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A B S T R A C T

The need for sustainable and reliable decontamination methods is driven by concerns regarding antibiotic
resistance, as well as environmental and cost-efficiency challenges associated with traditional methods. Plasma-
activated water (PAW) holds significant promise as an innovative and eco-friendly decontamination method.
Nevertheless, prior to industrial implementation of PAW-based decontamination devices, a deep understanding
of the bacterial inactivation mechanisms and its interplay with PAW chemical composition is required.
Advancing in this field requires interdisciplinary and collaborative research using standardized practices with
cost-effective and shareable PAW reactors that are still missing today. Here, to this end, a portable PAW reactor,
featuring a surface dielectric barrier discharge (SDBD) that operates in air, is presented. The gaseous and
aqueous phases were chemically characterized by Fourier transform infrared (FTIR) absorption spectroscopy
and vis-spectrophotometry, respectively. To assess PAW antimicrobial efficacy Escherichia coli was employed as
a model organism on six different PAW samples for three different treatment times. The significance of water
recirculation in controlling the chemical composition of PAW, altering the nitrogen species balance in favor
of NO−

2 , is demonstrated. This chemical modification consequently enhanced the antimicrobial effectiveness of
PAW, reaching a log reduction of ∼6. Exposing E. coli to equivalent concentrations of RONS to those found in
PAW attained similar log-reductions, indicating that acidified nitrites are key to PAW antimicrobial activity.
Through an innovative and portable design, this study illustrates the crucial role of water recirculation in
tailoring PAW composition, leading to improved decontamination capabilities and establishing a key parameter
for further optimization of PAW production.
. Introduction

In recent years, plasma-activated water (PAW), generated through
he interaction of cold atmospheric plasmas (CAPs) with water, has
een investigated for various applications in the agricultural [1–4] and
iomedical fields [5–7]. Plasma, the fourth state of matter, is an ionized
as abundant in positive and negative ions, electrons, and reactive
adicals. It is characterized by the presence of electromagnetic radia-
ion and strong electric fields [5]. CAPs are classified as non-thermal
lasmas, meaning that electrons and heavy particles, such as ions and
eutral species, do not reach thermal equilibrium. While the electron
emperature is of the order of ∼ 104 K, enabling high temperature
hemical reactions, the temperature of heavy particles, which defines
he gas temperature, remains close to room temperature. This ensures
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that CAPs are well-suited for heat-sensitive and biological applica-
tions [8,9]. When CAPs interact with liquids, the reactive oxygen and
nitrogen species (RONS) produced by the plasma in air enter the liquid
phase [6]. PAW has gained recognition in the plasma medicine field
for its antimicrobial properties as an environmentally-friendly and cost-
effective decontamination agent [10–12]. These qualities are due to the
transient chemical activity of PAW, the employment of air and water
as the primary precursors instead of potentially hazardous or expensive
chemicals, and the relatively low cost of a PAW reactor [5,13]. The
antimicrobial properties of PAW have been extensively linked to the
synergistic effect of RONS [14,15], which can be classified into two
groups: short-lived and long-lived species. The former primarily con-
sists of OH, NO, O−

2 , OONO−
2 and ONOO−, and are characterized by

half-lifetimes between 1 ns and a few seconds [5]. They are considered
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Fig. 1. Expanded (a) and assembled not to scale (b) view of the plasma-activated water reactor setup. The SDBD features a copper back-plate electrode (i), a 1mm thick alumina
disk (ii) and a stainless steel perforated disk electrode (iii). The SDBD is located on top of an 8mm thick glass spacer (iv) and held together by a 3D-printed support (omitted for
simplification). The glass spacer is in contact with a glass vessel (v). Blue arrows indicate the water flow direction.
crucial when treating biological samples immersed in liquids directly
in contact with CAPs. The latter, mainly O3, NO−

3 , NO−
2 and H2O2,

have half-lifetimes that span from minutes to years, and are of greater
significance in post-discharge applications of PAW [6].

As research into its potential applications has continued, PAW has
become an excellent candidate to address the public health require-
ments associated with novel antibacterial agents [13,16]. It is well
documented that antibiotic resistance poses a significant challenge to
global health, food security, and overall development, driving research
towards new decontamination methods [17]. Preliminary studies have
observed that bacteria exposed to CAPs or plasma-treated liquids do not
show persistence in subsequent treatments [18], nor do they develop
resistance when survivors are used to produce the next generation
of bacteria to be treated [19]. It has also been demonstrated that
CAPS are effective against both antibiotic-resistant and non-resistant
bacteria, likely because of the bacterial degradation induced during
plasma treatment [20]. In this context, understanding PAW inactivation
mechanisms, identifying the chemical species responsible and explor-
ing methods to enhance their production are essential steps. These
insights will allow for the optimization of PAW production depend-
ing on the specific application and the characteristics of the target
microorganisms.

One of the remarkable features of PAW is the sensitivity to the
specific configuration of the plasma reactor employed for its produc-
tion [21]. This sensitivity extends to the ensuing water chemistry,
which in turn influences its antimicrobial efficacy [22]. Numerous
studies have investigated how the reactor configuration impacts the
chemical composition and biological effects of PAW. Firstly, the PAW
chemistry is influenced by the discharge location with respect to the
liquid. This includes: indirect modes where plasmas are produced
above the water [23], multiphase discharges (e.g. plasma ignited within
bubbles [24]), and plasmas ignited directly within a liquid solution [5,
6,21]. Nevertheless, several additional factors significantly influence
the composition of PAW. Rothwell et al. [25] proved that extending
the duration of water exposure and increasing the frequency of the
discharge enhances the bactericidal impact of PAW. The antimicrobial
activity of PAW is also affected by the working gas, such as N2 or
O2 [26] or different O2/(O2 + N2) ratios [27]. The application of nobles
gases, like helium [26] and argon [25], or Ar + N2 + O2 mixtures [28]
has also been explored. Zhou et al. [26] demonstrated that using air
2

as operating gas, as opposed to O2, N2 and He, produced more long-
lived RONS, ultimately leading to a better decontamination of mung
bean. For practical and economic considerations, air is the most widely
adopted working gas [29]. The electrodes design and the ground layout,
whether on surface dielectric barrier discharge SDBD [23], spark dis-
charge [30], pin-to-liquid discharge [24], just to give a few examples,
can also drastically influence the plasma chemistry and in turn the
composition of PAW [15,31]. Furthermore, in a study conducted by
Machala et al. [30], the air flow rate was found to affect the PAW
composition. They demonstrated that lower flow rates guaranteed more
NO and NO2 formation due to the accumulation of the reactive species
in the reactor. Kim et al. [32] showed, instead, the possibility to
selectively produce NO, NO2 or O3 by increasing the flow rate in an
air-flowing SDBD reactor.

Additionally, the initial chemical properties of water have an impact
on the composition of PAW. For example, Rothwell et al. [25] demon-
strated that the pH decreased rapidly when Milli-Q water was used,
while it would not be altered in tap water. Likewise, the input power
deeply influences the properties of the plasma discharge, defining a
more oxigen- or nitrogen-oxides oriented chemistry for higher power
densities [33].

Multiple studies have shown that the condition and duration of PAW
storage can affect the antimicrobial effect. An et al. [34] demonstrated
that in case of deionized water treatment the antimicrobial effect on E.
coli O157:H7 was not modified when storing PAW an open or closed
reactor, but it would affect the efficacy of NaOCl treated solutions.
Shen et al. [35] investigated the impact of storage temperature on the
antibacterial activity of PAW. They found that samples stored at −80 °C
maintained higher antibacterial activity compared to samples stored
at −20 °C, 4 °C and 25 °C for a duration of 30 days. Consistent with
these findings, additional studies have shown that lower temperatures
are more efficient in preserving both the effectiveness of inactivation
and the concentration of reactive nitrogen species in PAW [36]. Fur-
thermore, it has been observed that the antimicrobial effect of PAW
diminishes as storage time increases [37].

Various plasma-based designs may be found in the literature that
utilize water recirculation to enhance the mixing of the liquid sample.
The study conducted by Punith et al. [38] investigated the feasibility of
utilizing a recirculating pump–spray system in an arc plasma discharge
reactor, equipped with an underwater electrode, to increase the growth
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Fig. 2. Voltage waveform with a zoom for the visualization of the excitation frequency (a). Voltage and current diagram (b).
of tomato plants. Experimental analysis and mathematical simulation of
a water falling dielectric barrier discharge (DBD) reactor, used for the
degradation of pollutants in liquids, shown that by recirculating the
water for 10 cycles, it was possible to accumulate NO−

3 ions. However,
the concentrations of H2O2 and O3, reached saturation after the initial
cycle of operation in an air environment [39,40].

Despite the large variety of PAW studies, to the best of our knowl-
edge, the correlation between PAW chemistry and antimicrobial effi-
cacy in samples generated with and without water recirculation using
a SDBD has not been investigated thus far.

This study showcases a novel and portable setup that is ideal
for on-site treatments and shareable among different laboratories. We
provide evidence of the significant impact of water recirculation on
the chemical composition of PAW and its profound influence on the
accumulation of NO−

2 and NO−
3 . The PAW, produced by the exposure

of ultra-pure water to an over-water SDBD operated at ∼39W, deliv-
ered promising results on E. coli inactivation. The two investigated
configurations, with and without the water flow, are referred to as
dynamic and static modes. During indirect water treatment, mainly
long-lived RONS can diffuse and dissolve into the liquid phase and
are considered relevant for post-discharge PAW applications [6]. As
such, samples were chemically characterized in terms of O3, NO−

2 ,
NO−

3 and H2O2 through vis-spectrophotometry [21,41]. PAW physi-
cal properties, such as oxidation–reduction potential (ORP), pH and
electrical conductivity (EC) were also measured. The influence of the
plasma exposure duration on the chemical composition was evaluated
by characterizing water samples exposed to the plasma for 10, 20, and
30 minutes. To gain a deeper understanding of the gaseous chemistry
that leads to the generation of aqueous RONS, in-situ Fourier transform
infrared (FTIR) absorption spectroscopy was performed, allowing the
quantification of O3, NO2 and N2O. The results of gaseous phase and
PAW characterization are presented in Sections 3.1 and 3.2 respec-
tively. The antimicrobial properties of static and dynamic PAW against
E. coli were assessed for different bacteria treatment durations (10, 30
and 50 minutes), to explore how variations in chemical composition
translate to distinct antimicrobial outcomes.

Understanding PAW interaction with bacteria is crucial for ad-
vancing this technology. In this context, the question regarding the
possibility of achieving comparable antimicrobial results when mim-
icking PAW composition remains a topic of ongoing debate. Prior
research has demonstrated discrepancies between artificial and actual
PAW [7,41–43]. On the other hand, similar outcomes could be achieved
by mimicking the composition of PAW in other works [23]. To clarify
whether this was possible for our reactor configuration, the chemical
composition of the most aggressive PAW sample, generated by 30-
minute exposure to plasma in dynamic configuration, was mimicked
and tested on E. coli in Section 3.4, obtaining similar inactivation.

In this work, we proved that the presence of water recirculation
has a notable impact on the concentration of reactive nitrogen species
3

(RNS) measured in PAW, leading to a significant increase in RNS
levels during dynamic operations. This translates to enhanced antimi-
crobial efficacy, providing a foundation for the development of more
efficient and portable PAW reactors utilizing SDBD technologies for
antimicrobial applications.

2. Experimental

2.1. Plasma-activated water reactor setup

Fig. 1 shows the PAW reactor configuration used for the indirect
treatment of water with a SDBD. The SDBD consisted of a 0.2mm thick
copper tape layer as back-plate (diameter 59mm), an alumina disk
1mm thick (diameter 80mm, purity 99.6%) and a 0.5mm thick stainless
steel perforated disk electrode with an 80mm diameter and a mesh
size of 2mm. Using a 3D-printed support, the SDBD was mounted on
top of an 8mm thick glass spacer. The spacer was in contact with the
glass vessel, creating a closed environment between the SBDB and the
vessel, without any external air flow (Fig. 1(b)). The glass spacer also
maintains a gap between the plasma discharge and the water, ensuring
that the transport of RONS to the liquid phase occurs exclusively
through diffusion from the gas phase. The glass vessel was designed
with two concentric pools with internal diameters of 37mm and 100mm.
A video showing the reactor assembly is available in the supplementary
material.†

During plasma treatment the water was contained in the glass vessel
and recirculated through the two pools as shown by the blue arrows
in Fig. 1(a). The water circuit inlet was located at the bottom of the
reactor forcing the water to flow upwards, through the internal pool
and towards the SDBD, then downwards to the external pool. The inlet
and outlet were connected by PTFE tubing to a peristaltic pump, with
a constant flow rate of 200 mL/min. The choice of materials in contact
with the water – glass and PTFE – was made based on their chemical
inertness, ensuring that they would not interfere with the composition
of the PAW. The volume of water treated in this work was 150mL,
however, larger volumes could be treated given that the glass vessel
has a capacity of 0.3 L. This reactor configuration offers modularity and
scalability, allowing for the connection of multiple reactors in series. A
number of parameters can be modified with this setup: the distance
between the water and the SDBD depending on the spacer thickness,
the volume of water treated, the pumping speed, the power supply
and the SDBD configuration. This design is also highly portable, with
all essential components, including the reactor vessel, SDBD, pump,
tubing, and power supply, compactly fitting into a 10 L container.

The power supply employed was a commercially available ozone
generator, adapted for this application. The circuit schematic is re-
ported in the supplementary material†. The high voltage waveform
(Fig. 2(a)) featured an 8.8 kV peak-to-peak wave at 21 kHz, modulated



Chemical Engineering Journal 486 (2024) 149915R. Agus et al.
Fig. 3. Schematic of the frontal section of the in-situ FTIR the setup (not to scale).

at 100Hz. Fig. 2(b) shows the voltage and current diagram over 0.2ms
of discharge.

The discharge power, measured by Lissajous figures, was ∼39W
with an associated surface power density of 1.43W∕cm2 [44–46]. The
power was monitored every 30 s for 10, 20 and 30 minutes of continuous
discharge, indicating fluctuations within 4%. The discharge power did
not change when the reactor was operated with or without water
and in static or dynamic conditions. Moreover, the discharge was not
susceptible to humidity, presumably thanks to the applied voltage and
to the back-plate heating attained by plasma operation [46], reaching
∼120 °C within a few minutes of operation.

2.2. Gaseous phase characterization

An in-situ FTIR absorption spectroscopy configuration, shown in
Fig. 3, was used to examine the primary reactive species produced by
the SDBD plasma operated in air [47,48]. The in-situ method provides
the advantage of direct measurements of the plasma species that come
into contact with the water. The PAW reactor was placed within a
stainless steel chamber located in the sample compartment of a Bruker
Vertex 80v FTIR absorption spectrometer, sealed by two 49.5mm di-
ameter ZnSe windows. [49] To protect these windows, and to confine
the gaseous plasma products within the inner chamber, supplementary
KBr windows of 22.5mm diameter were installed on opposing ports of
the chamber itself [47,48]. The glass spacer supporting the SDBD was
modified with two holes for the FTIR measurements to allow for the
passage of the infrared beam. The infrared beam is Gaussian, with a
diameter of around 8mm. During the measurements the beam axis is
positioned approximately 4mm below the DBD. The other ports of
the stainless steel reactor were used for the electrical connections and
the water circuit. Due to these connections, the sample compartment
was kept open during the spectra acquisition causing the IR beam to
propagate over a brief distance through the ambient air between the
external windows, leading to spurious CO2 signal around 2300 cm−1.

Each IR spectrum consisted of 10 averaged scans, and the ab-
sorbance was computed with respect to a background acquired before
switching on the plasma. A spectrum was acquired every 15 s for
10 minutes of plasma operation. The spectral data were analyzed and
compared to standard spectra for each gas. The absolute calibration of
the infrared signal was accomplished using the Beer–Lambert law [50].
The concentration in parts per million (ppm) for a particular molecule
was calculated by the following formula:

𝑛𝑖 =
𝐴(𝜈)
𝜎𝑖(𝜈)𝐿

(

106
𝑛

)

(1)

where 𝐴(𝜈) = ln(𝐼0∕𝐼) is the absorbance as a function of wavenumber
𝜈, 𝐼0 is the radiant power of incident light on the sample, 𝐼 is the
radiant power transmitted by the sample, 𝐿 is the length pathway of
the infrared beam in the reactor and 𝜎 (𝜈) is the absorption cross section
4

𝑖

of the chemical species 𝑖. The last term 106∕𝑛 serves as conversion
factor from molecules∕cm3 to ppm, with 𝑛 representing the gas density.
The absorption cross-section values for particular molecules, such as
O3, NO2 and N2O were obtained from the HITRAN database [51]. No
discernible traces of HNO3, H2O2, NO, and N2O5, typically detected in
FTIR of CAPs [21,30,48,52], were observed in the spectra. These signals
were most likely masked by the noise originating from the presence of
water in the vessel.

2.3. Evaluation of PAW physical and chemical properties

PAW physical properties were measured with three dedicated
probes connected to a metrohm-914 analogic pH/conductometer with
an integrated temperature sensor: a Platinum ring electrode for redox
potential measurements, a Unitrode pH electrode and a conductivity
measuring cell electrode [53].

PAW long-lived species concentrations (H2O2, NO−
3 , NO−

2 and O3)
were measured by vis-spectrophotometry (Spectroquant® Prove 100,
Merck). H2O2 measurements were performed with the Spectroquant®
Hydrogen Proxide Test (1.18789.0001) using the 10mm quartz cell
with an associated accuracy of ±0.07mg∕l. This method is based on
the reduction of copper(II) ions to copper(I) ions by hydrogen perox-
ide in the presence of phenanthroline derivative, forming an orange-
colored complex that was measured photometrically [54]. The selec-
tivity of the phenanthroline method to quantify H2O2 in the presence
of NO−

2 was confirmed through a comparative analysis. H2O2 concen-
trations were measured in deionized water samples prepared using only
H2O2, as well as samples containing both H2O2 and NO−

2 , resulting in
interference-free measurements.

NO−
3 concentrations were measured with Spectroquant® Nitrate Cell

Test (1.14563.0001) with an associated accuracy of ±0.5mg∕l. In sulfu-
ric and phosphoric solutions, nitrate ions react with 2,6-dimethylphenol
(DMP) to form 4-nitro-2,6-dimethylphenol, a pink compound whose
concentration was determined photometrically [55].

Measurements of nitrite ions were performed with the
Spectroquant® Nitrite Cell Test (1.00609.0001) with an associated
accuracy of ±2.8mg∕l. In acidic solution nitrite ions react with iron(II)
ethylenediammonium sulfate to form a yellow to green-brown iron(II)
compound [56]. MQuant® Peroxide-Test (1.10081.0001), MQuant®
Nitrit-Test (1.10007.0001), and MQuant® Nitrat-Test (1.10020.0001)
test strips were used to confirm the respective order of magnitude of
the H2O2, NO−

3 and NO−
2 measurements.

The Spectroquant® Ozone Test (1.00607.0002) was employed for
O3 measurements using the 10mm and 50mm quartz cells. This method
is based on the reaction of ozone with dipropyl-p-phenylenediamine
(DPD) in weakly acidic solution to form a red-violet dye that was
determined photometrically [57]. The reliability of this method is
discussed in Section 3.2.

The chemical characterization was performed on PAW samples
immediately after plasma exposure. Ultra-pure water produced by a
Puranity TU 3UV/UF+ water dispenser was used as initial sample, with
a pH∼ 6, ORP ∼320mV and EC ∼0.055 μScm−1.

PAW samples are named by the acronym PAW-X, where X indicates
that the ultra-pure water is plasma-treated for X minutes.

2.4. Preparation of solutions mimicking PAW composition

Nitrite standard solution 1000mg∕l (1.19899), nitrate standard so-
lution 1000mg∕l (1.19811), sulfuric acid (1.09072) and hydrogen per-
oxide solution 30% (1.07210), purchased by Merck, were utilized to
prepare solutions with chemical properties matching those of dynamic
PAW-30 [58]. These solutions were employed to quantify the impact
of the individual chemical species on E. coli inactivation. [41]
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Fig. 4. Representative FTIR spectra, acquired after 30 s (solid line) and 10 minutes (dashed line) of plasma operation in the dynamic configuration.
2.5. Microbiological protocol

The effect of PAW was tested on Escherichia coli K-12 strain MG1655.
Bacteria cell stocks stored in a solution of Luria–Bertani (LB) medium
and glycerol (% 30 v/v) at −80 °C were used for the preparation of an
overnight culture by inoculating 100 μl of cell stocks into 10ml of LB
and then incubating at 37 °C and 180 rpm for at least 8 h. The bacteria
culture was reactivated by inoculating 10 μl of overnight culture into
10ml of fresh LB and again incubating at 37 °C and 180 rpm. The optical
density (OD) at 600 nm of the reactivated solution was measured to
determine the growth phase of the cells. Experiments were performed
with bacteria cultures having an 𝑂𝐷600 between 0.2 and 0.5, associated
with a concentration of approximately 107 CFU∕ml [59,60]. For PAW
treatment, 1ml of bacteria suspension was centrifuged at 4000 rpm for
3min, 960 μL of supernatants were removed and the pellet was re-
suspended in 960 μL of PAW. Bacteria were incubated at 37 °C and
180 rpm during PAW treatment. Although it may enhance the depletion
of reactive nitrogen species and hence hinder the impact of PAW,
this temperature has been selected as it is ideal for E. coli replica-
tion [35,36]. At the end of the treatment time, cells were centrifuged
and the PAW was removed. The pellet was re-suspended in LB, serially
diluted in 10-folds and plated on agar for colony forming unit (CFU)
counting. Plates were incubated at 37 °C for 8 h. CFUs were counted
and checked again 24 h after the experiment. The same process was
performed on control cells by re-suspension in deionized water instead
of PAW. The antibacterial effect was quantified by the log reduction,
𝑙𝑜𝑔(𝑁0∕𝑁), where 𝑁0 is the population of the control sample, and 𝑁
is the number of viable cells after exposure to PAW [61,62]. The tubes
used for bacteria centrifuging and PAW exposure were 1.5mL micro
tubes purchased from Thermo Fisher Scientific (3641NK). [63]

2.6. Statistical analysis

The statistical analysis was performed using the statistical pro-
gram CoStat software version 6.45. Different treatments were com-
pared using analysis of variance (ANOVA). Significant differences were
identified by the Student–Newman–Keuls multiple range test, with a
confidence level of p ≤ 0.05. [35,64]

3. Results and discussion

3.1. FTIR results

In Fig. 4, two representative FTIR spectra are shown, acquired after
30 s and 10 minutes of plasma discharge in the dynamic configuration,
suggesting a RNS buildup and O3 minimization during operation. The
data were corrected for the baseline drift of the spectra, visible in the
second half of the figure. This drift is mainly caused by mechanical
vibrations of the experimental setup, involving both the spectrometer
and the PAW reactor [47,48,65]. The detailed N2O, NO2 and O3 con-
centration kinetics during 10 minutes of plasma discharge are shown
5

Fig. 5. Time evolution of O3 (a), N2O (b) and NO2 (c) concentrations measured by
in-situ FTIR in static and dynamic configuration.
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in Fig. 5. O3 levels, shown in Fig. 5(a), did not exhibit any differences
etween static and dynamic operation. Initially, O3 concentrations
ncreased up to 150 ppm, followed by a decline to ∼40 ppm within 40

to 50 s into the discharge period, which is likely attributable to O3
quenching by nitrogen species [33,66]. As illustrated in Fig. 5(b), the
N2O concentration exhibited a similar initial trend in both static and
dynamic operations, reaching 400 ppm within the first minute of the
discharge. During static operation, the N2O concentration stabilized at
400 ppm, while in dynamic operation it decreased to around 300 ppm.
Concentrations of NO2, showed in Fig. 5(c), also increased during the
first minute of plasma operation, then dropped slightly, before rising
again to higher values (∼390 ppm) in static operation.

The gaseous phase characterization by FTIR confirmed a nitrogen
oxides-dominated chemistry, as expected, given the relatively high sur-
face power density of the plasma discharge (1.43W∕cm2).[33] During
static operation the higher concentrations of N2O and NO2 observed
can be ascribed to the longer residence times of these species in the
gaseous phase. In contrast, the water recirculation enhanced these
species transfer into the liquid, inducing lower gaseous concentrations.
The water recirculation did not have a significant impact on O3 kinetics.
This is likely because O3 is quickly quenched by nitrogen species
within the first minute of the discharge, and hence its chemistry is
not influenced by the water conditions. Previous studies proved that
in nitrogen oxides-modes O3 immediately reacts with NO, oxidizing it
into NO2.[32] In high humidity environments, O3 depletion can also be
associated to reactions with OH radicals.[67]

The effect of these differences on PAW chemical composition is
discussed in Section 3.2.

3.2. PAW physicochemical characterization

Results of PAW physicochemical characterization for static and
dynamic PAW samples, for different treatment times, are reported in
Fig. 6. Water recirculation did not significantly affect pH, ORP or EC,
but rather the concentration of long-lived RNS.

The pH of all samples (Fig. 6(a)) decreased from the initial value
of ∼ 6, reaching 3.5 after 10 minutes and a minimum of 3 after
30 minutes of plasma treatment. Concurrently, the EC (Fig. 6(b)) in-
creased with plasma exposure, rising from ∼0.055 μScm−1 to 150 μScm−1

after 10 minutes, and further to an average of 400 μScm−1 following
30 minutes of treatment. ORP denotes the tendency of a solution
towards oxidation or reduction, with higher ORP values signifying a
more oxidizing nature [68]. As already mentioned, ultra-pure water
typically exhibits an ORP of approximately 320mV, and during plasma
treatment it increased in both static and dynamic samples, reaching
530mV for PAW-10 and peaking at 565mV for PAW-30 (Fig. 6(c)).

Fig. 6(d) shows that during static operations the H2O2 concentration
increased from 0.11mgL−1 after 10 minutes of treatment to 0.25mgL−1

following 30 minutes of plasma exposure. In the case of dynamic sam-
ples, the H2O2 concentration was 1.5 to 2 times the static one, reaching
a maximum of 0.45mgL−1 after 20 minutes of plasma exposure.

In Fig. 6(e) and (f), the NO−
2 and NO−

3 concentrations are shown. The
RNS increased with plasma exposure time, proving that these species
can be accumulated in PAW [7], but in different proportions depending
on the water flow. In dynamic samples, the balance of nitrogen species
was altered in favor of NO−

2 , resulting in nitrite concentrations from
2 to 2.5 times the static configuration for all treatment durations. The
highest concentration of NO−

2 was approximately 55mgL−1 in dynamic
PAW-30, followed by 40mgL−1 and 17mgL−1 in the case of 20 and
10 minutes of plasma exposure. For static PAW, NO−

2 concentrations
were 21mgL−1, 17mgL−1, and 11mgL−1 after 30, 20, or 10 minutes of
plasma treatment, respectively.

In all static samples, NO−
3 was the dominant species, reaching an

average of 1.5 times the NO−
2 concentration. The NO−

3 concentration in-
creased from 15mgL−1 after 10 minutes of treatment to nearly 60mgL−1

−

6

after 30 minutes of exposure to plasma. With water recirculation, NO3
exhibited variations from 12 to 42mgL−1 with longer treatment time
from 10 to 30 minutes. Fig. 7 shows the evolution of the ratio NO−

2 /NO−
3

in static and dynamic configurations for all plasma exposure durations.
Independent of the duration of the plasma treatment, NO−

2 was found
to be 1.4 times NO−

3 in the case of dynamic PAW. Conversely, in
static samples, this ratio was much lower, decreasing from 0.71 after
10 minutes of plasma treatment to 0.38 after 30 minutes.

In general, water recirculation augmented the total concentration
of nitrogen ions (NO−

2 + NO−
3 ) by 10% in PAW-10 and 25% in PAW-

0 and PAW-30. This enhancement in liquid RNS during dynamic
peration correlates well with the FTIR results described in Section 3.1.
n agreement with the surface-renewal theory of interphase transport,
he mass transfer of reactive species from the gaseous phase is enhanced
n the presence of a turbulent flow of the liquid, due to increased
ixing and continuous renewal of the interface [69,70]. The lower

oncentrations of gaseous NO2 and N2O, and the higher concentration
f liquid RNS measured with water recirculation, is presumably a
onsequence of the more efficient transport to the liquid of NxOy.
n the static configuration, RONS transport is mediated by molecular
iffusion, associated to the establishment of a concentration gradient
o drive the mass transfer process.

Among long-lived species, the determination of O3 in air plasma-
reated water can be affected by fast decay and low-selectivity in
he presence of H2O2 and OH [21,30,71]. The indigo blue assay is
he most utilized quantitative colorimetric standardized method for
zone detection in water and wastewater [72], but it can provide
nreliable results for plasma-treated samples [71]. In this work, we
ested the DPD method for ozone detection in PAW, already in use
n the water analysis and plasma-treated water fields [72–75]. Ozone
oncentrations in the samples were expected to be negligible, since
TIR measurements confirmed a RNS-oriented chemistry. Furthermore,
he Henry’s law constant for O3 is much smaller than that of most other
aseous RONS produced by a DBD plasma [76]. The residual ozone in
he liquid phase would promptly oxidize nitrites, which are among the
redominant species in this reactor configuration, with a pH-dependent
eaction [30,71,77]:

O−
2 + O3 ←←←←←←←←←←←←←→ NO−

3 + O2 𝑘𝑐 = 5.8 ⋅ 105 Msec1 (2)

he NO−
2 measured by spectrophotometry refers to the total amount

f nitrite ions present in PAW, [NO−
2 ]𝑡𝑜𝑡. Depending on the pH, part

f these ions do not affect the ozone consumption since they are
nvolved in the equilibrium reaction with HNO2 (Eq. (3)) with an acid
issociation constant (𝑝𝑘𝑎) of 3.29.

HNO2 ←←←←←←←←←←←←⇀↽←←←←←←←←←←←← NO
−
2 + H+ 𝑝𝐾𝑎 = 3.29 (3)

[NO−
2 ][H

+]
[HNO2]

= 10−𝑝𝐾𝑎 (4)

By rearranging Eq. (4) and (6) it is possible to estimate the amount of
NO−

2 involved in the equilibrium reaction:

[NO−
2 ] =

10−𝑝𝐾𝑎 [NO−
2 ]𝑡𝑜𝑡

[H+] + 10−𝑝𝐾𝑎
(5)

Therefore, to calculate the consumption of ozone, the concentration of
nitrite to consider is:

[NO−
2 ] = [NO−

2 ]𝑡𝑜𝑡 − [HNO2] (6)

ollowing these equations, the O3 half-life in solution containing NO−
2

an be estimated by [72]:
−𝑑[O3]

𝑑𝑡
= 𝑘𝑐 [O3] ⋅ [NO

−
2 ] (7)

[O3] = [O3]0𝑒
−𝑘𝑐 [NO−

2 ]𝑡 (8)

𝑡1∕2(O3) = −
𝑙𝑜𝑔( 12 )

𝑘𝑐 [NO
−
2 ]

(9)



Chemical Engineering Journal 486 (2024) 149915R. Agus et al.
Fig. 6. pH (a), electrical conductivity (EC) (b), oxidation–reduction potential (ORP) (c), H2O2 (d), NO−
2 (e), and NO−

3 (f) concentrations measured in the static and dynamic
configurations for 10, 20 and 30 minutes of plasma exposure. Plots represent the average of the replicates and the error bars represent ± the standard error of the mean.
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Fig. 7. The ratio of nitrite and nitrate as a function of plasma treatment time in the
static and dynamic water treatment configurations. Plots represent the average and the
error bars represent ± the standard error of the mean.
7

D

To assess the reliability of the DPD method, the ozone half-life de-
termined by Eq. (9) has been compared with DPD measurements for
dynamic PAW-30. In this case, the ozone half-life obtained is 2.6ms, in
isagreement with the ozone measurements performed with the DPD
ethod where O3 concentrations only decreased 13% (from 2.3mgL−1

o 2mgL−1), in the 30 minutes following plasma treatment.
The DPD method was also tested on solutions containing nitrate,

itrite and hydrogen peroxide in the same amount as dynamic PAW-
0. The ozone concentration measured by DPD was identical to the
eading obtained for the actual PAW sample, despite no O3 being
dded to the water solutions mimicking dynamic PAW-30. These results
onfirmed that the ozone concentrations in the PAW samples produced
y this reactor configuration are null and the obtained results were
rtifacts, likely due to the poor selectivity of the method with respect to
ther oxidants (NO−

2 , H2O2 and possibly ONOOH). It is therefore worth
oting possible inaccuracies of the DPD method in complex samples
uch as PAW. Figures showing the erroneous measurements of O3 using
PD are reported in the supplementary material†.
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Fig. 8. E. coli log reduction for 10, 30 and 50 minutes of bacteria treatment time by PAW-10, PAW-20 and PAW-30 with static (a) or dynamic (b) PAW. Plots represent the average
of 3 replicates and the error bar represents ± the standard error of the mean. Different lowercase letters for the same bacteria treatment times indicate significant differences
among different PAW samples (𝑝 ≤ 0.05). Different capital letters indicate significant differences among different bacteria treatment time for the same PAW sample (𝑝 ≤ 0.05).
3.3. E. coli treatment with static and dynamic PAW samples

Static and dynamic samples of PAW-10, PAW-20 and PAW-30 have
been tested on E. coli to assess the antimicrobial effect for 10, 30 and
50 minutes of bacteria treatment time. 1mL of bacteria suspension
was treated with 960 μL of fresh PAW extracted from the reactor. The
results are summarized in Fig. 8. Dynamic samples (Fig. 8(b)) resulted
in higher log reductions with respect to the static ones (Fig. 8(a)), for
all bacteria treatment times. The antimicrobial activity of static and
dynamic samples increased with the duration of the water exposure to
the plasma, leading to highest efficacy for PAW-30 in both operational
modes. For the static PAW-10 scenario, the obtained negative log
reduction mean suggests treatment ineffectiveness. Bacteria in contact
with PAW multiplied, resulting in a higher colony count compared to
the control group. Static PAW-20 and PAW-30 exhibited significant
disparities in their antimicrobial efficacy. The former achieved less than
a 0.8-log reduction for all bacteria treatment durations, whereas the
latter displayed the highest efficiency within the static samples, leading
to reductions ranging from 1.8-log to 4-log with increasing bacteria
treatment time. It should be noted that for static PAW the differences
in the results for bacteria treatment times of 30 and 50 minutes were
not statistically significant (p≤0.05). On the contrary, in the case of
dynamic PAW, bacterial treatment duration of 10, 30, or 50 minutes
exhibited statistically different outcomes, with longer treatment times
yielding higher log reductions. Dynamic PAW-30 antimicrobial efficacy
ranged from 3.8-log reduction after 10 minutes of bacteria exposure, to
5.1-log and 6-log reduction for treatments lasting 30 and 50 minutes,
respectively. In this same configuration, PAW-20 antimicrobial efficacy
was slightly lower with 3.5-log, 4.4-log, 4.7-log for 10, 30 or 50 minutes
of bacteria exposure. Dynamic PAW-10 proved to be the least aggres-
sive dynamic sample, with 0.4-log, 0.6-log, and 1.2-log reductions for
10, 30 or 50 minutes of contact time.

As discussed in Section 3.2, static and dynamic samples differed
mostly on the chemical composition but not in terms of pH, EC and
ORP. This implies that the differences in microbiological effects were
primarily linked to the differences in RONS abundance, rather than pH,
EC and ORP. More specifically, the dynamic water treatment strongly
modified the NO−

2 and NO−
3 chemistry leading to samples richer in NO−

2 .
This change corresponded to different rates of bacterial inactivation
for the same plasma discharge parameters and energy consumption,
proving that dynamic PAW exhibits greater antimicrobial capacity with
shorter bacteria treatment times.
8

Fig. 9. The log reduction measured after 10 minutes of bacteria treatment with
different combinations of RONS and pH mimicking dynamic PAW-30, compared with
the log reduction observed for actual PAW-30. Values plotted represent the average of
3 replicates and the error bars represent ± the standard error of the mean. Different
lowercase letters indicate significant differences (𝑝 ≤ 0.05).

3.4. Comparison of dynamic PAW-30 and solutions mimicking its compo-
sition on bacteria inactivation

Evaluating the impact of particular chemical species is crucial for
comprehending the mechanisms involved in the antimicrobial proper-
ties of PAW. Previous studies revealed different bacteria inactivation
when comparing artificial and actual PAW [7,41,42]. In contrast, other
works could obtain comparable effects when mimicking PAW composi-
tion [23]. Here, the efficacy of the most aggressive antimicrobial PAW
sample (dynamic PAW-30) is compared to mimicking solutions over a
10-minute duration. As shown in Fig. 9, to assess the influence of the
reactive species and pH, various combinations were tested. The average
inactivation obtained for 10 minutes treatment with dynamic PAW-30
was 3.86-log. The reference dynamic PAW-30 parameters used for the
preparation of the solutions are reported in Table 1. A log reduction
of less than 0.5 was measured for E. coli exposed to NO−

2 and NO−
3

alone or combined, in a neutral pH. Bacteria suspended in a solution
with a pH of 3 exhibited an average reduction of only 0.3-log. This
finding aligns with the documented acid tolerance of E. coli [78,79].
As also reported by Oehmigen et al. exposing E. coli to a solution with
a pH of 3 in the absence of plasma-generated RONS does not yield the
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Table 1
Dynamic PAW-30 reference characteristics used for the preparation of PAW-mimicking
solutions.
NO−

2 (mgL−1) NO−
3 (mgL−1) H2O2 (mgL−1) pH

54 41 0.35 3

same inactivation effect as plasma-treated liquids [41,42]. Higher log
reductions, of the order of 3.05-log, were obtained by the combination
of low pH and NO−

2 . As already mentioned, since the p𝐾𝑎 of HNO2
is 3.29 [80], the combination of pH 3 and NO−

2 is favorable to keep
most NO−

2 in the form of molecular nitrous acid/free nitrous acid (FNA)
(Eq. (3)). FNA is unstable and decomposes into nitrogen oxides by
direct disproportionation:

3HNO2 ←←←←←←←←←←←←←→ H+ + NO−
3 + 2NO + H2O (10)

or through a series of reactions that produce NO and NO2 as interme-
diaries, which are thought to be responsible for FNA cytotoxicity. [14,
67,80,81][82] FNA is known to provoke strong nitrosative stress on the
structural components of the cell envelope, possibly causing cell lysis
and increasing cell membrane permeability due to damage/perforations
in the cell envelope, as well as biofilm dispersal via extracellular
polymeric matrix breakdown [83–85]. In solutions where NO−

3 was
also added, an average reduction of 3.12-log was measured, suggesting
a minimal contribution from NO−

3 on the inactivation. The closest
effect to that of PAW was observed when H2O2 was included in the
combination of low pH, NO−

2 , and NO−
3 , resulting in a log reduction

of 3.25. Under these conditions, the prerequisites for the formation of
peroxynitrite were met. Peroxynitrite is known for its strong cytotoxic
effect, possibly explaining the slightly higher log reduction. [7,14,67]

Fig. 9 shows that the effect of NO−
2 when combined with NO−

3 and
2O2 did not show statistically significant differences, indicating that
itrous acid is the key component for the antimicrobial effect on E.
oli. In addition, the log reduction achieved with dynamic PAW-30 is
tatistically equivalent to the solutions replicating PAW composition in
n acidic environment (p≤0.05). To summarize, this study suggests that
n this configuration NO−

2 primarily contributes to the inactivation of E.
oli, and that the low pH is a necessary but not a sufficient condition for
AW antimicrobial activity. Moreover, solutions designed to mimic the
omposition of PAW produced comparable results in terms of bacterial
nactivation.

. Conclusions

Plasma-activated water (PAW) has gained recognition as a potential
ovel and green decontamination method. However, in the context of
ractical applications, it is crucial to understand how to tailor PAW
hemistry to meet specific antimicrobial requirements. Furthermore,
he development of an effective but still portable and replicable PAW
eactor is necessary to promote in-situ application and scientific col-
aboration, and to facilitate testing across diverse environments and
pplications.

In this context, we present the design of a portable PAW reactor
hat significantly enriches water with reactive oxygen and nitrogen
pecies by non-contact exposure to an atmospheric surface dielectric
arrier discharge. As a function of the plasma–water exposure time
10, 20 and 30 minutes), and operating with or without water flow,
t was possible to produce and characterize 6 PAW samples in terms of
2O2, NO−

2 , NO−
3 , pH, electrical conductivity and oxidation–reduction

otential. The DPD method, tested for O3 measurements, was found to
e unreliable for PAW characterization. In any case, considering the
itrogen-oxides operating mode of the reactor [33], and the NO−

2 con-
entrations measured, O3𝑎𝑞 is considered to be negligible. In support of
his assumption, the half-life time of ozone has been estimated taking

−

9

nto account the NO2 average concentration and the pH of dynamic t
AW-30, suggesting that ozone half-life time in water would be of the
rder of 2.6ms [73].

This study particularly investigates how water recirculation affects
AW composition, as a method for chemically altering its chemical
roperties. In static operation, FTIR measurements showed higher lev-
ls of N2O and NO2, which can be attributed to the extended residence

times of these species in the gaseous phase. Conversely, the recircu-
lation of water facilitated the transfer of these species into the liquid
phase, resulting in decreased gaseous concentrations. Notably, O3 kinet-
ics were not significantly affected by water recirculation, and in both
configurations it was quenched during the first minute of discharge.
Therefore, consistent with the surface-renewal theory, the water flow
enhances the mass transfer of reactive species produced by the plasma
into the liquid phase [69]. Specifically, it was demonstrated that the
water flow induced an increase from 10% to 25% of the total concentra-
tion of NO−

2 + NO−
3 . More precisely, the dynamic samples demonstrated

higher levels of NO−
2 and displayed greater E. coli inactivation.

The study of static and dynamic water treatment for different
plasma exposure times revealed significant variations in E. coli in-
activation due to the PAW chemical alteration. The log-reduction
values varied by about seven orders of magnitude, ranging from less
than 0.3 to around 6. By implementing water recirculation, we were
able to demonstrate that the antibacterial effect of PAW may be
significantly enhanced. This, in our opinion, might have a significant in-
fluence on the advancement of PAW reactors intended for antimicrobial
applications.

In agreement with Park et al. [23], we demonstrated that solutions
mimicking PAW composition can induce similar inactivation. More-
over, exposing bacteria to combinations of low pH, NO−

2 , NO−
3 , and

H2O2− highlighted the key role of an acidic environment in effectively
nactivating E. coli via acidified nitrites.

In contrast to other reactor configurations, [82,86] these findings
ndicate that the inactivation of E. coli might be caused by nitrosative
tress rather than oxidative stress. Future research should aim to eluci-
ate the bacteria inactivation pathways induced by nitrogen species in
AW, in order to clarify the underlying mechanisms and enhance the
fficacy and specificity of this technology.

The authors would like to draw the attention to the fact that
ifferent microorganisms might respond differently to PAW treatment.
avrikova et al. proved that Escherichia coli, a gram negative bacteria,
as inactivated by cell membrane break down after the exposure

o a transient spark discharge in a saline solution. On the contrary,
ram positive Staphylococcus aureus, showed resilience to the plasma
reatment for up to 20 min of exposure [87]. In the case of spores it
as been demonstrated that Bacillus cereus inactivation by PAW can
e influenced by several parameters. Specifically, higher temperatures
up to 55 °C) and lower concentrations of spores and organic inter-
ering substances (e.g., bovine serum albumin), along with a reduced
reated volume, could enhance spore inactivation [88]. The bacteria
tate, whether planktonic or biofilm, can also significantly impact PAW
ntimicrobial effect, since the reactive species delivery in biofilm con-
itions is more challenging due to the nature of the biofilm itself [89].
n this topic, Zhou et al. demonstrated that underwater microplasma
ubbles, behave as transport vehicles for RONS delivery, improving
iofilm dispersion [90]. Future studies should broaden the study of
AW inactivation on different microorganisms and conditions, as a
undamental step to strengthen the knowledge of PAW inactivation
echanism.
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