emissions from excited argon species (696 nm, 706 nm, 727 nm, 738 nm,
750 nm, 763 nm, 772 nm, 794 nm, 801 nm, 810 nm, 826 nm, 842 nm, 852 nm, 866 nm) are domi-
nant. Emission from atomic oxygen is also observed at 777 nm [23–26]. In figure 4, the absolute irra-
diance is highest during contact with 150 mM NaCl, surpassing the values measured for DIW contact
and freestream operation. The higher emission intensity with NaCl target is ascribed to the enhancement
of the discharge with the conductive ions present within the liquid solution. The conductive target pro-
motes higher electron density and stronger localized electric field leading to higher values of absolute
irradiance from excited species. This reasoning is supported by higher current and charge flow towards
the target as discussed in section 3.1.

3.3. Measurement of rotational temperature
The rotational temperature of the APPJ was measured by collecting the OES with a high resolution spec-
trometer. This was only conducted for the APPJ operating freestream. The experimentally collected spec-
tra from N2 SPS at 337 nm was fitted with the simulated spectra using MASSIVEOES [27–29]. The
result of fitting is shown in figure 5(a). The rotational temperature of the plasma jet is obtained to be
305.36 K. A photograph of the plasma jet touching human finger is also shown (figure 5(b)). The tem-
perature of the treated liquid solutions also remained close room temperature. Based on our previous
work, a negligible amount of evaporation of the liquid solution (≈5%–10%) is expected for the parame-
ters used in this study; however, this was not measured.
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Figure 4. Optical emission characteristics of the APPJ during: (a) freestream operation; (b) contact with DIW, and (c) contact
with 150 mM NaCl solution. All spectra were collected at an integration time of 100 ms with an averaging of 10.

Figure 5. Determination of the gas temperature of the freestream Ar APPJ: (a) fit of experimental and simulated spectra of the
N2 SPS band at 337 nm using MASSIVEOES; and (b) photograph highlighting the safe interaction between the discharge and
human tissue.

3.4. Liquid absorbance
Liquid absorbance describes the wavelength-dependent attenuation of incident UV radiation as it prop-
agates through a liquid medium, arising from interactions between photons and dissolved molecular
or ionic species. Consequently, absorbance spectra serve as a sensitive, non-intrusive probe of changes
in liquid-phase chemistry induced by APPJ exposure. The absorbance spectra (obtained through Beer–
Lambert’s law, see equation (1)) for the APPJ contacting DIW and 150 mM NaCl solution are presented
in figure 6. In the range of 200–250 nm, there is a clear separation between the two treatment condi-
tions, indicating an increased presence of UV absorbing species in the liquid. This spectral difference is
attributed to the higher accumulation/formation of long-lived RONS including H2O2, NO−

2 , NO−

3 , etc
in plasma treated solutions and will be confirmed through colorimetric measurements in the following
section.
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Figure 6. Absorbance spectra of APPJ treated DIW and 150 mM NaCl solution in the range of 200–350 nm. Plasma exposure
time is 5 min.

Figure 7.Measurement of (a) H2O2 and (b) NO−

2 concentrations from DIW and 150 mM NaCl solution treated by an argon
APPJ. Plasma exposure time was 5 min. Error bars represent the standard deviation of three independent measurement (n = 3).
Statistical significance was determined using a two-tailed, unequal variance t-test; symbols indicate significance levels : ∗ p <

0.05 and ∗ ∗ ∗p < 0.001.

3.5. Measurement of RONS (H2O2, NO
−

2 ) concentrations and pH
RONS generated during plasma–liquid interactions are key mediators of the chemical and biological
effects observed in APPJ treatments. Among different RONS, H2O2 and NO−

2 are widely used as rep-
resentative markers of oxidative and nitrosative chemistry, respectively, owing to their relative stability
in aqueous solutions and their accumulation as more stable products derived from short-lived, highly
reactive plasma radicals. Quantifying H2O2 and NO−

2 therefore provides an effective and integrative
means of assessing plasma-induced liquid chemistry. The concentrations of H2O2 and NO−

2 for the Ar
APPJ contacting DIW and 150 mM NaCl solution are presented in figures 7(a) and (b), respectively. The
results show that with the similar operating conditions, APPJ treatment of DIW results in higher con-
centration of both H2O2 and NO−

2 . The H2O2 concentration in the plasma treated DIW (49.94 µm) was
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Figure 8. pH measurements of DIW and 150 mM NaCl solution treated by an Ar APPJ. Plasma exposure time was 5 min. The
error bars represent the standard deviation of three independent measurements. Significant differences between groups are indi-
cated by asterisks (∗ ∗ ∗p < 0.001).

1.36 times higher than that in the plasma treated NaCl solution (36.71 µm). Similarly, the concentration
of NO−

2 in the plasma treated DIW (8.50 µm) was 6.49 times higher than that in the plasma treated
NaCl solution (1.31 µm). The higher concentrations of both H2O2 and NO−

2 observed in figure 7 pro-
vide explanation for higher absorbance observed with plasma treated DIW in figure 6. Observations in
figure 7 also indicate that the short-lived RONS (such as hydroxyl radicals and nitric oxide) could be
significantly consumed by NaCl or the H2O2 and NO−

2 are converted to a different product. This will
be analyzed through the measurement of absorbance spectra in the UV and visible wavelength range in
section 3.6.

The pH of a solution reflects its proton concentration and provides insight into the chemical envi-
ronment of the liquid. During APPJ treatment, reactive species interact with water and dissolved ions,
generating acidic or basic products that can shift the solution’s pH. Tracking these pH changes thus
offers a straightforward and sensitive approach to evaluate plasma-induced chemical transformations and
to compare the effects of different treatment conditions on the liquid phase. The pH of untreated and 5
min APPJ treated solutions (DIW, 150 mM NaCl) are shown in figure 8. APPJ treatment of both DIW
and 150 mM NaCl solutions results in a pH decrease. However, the final pH was lower for the DIW
than NaCl solution. The final value of pH for the DIW and 150 mM NaCl solution were 5.29 and 6.07,
respectively.

3.6. Visualization of the color changes induced by plasma jet generated RONS
In the next step, we visualized the color changes induced by the Ar APPJ during interaction with saline
and non-saline targets. A KI-starch-agarose gel made with and without NaCl was used for this study.
This methodology has been described in section 2.6. The top and side view photographs for untreated
and 5 min Ar APPJ treated gels for both cases are shown in figure 9. Photograph of the argon APPJ
treating KI-starch-agarose gel is also shown. Photographs were recorded immediately after plasma treat-
ment. The top view photographs in figure 9 clearly show that the intensity of color change is much
stronger when the target contains dissolved NaCl. The differences observed from the side view were min-
imal. These results show that salinity enhances the oxidation potential of the media but does not impact
the penetration of UV photons. The increased oxidation potential of the media by NaCl is likely due
to the formation of another more potent reactive species (in addition to H2O2 and NO−

2 ) and will be
explained through the various chemical reaction pathways in the following paragraphs.

The stronger color change of the KI-Starch-agarose gel made with NaCl solution in figure 9 suggests
that there are additional species (besides H2O2 and NO−

2 ) formed within the target. In order to get a
better understanding of this process, we measured absorbance spectra of 5 min APPJ treated KI-starch
solution with and without NaCl. The absorbance curves are presented in figure 10. Plasma treated DIW
exhibits higher absorbance in the UV range (200–400 nm) (as also observed in figure 6). Beyond UV
range (>400 nm and <650 nm), the absorbance from the APPJ treated NaCl solution is stronger. The
observations in figures 9 and 10 suggest that the species inducing stronger color change within the NaCl
dissolved KI-starch-agarose gel should be responsible for causing higher absorbance in the KI-starch-Nacl
solution. This is discussed below.

In APPJs, several processes govern the formation of H2O2 and NO−

2 . Formation of H2O2 takes place
through the dissociation of water vapor molecules present within the feed gas or those present at the
plasma–liquid interface. These water vapor molecules can be dissociated into the highly reactive •OH
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Figure 9. Photographs of the KI-starch-agarose gels (top and side views) after 5 min of APPJ treatment. The gel is made either in
non-saline (DIW) or saline (150 mM NaCl) medium.

Figure 10. Absorbance spectra (200–650 nm) of KI-starch solutions with and without NaCl after 5 min of Ar APPJ treatment.
Plasma exposure time was 5 min. The absorbance spectra were collected at an integration time of 50 ms with an averaging of 30.

through collisions with energetic electrons inside or outside of the quartz tube of the APPJ assembly
through the following reactions [19, 23, 30–32]:

(1) e− + H2O →
•H + •OH + e−, k( E

N )

Excited and metastable Ar, oxygen or nitrogen atoms formed through collisions with electrons also com-
bine with water molecules to form the •OH through the following reactions [19, 23, 30–32]:

(2) e− + Ar → Arm + e−, Arm+H2O →
•OH + •H + Ar

(3) e− + O2 → O(3P) + O(1D) + e−, O(1D)+H2O → 2•OH (k = 2.2× 10−10cm3 s−1)

(4) e− + N2 → N2(A3
∑+

u ) + e−, N2(A3
∑+

u ) + H2O →
•OH+N2+

•H.

Reactions (1) and (2) occur inside and outside of the quartz tube while reactions (3) and (4) are
dominant outside of the quartz tube. Our observations from optical emission spectroscopy (figure 4)
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provides evidence on the formation of •OH at the plasma–liquid interface. Additional formation of •OH
takes place through plasma-initiated UV photolysis [22, 33]:

(5) UV + H2O → H2O∗; UV + H2O∗
→ H+ + OH−; OH−

→
•OH+ e−

The •OH formed through reactions (1), (2), (3), (4) and (5) has a relatively short half-life (few hun-
dred of nanoseconds to few microseconds) [33], and they eventually recombine to form H2O2 through
the following reaction [19, 34]:

(6) •OH + •OH → H2O2 (k(g) = 1.78× 10−11cm3 s−1, k(aq) = 4.0× 109M−1s−1).

Similarly, initiation of NO−

2 in APPJs takes place through the dissociation of oxygen or nitrogen
molecules and their recombination at the plasma–liquid interface as [2, 8, 32, 34, 35]:

(7) e− + N2 → N + N + e−

(8) e−+O2 → O + O + e−

(9) N+O2 → NO + O

(10) N + •OH → NO + •H (k(g) = 5× 10−11cm3 s−1)

(11) N+O → NO.

NO formed in reactions (9)–(11) finally recombines with O2 and H2O to form NO−

2 as:

(12) 4NO + 2O2 + 2H2O → NO−

2 + 4H+ (k(aq) = 1.0× 1010M−1s−1).

NO−

2 or HNO2 formed during the process can also combine with H2O2 to form NO−

3 or ONOOH
through reaction (13) and (14), which might slightly decrease the concentration of H2O2 in the liquid
phase post plasma treatment [35, 36].

(13) NO−

2 + H2O2 + H+
→ NO−

3 + H2O + H+

(14) HNO2 + H2O2 → ONOOH + H2O.

Reactions (1)–(12) described above are responsible for the formation of H2O2 and NO−

2 in both APPJ
treated DIW and APPJ treated NaCl (figures 7(a) and (b)). However, when the target solution is NaCl,
the intermediate products in reactions (1)–(12) (mainly •OH and O) participate to react with Cl− ions
resulting in the formation of HOCl through reactions (15)–(19) described below [15, 37]:

(15) •OH + Cl− → HOCl− (k(aq) = 4.3× 109M−1s−1); HOCl− + H+
→ Cl• + H2O (k(aq)

= 2.1× 1010M−1s−1); Cl• + Cl− → Cl−2 (k(aq) = 7.8× 109M−1s−1)

(16) Cl−2 • + •OH → HOCl + Cl− (k(aq) = 4.5× 107M−1s−1)

(17) O + Cl− → OCl−

(18) O + OCl− → ClO−

2

(19) O + OCl− → Cl− + O2.

In reactions (1)–(19), it can be seen that it is •OH which contributes mainly to the formation
of both H2O2 and HOCl. However, the rate coefficient that contribute to the formation of HOCl
k(aq) = 4.3× 109M−1 s−1) is higher than the one that contribute to the formation of H2O2 k(aq) =
4.0× 109M−1 s−1). This results in the higher consumption of •OH by chloride ions and less •OH
remains to recombine into H2O2. Because of this, the formation of H2O2 via •OH + •OH → H2O2 is
suppressed. Additionally, the number of chloride ions per cubic centimeter in 150 mM NaCl solution is
≈9× 1019cm−3. This is almost 104−5cm−3 higher than the concentration of hydroxyl radicals that could
be present at the plasma–liquid interface (concentration of hydroxyl radicals at plasma–liquid interface
for a similar setup = 1014−15 cm−3 [19]). For APPJ in contact with DIW and NaCl solution, although
•OH are generated at similar rates, the presence of high chloride concentrations in NaCl solutions causes
rapid •OH scavenging that suppresses •OH recombination and limits OH-mediated NO−

2 formation
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(pseudo-first order kinetics). In contrast, the absence of such scavengers in DIW allows •OH radicals to
persist and recombine, resulting in higher concentrations of H2O2 and NO−

2 .
The reactive chlorine species formed through reactions (15)–(19) thus result in the higher

absorbance of the KI-starch solution in figure 10. HOCl is a stronger and more reactive oxidative agent
(than H2O2 and NO−

2 ) and this also results in stronger color change of the KI-starch-gel in figure 9.
Some prior studies also conducted a measurement of the absorbance spectra of the hypochlorite solu-
tion in potassium iodide solution and the absorption as observed in our current study (≈400–650 nm)
matches with those observations [38, 39] suggesting HOCl is formed in our experiments.

Additionally, a slightly higher pH for the APPJ treated NaCl solution (figure 8) is attributed to
the scavenging of protons (H+) by HOCl− intermediates, as described in reaction (15). This proton-
consuming mechanism effectively competes with the formation of acidic species, shifting the chemical
equilibrium towards a more basic side [40].

Understanding how APPJs interact with liquids of differing electrical properties is essential for
advancing both fundamental plasma science and biomedical applications. Non-conductive liquids such as
DIW provide a simplified platform for isolating intrinsic plasma–liquid interaction mechanisms, whereas
conductive liquids such as saline solutions more closely resemble the physicochemical environment of
biological tissues. In this study, 150 mM NaCl solution was employed as a representative conductive
medium to systematically probe how the ionic concentration influences plasma characteristics and down-
stream liquid-phase chemistry. In real physiological fluids, the electrolyte balance is maintained not only
by sodium salts but also by significant concentrations of potassium, calcium, and magnesium ions. The
presence of dissolved ions modifies interfacial electric fields, affects charge transfer and current pathways,
and strongly shapes the fate of plasma-generated reactive species in the liquid phase.

By bridging the gap between simplified model liquids and biologically relevant ionic environments,
this work offers a framework for interpreting plasma–tissue interactions with greater realism. Such
insights can help guide the rational design of plasma sources and treatment protocols that more pre-
cisely control the production and delivery of reactive species in complex biological media. Ultimately,
this approach has the potential to move plasma medicine beyond empirical optimization towards a more
predictive, mechanism-driven discipline.

4. Conclusions

In this study, we investigated the characteristics of an APPJ and the plasma-induced liquid chemistry
during its interaction with saline (150 mM NaCl solution) and non-saline (DIW) medium. Plasma dis-
charge in contact with NaCl solution resulted in the higher charge/current flow towards the target. This
resulted in stronger emission from excited species at the plasma–liquid interface, and was confirmed
through optical emission spectroscope. The absolute concentration of long-lived RONS (mainly H2O2

and NO−

2 ), as well as higher absorbance in the UV–Vis spectrum measured for the plasma treated DIW
solution directly correlated to the absolute emission intensities of excited species (such as hydroxyl radi-
cal, nitrogen second positive system, etc) measured at the plasma–liquid interface through optical emis-
sion spectroscopy. However, this was not true for the APPJ interacting with NaCl solution. During the
interaction of APPJ with chloride containing solutions, the reaction dynamics shifts towards the forma-
tion of HOCl as the rate coefficients of the hydroxyl radical recombining with chloride ions are faster
than the two hydroxyl radicals combining to form hydrogen peroxide. Formation of HOCl in plasma
activated NaCl solution results in the stronger color change of the KI-starch-agarose gel as well as higher
absorbance of the KI solution in the UV–Vis spectrum. Our observations provide strong evidence on the
formation of HOCl during plasma treatments of physiological fluids. UV–Vis absorbance and concen-
trations of H2O2 and NO−

2 do not necessarily reflect the true oxidative and biological reactivity of PAW,
particularly in chloride-containing systems.
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