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Abstract

The detection and quantification of reactive oxygen and nitrogen species (RONS) in plasma-
treated water (PTW) are essential for advancing plasma applications in biomedical and
agricultural fields. However, RONS characterization remains challenging, as conventional
techniques often require chemical reagents that can alter the sample. Electrochemical
impedance spectroscopy (EIS) offers a non-destructive alternative by probing the electrical
response of aqueous systems and providing information on ionic concentration, charge
transfer, and diffusion processes. This study investigates the feasibility of EIS as a diag-
nostic tool for characterizing physicochemical changes in PTW. Calibration experiments
were performed using saline solutions with different ionic concentrations to evaluate the
sensitivity of impedance measurements. Impedance spectra were recorded over a frequency
range of 0.1 Hz to 10 kHz and analyzed using Nyquist and Bode plots with equivalent
circuit modeling. Deionized water was treated with cold atmospheric plasma at different
discharge powers (3.53–10.15 W) and treatment times (5–30 min) to generate RONS. The
results show that EIS can monitor plasma-induced changes in conductivity and interfacial
properties associated with variations in ionic content. In particular, systematic changes
in solution resistance and admittance were observed and were correlated with plasma-
induced changes in ionic composition. These findings demonstrate that EIS is a sensitive
and non-invasive diagnostic method for PTW analysis.

Keywords: plasma activated water; electrochemical impedance spectroscopy; saline
solutions; reactive oxygen and nitrogen species

1. Introduction
Cold atmospheric plasma (CAP) treatment of water generates complex mixtures

of reactive oxygen and nitrogen species (RONS), which play important roles in emerg-
ing applications across biomedicine, cancer treatment [1], cell monitoring [2], tissue
monitoring [3], the agriculture and food industry [4], and environmental remediation [5,6].
In plasma–liquid environments, a wide range of complex chemical reactions take place,
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yet only relatively long-lived reactive oxygen and nitrogen species such as H2O2, NO2
−,

and NO3
− remain stable enough to accumulate in the liquid volume [7–9]. These species

have been identified as the dominant species in plasma-treated water (PTW) in terms of
their physicochemical activity [10]. The accurate characterization of these species presents
a significant analytical challenge due to the transient nature of RONS in general [11]. How-
ever, most conventional analytical techniques used for the quantification of RONS, such
as colorimetric assays, ion chromatography, and spectrophotometric methods, require
the addition of chemical reagents, which may alter the physicochemical equilibrium of
the sample and introduce perturbations in its native composition [12,13]; thus, there is
a need for a simple, fast, non-destructive, and potentially real-time (online) method to
determine the concentrations of dominant reactive species in PTW samples. A variety of
alternative methods have been developed to detect both short- and long-lived species in
PTW; however, these methods can be quite cumbersome and time-consuming and typically
operate offline, while not being very sensitive to small changes in external conditions [14].
Both pH measurements and conductivity measurements are often available in published
results on PTW [15], but they are rarely used to derive information on the concentration of
reactive species.

Electrochemical impedance spectroscopy (EIS) is a powerful analytical technique
for characterizing the electrical properties of solutions and interfaces [16,17] that is used
in a wide range of applications in chemical sensing and biosensing [18,19], as well as
non-invasive diagnostics [20,21]. EIS has emerged as a promising alternative for rapid
and non-destructive characterization of ionic species in aqueous solutions [22]. Apply-
ing a sinusoidal voltage perturbation across a range of frequencies and measuring the
current response (current or voltage) [23] provides information about ion concentrations,
charge-transfer processes, diffusion phenomena, and interfacial properties [24]. EIS has
an ability to provide a wealth of information for various electrical, electrochemical, and
physical processes taking place in electrochemical systems [25]. The technique measures
the frequency-dependent electrical response of the solution, which is directly related to
the ionic composition through the solution’s conductivity and capacitance [26]. In dilute
aqueous electrolytes, the electrical behavior of the system can be modeled by a simple
equivalent circuit consisting of bulk resistance (Rb) associated with ionic transport, in series
with double-layer capacitance (Cdl). This capacitance results from the series combination
of the Helmholtz capacitance (CH), which represents the layer of ions adsorbed on the
electrode surface (also called Stern layer), and of the diffuse layer capacitance (Cdiff), which
accounts for the cloud of ions extending into the solution., The thickness of this diffuse
layer is of the order of the Debye length. While CH is often treated as constant, Cdiff

varies significantly with the electrolyte concentration; this framework is known as the
Gouy–Chapman–Stern (GCS) model. The resulting impedance response therefore reflects
both the bulk ionic conductivity and the interfacial polarization processes occurring at
the electrode surface. This simple electrical model is used to understand how changes in
ionic concentration and composition influence the measured impedance response. How-
ever, the response is also heavily influenced by the experimental setup and electrode
configuration [27]. Factors such as electrode geometry and cell configuration can lead to
non-uniform current distributions, significantly affecting the impedance spectra, particu-
larly at low frequencies where double-layer effects dominate [28]. These factors should
therefore be acknowledged when interpreting EIS data [29].

The aim of this work was to investigate the capability of electrochemical impedance
spectroscopy to monitor changes in conductivity and interfacial electrical behavior occur-
ring after plasma treatment. To achieve this goal, impedance measurements were first
employed to study calibration experiments using reference electrolytes (NaCl, NaNO2,
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NaNO3, HNO3, and H2O2) to establish calibration relationships between ionic concentra-
tion and impedance parameters. The same EIS approach was then applied to plasma-treated
water to determine whether its impedance response reflects the presence and evolution
of plasma-generated reactive species. A linear scaling relationship between the maxi-
mum imaginary admittance (Im(Y)max) and its corresponding peak frequency (fmax) was
identified, indicating systematic differences in the electrical response of different ionic
systems. These results demonstrate that EIS can be used as a rapid, reagent-free method
for monitoring physicochemical changes in plasma-treated water (PTW).

2. Materials and Methods
2.1. Plasma Sources and Experimental Setup

In this work, an AC high voltage spark discharge plasma was used. The plasma was
formed in a pin-to-plate configuration made of two electrodes: a needle stainless steel
electrode as a pin and a ground aluminum electrode. A picture of the experimental setup
is shown in Figure 1. In the present work, the distance between the two electrodes was
set at 3.5 cm. The high voltage electrode is connected to a high voltage AC power supply
consisting of a ZVS driver connected to a high voltage transformer that was positioned
2.0 mm above the water surface, while the grounded electrode was placed inside at the
bottom of the container in direct contact with the water sample. To ensure characteriza-
tion of the plasma conditions at different currents, the actual electrical power delivered
to the discharge was experimentally determined. In this work, three values of the cur-
rent delivered by the DC power supply powering the whole setup (1.8, 2.4, and 2.8 A)
were considered. In order to evaluate the actual electric power delivered to the plasma,
voltage and current waveforms were measured using an oscilloscope. The voltage of the
pin electrode was measured using a Tektronix P6015A high voltage probe. A resistor
(27 Ω) was put in series with the ground plate, and the current was calculated from the
voltage drop across this resistor. The values reported in Table 1 as voltage max of plasma
and current max of plasma correspond to experimentally measured instantaneous peak
(amplitude) values rather than RMS values. Because the plasma discharge waveform was
not a purely sinusoidal AC signal and contained transient discharge features, the average
plasma power was not estimated from the maximum voltage and current values. Instead,
the instantaneous power was calculated point-by-point as P(t) = V(t) × I(t), and the average
plasma power was obtained by averaging the instantaneous power over two representa-
tive AC cycles. The results show that the effective power delivered to the plasma varies
with the operating conditions and does not scale linearly with the nominal power supply
current. This highlights the importance of direct electrical measurements for accurate
characterization of plasma–liquid systems.

Table 1. Measured electrical parameters of the plasma discharge.

Current of Power Supply Average Power of Plasma Current Max of Plasma Voltage Max of Plasma

2.8 A 10.15 W 734 mA 5360 V
2.4 A 8.30 W 734 mA 5320 V
1.6 A 3.53 W 367 mA 4639 V

Water samples were exposed to plasma for 5, 10, 15, 20, and 30 min to evaluate
the effects of treatment duration on the production of RONS. After the treatment was
completed, the water was gently stirred to achieve a more homogeneous sample and a
better distribution of reactive species in the water.
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Plasma Discharge 
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Figure 1. Plasma treatment setup: (a) power supply and plasma source, (b) plasma treatment of an
aqueous solution in the sample holder.

2.2. Impedance Spectroscopy Setup

Impedance spectroscopy was performed with a MFIA impedance spectrometer (Preci-
sion LCR Meter 500 Hz/5 MHz, Zurich Instruments, Zurich, Switzerland), and data were
collected with a connected PC. The MFIA is capable of measuring impedance across a
milli-Ohm to giga-ohm range. This capability makes it ideal for studying materials with
a wide range of electrical properties. Two types of measurement cells were designed and
manufactured. The first measurement cell was a non-conductive container holding the
liquid samples, shown in Figure 2a, with a pair of stainless-steel cylindrical rod electrodes.
A pair of rod electrodes with diameters of 4 mm were positioned at a distance of 19 mm
from each other and were connected to the signal input/output ports of the MFIA. An
AC signal was applied via electrodes in direct contact with the 50 mL aqueous sample.
Both electrodes were rinsed, cleaned with deionized water, and completely dried after
each measurement. The second measurement setup (Figure 2b) was implemented to in-
vestigate the influence of electrode geometry and interfacial surface area (active area) on
the impedance response. In this configuration, the setup consisted of two parallel, flat,
stainless-steel electrodes 5.7 cm wide and 6 cm high. The electrodes were placed 2 cm
apart. This setup enabled working with 50 mL volumes of solutions. The active area was
experimentally controlled by designing electrodes with different geometries while main-
taining the same electrode material and inter-electrode distance as with the rod electrode in
order to enable comparative impedance measurements to be taken under similar electrical
conditions. The geometrical interfacial area was estimated using A = W × H, where A is
active area for each electrode, and W and H represent the width and immersed height of
the electrode, respectively. To monitor the impedance of the sample, a frequency range
of 0.1 Hz to 10 kHz with a voltage amplitude of 300 mV was used. A complete picture of
the impedance measurements can be obtained over a wide frequency range, where, for
each frequency, the active and reactive components of the impedance are calculated. The
measurements allowed us to obtain the dependence of the impedance on the frequency of
the voltage applied to the sample. The impedance spectra were analyzed using a simplified
equivalent circuit model consisting of bulk conductance (Gm) in parallel with a constant
phase element (CPE), implemented in Python (version 3.14) using nonlinear least-squares
fitting. The fit quality was checked using RMSE and reduced χ2-like residual analysis,
which showed good agreement between the experimental data and the fitted model. From
the fitted admittance spectra, the characteristic peak frequency (fmax) and the maximum
imaginary admittance value (Im(Y)max) were extracted to describe the dominant interfacial
electrical behavior at the electrode–electrolyte interface. An effective capacitance (Cdl)
was estimated using Cdl = Im(Y)max/(π fmax). This parameter was used for comparative
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analysis between different electrode configurations and plasma treatment conditions as
an indicator of changes in interfacial electrical behavior. In this work, EIS was applied to
investigate frequency-dependent electrical changes related to ionic transport and interfacial
processes in plasma-treated water.

a b 

Figure 2. (a) Impedance spectroscopy setup with rod-type configuration; (b) parallel plate configuration.

2.3. pH, Conductivity, and Griess Assay Measurements of Ion Concentrations

The physicochemical properties of PTW, including pH, electrical conductivity, and
the concentrations of long-lived reactive species such as nitrite (NO2

−), nitrate (NO3
−),

and hydrogen peroxide (H2O2), were measured after plasma treatment for different expo-
sure times using pH and conductivity probes together with ion-selective measurements,
colorimetric analysis, and impedance spectroscopy. During plasma exposure, reactive
chemical species generated in the discharge interact with the liquid phase, leading to
acidification of the water due to the formation of nitric and nitrous acids. As a result,
the pH of PTW decreases with increasing plasma treatment time. The pH measurements
in this study were performed using a calibrated multimeter (Monokrystaly, s.r.o, Model
MPH472, Přepeře, Czech Republic) operating within a pH working range of 0–14. The
instrument was calibrated using four standard buffer solutions with pH values of 2, 4, 7,
and 9. Prior to measurement, the pH probe was primed by immersion in a pH 7 buffer
solution for at least 24 h. The multimeter was equipped with ion-selective and pH probes, a
conductivity probe, a temperature probe, and a reference electrode. Using the ion-selective
probe, nitrate ion (NO3

−) concentrations in the PTW samples were directly measured. As
per the manufacturer, the nitrate ion-selective electrode exhibits limited cross-sensitivity to
nitrite ions, with a selectivity coefficient of 3.6 × 10−2 for NO2

−. Electrical conductivity
measurements were conducted using a conductivity probe calibrated with a 10−4 mol·L−1

KCl standard solution.
The concentration of nitrite ions (NO2

−) generated in plasma-treated water was
measured using the Griess colorimetric assay (Sigma-Aldrich, 1465-25-4, St. Louis, MO,
USA). PTW samples with a volume of 25 mL were collected for different plasma treatment
conditions. For each measurement, 2.5 mL of Griess reagent was added directly to the
PTW sample and mixed thoroughly to allow the colorimetric reaction to proceed. Control
reference samples of different concentrations were prepared by dissolving 1 mg, 0.1 mg,
0.01 mg, or 0.001 mg of sodium nitrite (NaNO2) in 25 mL of distilled water, followed by
the addition of 2.5 mL of Griess reagent. The reacted samples were transferred to sample
vials and analyzed using a microplate reader to quantify the absorbance. The transmitted
light intensity of the Griess-reacted samples was extracted from photographic images using
digital image analysis. Absorbance values were calculated, and nitrite concentrations were
determined based on a linear calibration curve obtained from reference solutions.
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2.4. Calibration Solutions for Impedance Measurements

A series of aqueous reference solutions with different concentrations of nitric acid
(HNO3), sodium nitrite (NaNO2), and sodium nitrate (NaNO3) was prepared to calibrate
the impedance response and evaluate the sensitivity of impedance spectroscopy to varia-
tions in ionic composition and concentration. In addition, NaCl and NaHCO3 solutions
were investigated during preliminary impedance measurements of reference electrolytes
for evaluating the electrical response of different ionic systems. Hydrogen peroxide (H2O2)
solutions at various concentrations were independently prepared and quantified to provide
complementary information on the chemical composition of PTW. A stock solution with a
concentration of 150 mg/L of HNO3 and H2O2 was used as a high-concentration source for
each compound and subsequently diluted with distilled water according to the proportions
listed in Table 2. Following the preparation of each solution, impedance measurements were
performed using a two-electrode impedance spectroscopy setup. After each measurement,
the electrode surfaces and the measurement cell were thoroughly rinsed with deionized
water and dried at room temperature prior to subsequent tests. All measurements were
conducted in triplicate to ensure the repeatability and reliability of the results.

Table 2. Composition of HNO3/H2O2 mixtures prepared at different volumetric ratios.

HNO3 (%) H2O2 (%) Final Volume (%)

0 100 100
25 75 100
50 50 100
75 25 100

100 0 100

3. Results and Discussion
Before starting to analyze the plasma-treated water, it is first necessary to under-

stand how impedance spectroscopy responds to simple electrolyte systems. Therefore,
a series of calibration experiments was performed using simple aqueous solutions with
known ionic compositions to establish the relationship between impedance parameters
and ionic concentration, providing a baseline for interpreting the electrical response of
plasma-treated water.

3.1. Impedance Response of NaCl Solutions

NaCl was measured first as a model electrolyte, because it represents a simple
fully dissociated ionic system with certain conductivity behavior to validate the sensi-
tivity of the impedance measurements to changes in ionic concentration. In Figure 3,
the Bode and Nyquist plots of admittance for different concentrations of NaCl solution
(0.5, 1, 1.5, 2, 2.5 mM) with a cylindrical rod setup are presented. A clear decrease in
solution resistance (Rs) was observed from the real part of the admittance as the ionic
concentration increased, indicating enhanced electrical conductivity of the solution, as ex-
pected. In the frequency range between 1 Hz and 10 kHz, the Nyquist plots of the measured
admittance for the tested saline solutions exhibited a typical semicircular shape, which
indicates a combination of resistive and capacitive behaviors in the electrolyte. For the rod
electrode configuration, the characteristic frequency associated with the maximum of the
imaginary admittance component systematically shifts with increasing salt concentration,
reflecting changes in the dominant relaxation processes of the electrolyte.
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(a) (b) (c) 

Figure 3. Bode plots (a,b) and Nyquist plot (c) in the case of NaCl solutions of different molar
concentrations.

Electrochemical impedance data were analyzed using the simplified equivalent circuit
model described in the Section 2, consisting of a Gm in parallel with a CPE. The extracted
fitting parameters, including Gm, Q, and α, showed systematic dependence on electrolyte
concentration, reflecting changes in ionic transport and interfacial electrical behavior [30].
The extracted conductance exhibited a strong correlation with electrolyte concentration,
confirming the suitability of conductance as a reliable calibration parameter for concentra-
tion determination [31]. The fitting parameters obtained from the Gm (1/R), the constant
phase element parameter (Q) that increased with concentration, reflecting enhanced inter-
facial polarization effects [32], and the phase element (α) provided a good description of
the experimental spectra across the full frequency range [33].

To quantitatively describe the experimental spectra, the impedance data were fitted
using an equivalent electrical circuit consisting of a Gm in series with a CPE:

Z = Gm + ZCPE (1)

represents the bulk resistance (the inverse of the electrical conductance Gm), and

ZCPE =
1

Q(jω)̂α
(2)

Among the extracted equivalent circuit parameters, Gm exhibited the highest sensi-
tivity to variations in ionic concentration [34]. A strong linear correlation (R2 > 0.99) was
observed between Gm and electrolyte concentration for all calibration solutions (Figure 4a),
confirming that Gm can be reliably employed as a quantitative calibration parameter
for dilute aqueous systems. Beyond conductance, further insight was obtained from
the frequency-dependent behavior of the imaginary admittance component, Im(Y). The
Im(Y) spectra displayed salt-specific characteristics, indicating that the full impedance
response contains sufficient information to distinguish between different ionic species.
Figure 4b illustrates the relationship between Im(Y)max and fmax for the all four saline
solutions. To investigate this behavior quantitatively, Im(Y)max was plotted as a function
of the corresponding fmax values for each electrolyte. All datasets demonstrated a clear
linear dependence with negligible intercepts, indicating that Im(Y)max scales proportionally
with fmax. The high coefficients of determination (R2 > 0.98) confirm the robustness of
this proportional relationship. The calculated slopes (k) were 0.00038 mS/Hz for NaCl,
0.00138 mS/Hz for NaNO2, 0.00134 mS/Hz for NaNO3, and 0.0022 mS/Hz for NaHCO3,
suggesting an increasing frequency-dependent polarization effect in the order
NaCl < NaNO2 ≈ NaNO3 < NaHCO3. The observed trend reflects differences in ionic
mobility, hydration structure, and interfacial polarization dynamics. Consequently, the
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slope parameter k can be interpreted as an electrical signature that is characteristic of each
electrolyte. Using this slope-based classification, all investigated solutions were successfully
discriminated within distinct regions of the Im(Y)max − fmax plane, demonstrating that
this approach provides a reliable and physically meaningful method for identifying ionic
composition from impedance spectroscopy data.

  
(a) (b) 

Figure 4. Concentration-dependent evolution of impedance-derived parameters obtained from
EIS measurements in rod-type electrodes (a) and (b) scatter plot of Im(Y) vs. frequency of
maximum value.

After studying how the impedance parameters change with concentration in simple
saline solutions, the analysis was extended to additional calibration systems. Nitric acid
(HNO3) and hydrogen peroxide (H2O2) were selected because they represent chemical
species that are commonly produced in plasma-treated water.

3.2. Calibration of Impedance Response for Ionic and Molecular Species
3.2.1. Impedance Response of HNO3 Solutions

Figure 5a–f present the impedance spectra obtained for HNO3 solutions at various
concentrations. EIS was able to clearly distinguish the electrical behavior of the tested
solutions. As the ion concentration increased, the solution resistance decreased while the
conductance increased. This behavior reflects the higher availability of charge carriers at
higher acid concentrations, although the effective carrier density is also governed by the
acid dissociation equilibrium (pKa relative to pH), which determines the degree of ioniza-
tion. This behavior confirms the sensitivity of electrochemical impedance spectroscopy
to variations in ionic strength and validates its applicability for probing ion-mediated
transport in aqueous electrolytes. By quantifying these changes with EIS, it is possible to
directly correlate the plasma-induced increase in ionic species with measurable electrical
properties of the solution.

The concentration of HNO3 strongly influenced both the impedance magnitude and
the phase response measured by EIS. As the HNO3 concentration increased, the impedance
magnitude decreased. The relationship between impedance and concentration is not strictly
linear, approaching a lower asymptotic limit at higher concentrations, which suggests a
sigmoidal calibration behavior. Sigmoidal responses are a common feature in concentration-
dependent impedance measurements and typically define an optimal operating region
where sensitivity to concentration changes is maximized [35].
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d 

b c a 

e f 

Figure 5. (a–f) Bode plot and Nyquist plot of impedance (a–c) and admittance (d–f) of HNO3

concentrations (25, 50, 75, and 100%).

3.2.2. Impedance Behavior of H2O2 Solutions

In addition, impedance measurements were also performed for H2O2 solutions. The
obtained spectra indicated that hydrogen peroxide exhibited behavior similar to that
of deionized water [36], showing very low conductivity and high resistance due to the
weak dissociation behavior of hydrogen peroxide. These observations indicate that H2O2

contributes only weakly to the ionic conductivity of the solution compared with strongly
dissociated electrolytes.

3.2.3. Comparative Impedance Behavior

Furthermore, the Nyquist plots exhibited a single semicircle-like behavior, indicating
a dominant relaxation process governed by bulk ionic transport and interfacial polarization
effects. This behavior is consistent with increased ionic mobility and improved charge
transport across the electrolyte. The reduction in the semicircle diameter also reflects an
increase in the effective interfacial capacitance, likely due to the thinning of the electrical
double layer at higher ionic strengths. Such behavior enables clear differentiation between
conductive (ionic) and non-conductive (molecular) solutions, providing a strong reference
for interpreting the impedance response of plasma-treated water.

3.3. Impedance Characterization of Plasma-Treated Water in the Rod Configuration

After analyzing the calibration electrolytes, the same method was applied to plasma-
treated water to understand whether the electrical response of PTW is consistent with the
ionic species identified in the calibrations systems.

Physicochemical properties of the plasma-treated water were determined immediately
after plasma exposure by electrochemical impedance measurements, followed by pH and
conductivity analyses to quantify nitrite and nitrate concentrations in water. A deeper
understanding of plasma–liquid interactions can be achieved by monitoring frequency-
dependent electrochemical observables derived from impedance spectroscopy. In particular,
characteristic frequencies and admittance features provide sensitive indicators of ionic
migration and interfacial polarization processes induced by plasma-generated reactive
species. As expected, at high frequencies the impedance response is primarily governed
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by the electrolyte resistance. Therefore, the impedance response becomes sensitive to
interfacial polarization effects when the electrical contribution of the electrode–electrolyte
interface becomes comparable to that of the bulk electrolyte. The following plots provide
insights into how plasma exposure time influences both the dielectric behavior and the
ionic conductivity of water. As the treatment duration increases, notable changes in both
the resistive and capacitive components of the impedance are observed, reflecting the
accumulation of reactive species and the modification of interfacial polarization dynamics.
The real part of the admittance exhibits an increasing trend with frequency for all PTW
samples (Figure 6d). Longer plasma treatment times (30 min) result in consistently higher
real admittance values, indicating enhanced conductivity due to increased ionic content,
especially at 2.8 A current of power supply. At lower frequencies, real (Y) values are smaller,
as ionic movement is limited, and polarization effects dominate. This behavior confirms
that plasma treatment increases the concentration of ionic charge carriers, predominantly
nitrate (NO3

−) and nitrite (NO2
−), rendering the solution more conductive over the entire

frequency range. According to Figure 6e, the imaginary part of admittance indicates the
capacitive behavior of the system. From the Bode plots, the imaginary part of the admittance
increases with frequency for all PTW samples, reflecting the growing contribution of
capacitive currents. Samples treated for longer durations exhibit slightly higher Im(Y)
values, indicating the development of a moderate dielectric response associated with
plasma-induced polarization effects. The Nyquist plots (Figure 6f) of admittance exhibit
a semicircular arc characteristic of a parallel RC-type response. With increasing plasma
treatment time, the arc shifts toward higher real admittance values, indicating enhanced
conductivity and reduced resistive losses. Although the imaginary admittance remains
smaller than the real component, its gradual increase with treatment time indicates a
growing influence of dielectric relaxation effects superimposed on a predominantly resistive
response. The curvature becomes slightly broader with time, suggesting a small increase in
dielectric relaxation effects. This pattern supports the idea that PTW is primarily resistive,
with moderate capacitive behavior influenced by ion types, mobility, and total concentration.
Consistently, a progressive decrease in impedance magnitude with increasing plasma
treatment time is observed, in agreement with independently measured concentrations of
H2O2, NO2

−, and NO3
−.

Figure 7a illustrates the evolution of the interfacial parameters extracted from the
impedance spectra of plasma-activated water as a function of treatment time for different
discharge currents. As shown in Figure 7a, the effective double-layer capacitance (Cdl)
increases systematically with plasma exposure time for all investigated currents. This
behavior indicates progressive modification of the electrode–electrolyte interfacial region
during plasma activation. Plasma treatment generates increasing amounts of ionic and
reactive species in deionized water, including long-lived nitrogen and oxygen ions, which
increase the ionic strength of the solution. Higher ionic strength can reduce the effective
Debye screening length and enhance interfacial charge accumulation, contributing to
the observed increase in the effective capacitance-related electrical response. Plasma-
generated species influence not only bulk ionic conductivity, but also interfacial polarization
processes and electrical double-layer behavior at the interface between electrode and
electrolyte. The stronger increase observed at the higher discharge current of 2.8 A, reaching
approximately 700 µF, indicates faster interfacial modification due to more intense reactive
species production and transport into the liquid phase.
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Figure 6. Influence of plasma discharge current on the EIS response of PTW at 2.8 A for differ-
ent treatment times: (a) real part of impedance; (b) imaginary part of impedance; (c) Nyquist
plot of impedance, (d) real part of admittance; (e) imaginary part of admittance; (f) Nyquist plot
of admittance.

 
(a) (b) 

Figure 7. Evolution of (a) Cdl and (b) Rct with treatment time for PTW at different applied currents.

The corresponding evolution of the charge transfer resistance (Rct), shown in Figure 7b,
exhibits a pronounced decrease with increasing treatment time. The reduction in Rct sug-
gests that plasma-generated ions enhance ionic conductivity and facilitate electrochemical
charge transfer processes. These interfacial changes are consistent with the accumulation
of long-lived reactive oxygen and nitrogen species and are in agreement with independent
conductivity and chemical measurements.

Figure 8 compares the characteristic impedance features of plasma-treated water with
saline solutions and HNO3 measured using a linear rod electrode configuration. In the
Im(Y)max − fmax representation, PTW data points lie between neutral saline solutions and
nitric acid, exhibiting a trend closer to acidic electrolytes. This behavior indicates that
plasma-induced acidification and nitrate/nitrite formation play a dominant role in defining
the electrical signature of PTW.
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Figure 8. Linear plot of Im(Y)max as a function of fmax for rod configuration with different electrolytes
and PTW treatment currents.

3.4. Impedance Characterization of Plasma-Treated Water with Parallel Electrodes

To investigate the influence of electrode geometry and effective surface area on the
electrochemical response of PTW, impedance measurements were performed using both
parallel plate and rod electrode configurations. The measured impedance response for
parallel and rod stainless steel electrodes is shown in Figure 9. The real part and imaginary
part of admittance illustrate that impedance decreased with an increase in plasma exposure
and active surface area of the electrode in rod and parallel electrode configurations in the
electrolyte for PTW at 2.8 A for 30 min of exposure time. Significant differences are observed
in both the magnitude and frequency dependence of the impedance response. The reduction
in the semicircle diameter observed in the Nyquist representation indicates a decrease in
Rct when the effective electrode surface area increases [37]. The Bode representation of
the imaginary admittance further supports this interpretation. The peak of the imaginary
component shifts toward higher frequencies and increases in magnitude for geometries
with larger surface area. Let us consider a simplified RC relaxation model describing the
dominant interfacial process:

ωmax = 1/RC (3)

where R represents the effective resistance, and C represents the interfacial capacitance.
The increase in peak frequency indicates a reduction in the characteristic relaxation
time = τRC, primarily driven by a decrease in resistance. Increasing the interfacial surface
area between working electrode and electrolyte reduces the electrode’s overall impedance,
allowing a current source to deliver the same current with a lower applied voltage. In EIS
measurements, this change is reflected as an increase in the peak frequency of the imaginary
component, along with a higher maximum value. These observations indicate enhanced
double-layer capacitance and faster charge-transfer dynamics at the electrode–electrolyte in-
terface [38]. The differences between the two configurations are particularly pronounced in
the low-frequency regime, where interfacial polarization effects dominate the response [39].
Electrodes with a higher interfacial surface area display distinct Nyquist impedance spectra
compared to less active surfaces, typically with smaller semicircle features and modified
low frequency behavior, reflecting improved charge transfer and capacitive processes at
the interface [40].
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(a) (b) (c) 

Figure 9. (a) real plot of admittance, (b) imaginary plot of admittance, and (c) Nyquist plot of
admittance in parallel and rod electrodes with increased active area for PTW at 2.8 A for 30 min.

To decouple the respective contributions of resistance and capacitance to the observed
impedance changes, the peak value of the imaginary admittance (Ymax) and its corre-
sponding peak frequency (fmax) were extracted and analyzed. In the RC circuit, the peak
quantities satisfy YImax = 1/(2R) and ωmax = 1/(RC). Eliminating R leads to YImax = (C/2)
ωmax, or equivalently YImax = π C fmax. Therefore, a linear relationship between YImax and
fmax indicates an approximately constant effective interfacial capacitance. The resulting
plot of YImax over fmax, obtained from the peak quantities of the admittance spectra is
referred to here as the master plot. The experimental master plots (Figure 10) display
linear trends for each electrolyte system and electrode configuration. The approximately
linear behavior indicates that the dominant variation induced by plasma treatment arises
from resistance changes associated with increased ionic content. However, differences
in slope between electrode geometries and electrolyte compositions reveal variations in
effective interfacial capacitance. Since the slope of the master plot is proportional to C,
these differences indicate modifications in the double-layer structure effective interfacial
area. It should be noted that the RC-based interpretation used in this work is intended as a
simplified description of the main relaxation behavior observed in the system. In practice,
the electrode–electrolyte interface in plasma-treated water is chemically complex and may
deviate from ideal capacitive behavior due to surface heterogeneity, electrode roughness,
and distributed interfacial relaxation processes. For this reason, a CPE was included in the
equivalent circuit model instead of an ideal capacitor to account for non-ideal interfacial
behavior. Accordingly, the extracted resistance- and capacitance-related parameters should
be regarded as effective electrical descriptors useful for comparing different treatment
conditions and electrode configurations, rather than exact physical quantities.

These findings demonstrate that electrode geometry plays a critical role not only in
modulating resistance, but also in shaping the capacitive response of plasma-treated aque-
ous systems. The master plot analysis provides a quantitative framework to distinguish
between resistance-dominated and capacitance-dominated variations in the impedance
response. The reduction is more significant for the parallel setup, confirming the dominant
role of interfacial surface area in facilitating interfacial charge transfer. The linear relation-
ship observed between Im(Y)max and fmax for all investigated electrolytes indicates that
the dominant relaxation process can be described by an interfacial RC circuit, in which
the bulk resistance is mainly governed by ionic concentration, while the effective inter-
facial capacitance remains nearly constant within concentration range. A CPE was used
instead of an ideal capacitor to account for non-ideal interfacial behavior associated with
surface inhomogeneity and distributed relaxation processes. Small departures from strict
linearity are therefore attributed to distributed interfacial time constants captured by the
CPE formulation.
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Figure 10. Ymax vs. fmax with linear fits for different electrode geometries (parallel and rod).

Figure 11a shows the evolution of the extracted Cdl as a function of plasma treatment
time for both rod and parallel electrode configurations. The parameter labeled as Cdl

was estimated from the fitted Im(Y)max and fmax and should be interpreted as an effective
capacitance-related descriptor of the dominant interfacial electrical response rather than an
exact physical double-layer capacitance.

 
(a) (b) 

Figure 11. Evolution of (a) double-layer capacitance (Cdl) and (b) charge transfer resistance (Rct)
as a function of plasma treatment time for rod and parallel electrode configurations at different
applied currents.

A systematic increase in Cdl is observed with increasing exposure time, particularly at
a higher discharge current of 2.8 A. This trend reflects the progressive enrichment of ionic
species in the solution and the enhancement of interfacial charge storage capability. For a
given treatment current, the parallel configuration exhibits significantly higher capacitance
values compared to the rod geometry, consistent with its larger effective interfacial area.
Figure 11b presents the corresponding variation of Rct. A pronounced decrease in Rct with
increasing treatment time is observed for all configurations, indicating improved charge
transport and enhanced ionic conductivity in plasma-treated water.

The simultaneous increase in Cdl and decrease in Rct confirms that plasma exposure
enhances both the capacitive and the conductive properties of the system. The lower Rct

and higher Cdl observed for the parallel configuration indicate that the larger exposed
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surface area enhances interfacial charge storage and facilitates charge transfer. These results
indicate that the electrode geometry does not only change the impedance magnitude, but
also modifies the interfacial contribution to the measured electrochemical response.

3.5. Evolution of pH and Electrical Conductivity in Plasma-Treated Water

In the case of plasma-treated water (Figures 12 and 13), the conductivity and pH are
approximately monotonic, dependent on the treatment time. For all three different currents,
the conductivity is increasing with time, while the pH is decreasing. This is directly
connected to the production of RONS in PTW. The air plasma discharge generates short-
lived RONS such as nitric oxide radical (NO·), hydroxyl radical (·OH), superoxide anion
radical (·O2

−), atomic oxygen (O), and nitrogen ion (N2
+). These short-lived RONS are

transported into the liquid and produce more stable molecules, mainly hydrogen peroxide,
nitrites, and nitrates. The concentrations of these stable RONS are dependent on the type
of discharge, as well as treatment time. Generally, the concentrations of RONS increase
with longer treatment time. The increased concentration of RONS is directly connected to
the increase of conductivity and decrease of water pH. The concentrations of NO2

− and
NO3

− ions change over time in a linear relationship with increasing plasma exposure time:
especially, the concentration of NO3

− increases sharply to reach 156.8 mgL−1 in PTW at
2.8 A (Figure 12a). The production of NO2

− is also increasing linearly with the time of the
treatment at 2.4 and 1.6 A of plasma, but it started to decrease to generate NO3

− at higher
plasma powers [41].

(a) (b) 

Figure 12. Evolution of (a) nitrate (NO3
−) concentration and (b) nitrite (NO2

−) concentration as a
function of plasma treatment time for different discharge currents (1.6, 2.4, and 2.8 A).

 
(a) (b) 

Figure 13. Time-dependent variation in the pH and conductivity of plasma-treated water at discharge
currents of (a) 2.8 A and (b) 1.6 A.

The concentrations of nitrate and nitrite ions shown in Figure 12 were independently
determined using colorimetric measurements, while the pH and conductivity values shown
in Figure 13 were measured using multimeter. The observed decrease in pH is primarily

https://doi.org/10.3390/app16115680

https://doi.org/10.3390/app16115680


Appl. Sci. 2026, 16, 5680 16 of 19

attributed to the formation of nitric and nitrous acids associated with nitrate and nitrite
production (Figure 13). At longer treatment times, partial conversion of nitrite into nitrate
may occur, particularly under acidic conditions, resulting in a relative stabilization or
reduction of NO2

− concentration. The simultaneous increase in electrical conductivity
reflects the accumulation of ionic species in solution and provides a direct macroscopic
indicator of plasma-induced chemical modification of water.

The interpretation of impedance behavior related to plasma-generated ionic species
was supported by pH and conductivity measurements rather than impedance spec-
troscopy alone. Overall, the combined pH and conductivity measurements confirm the
progressive acidification and ion enrichment of plasma-activated water with increasing
plasma exposure. These chemical changes were consistent with the impedance spec-
troscopy results, which showed reduced solution resistance and enhanced conductance
after plasma treatment. These measurements provide a chemical baseline for interpreting
the frequency-dependent electrical response of plasma-treated water obtained by electro-
chemical impedance spectroscopy.

4. Conclusions
This work investigated whether electrochemical impedance spectroscopy can be used

as a rapid and non-destructive tool to characterize plasma-induced ionic and interfacial
electrical changes in water. Impedance measurements performed on simple electrolyte
solutions at various concentrations and complex PTW demonstrated that impedance spec-
troscopy provides multidimensional electrical signatures governed by both bulk ionic
transport and interfacial polarization processes. Comparative analysis among nitric acid,
hydrogen peroxide, sodium nitrite, and sodium nitrate further demonstrates the sensitivity
of the method to different ionic environments, demonstrating that EIS responds predomi-
nantly to ionic species rather than neutral molecular components. In plasma-treated water,
the impedance response evolves toward an acidic-like regime, consistent with the formation
of nitrate- and nitrite-containing ionic species, while deviations from pure acid behavior
indicate the presence of a multi-ionic mixture. Plasma activation of water resulted in a
substantial decrease in impedance and a corresponding increase in conductivity compared
to untreated deionized water. The evolution of impedance spectra, together with extracted
parameters such as bulk conductance, characteristic frequency, and interfacial capacitance,
revealed progressive ion enrichment and enhanced interfacial polarization induced by
plasma-generated reactive oxygen and nitrogen species. The electrical response of PTW
showed closer similarity to acidic reference solutions than to neutral saline electrolytes,
indicating that plasma-induced acidification and nitrate/nitrite formation play a dominant
role in defining its impedance signature. In addition, the use of different electrode con-
figurations demonstrated that electrode geometry and effective surface area significantly
influence the sensitivity and characteristic time constants of impedance measurements,
particularly in the low frequency range. Overall, these results confirm that the integration
of EIS with conventional pH and conductivity measurements provides a sensitive, non-
destructive approach for monitoring plasma-induced physicochemical modifications in
water and for probing ion transport and interfacial dynamics in plasma–liquid systems,
with potential applicability to real-time monitoring. In addition, the chemical environment
of PTW is more complex than anticipated, with unidentified species potentially playing a
significant role in its physicochemical characteristics. The deviation of PTW data from the
calibration behavior of pure nitric acid suggests the presence of additional ionic species
generated during plasma–liquid interactions. Although impedance spectroscopy does
not directly identify specific ionic species, the calibration-based approach presented here
allows correlation between impedance parameters and overall ionic activity through the
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overall electrical response. By establishing proper calibration curves, the plasma-induced
changes in ionic content can be systematically correlated with impedance parameters,
providing a practical and non-destructive method for assessing the overall ionic activity in
plasma-treated water.
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Abbreviations
The following abbreviations are used in this manuscript:

RONS Reactive oxygen and nitrogen species
PTW Plasma-treated water
EIS Electrochemical impedance spectroscopy
CAP Cold atmospheric plasma
Rb Bulk resistance
CH Helmholtz capacitance
CdI Double-layer capacitance
Im(Y)max Maximum of the imaginary part of the admittance
fmax Frequency at which the maximum of the imaginary part of the admittance occurs
Gm Bulk conductance element
CPE Constant phase element
Rct Charge transfer resistance
Cdiff Diffuse layer capacitance
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