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Traditional disinfection processes face significant challenges such as health and ecological risks associated with
disinfection-residual-bacteria due to their single mechanism of action. Development of new disinfection pro-
cesses with composite mechanisms is therefore urgently needed. In this study, we employed liquid ground-
electrode dielectric barrier discharge (IgDBD) to achieve synergistic sterilization through electric field electro-
poration and reactive species oxidation. At a voltage of 12 kV, Pseudomonas fluorescens (ultraviolet and ozone-
resistant) and Bacillus subtilis (chlorine-resistant) were completely inactivated within 8 and 6 min, respec-
tively, surpassing a 7.0-log reduction. The 1gDBD process showed good disinfection performance across a wide
range of pH values and different practical water samples. Staining experiments suggest that cellular membrane
damage contributes to this inactivation. In addition, we used a two-dimensional parallel streamer solver with
kinetics code to fashion a representative model of the basic discharge unit, and discovered the presence of a
persistent electric field during the discharge process with a peak value of 2.86 x 10 V/m. Plasma discharge
generates excited state species such as O('D) and Ny(C>Il,), and further forms reactive oxygen and nitrogen
species at the gas-liquid interface. The physical process, which is driven by electric field-induced cell membrane
electroporation, synergizes with the bactericidal effects of reactive oxygen and nitrogen species to provide
effective disinfection. Adopting the 1gDBD process enhances sterilization efficiency and adaptability, under-
scoring its potential to revolutionize physicochemical synergistic disinfection practices.

et al., 2021a). The relative abundance of these organisms significantly
increases after treatment with these corresponding disinfection
methods, posing health, procedural, and ecological risks (Tang et al.,
2023; Wang et al., 2021a). The existence of DRB only exacerbates the

1. Introduction

Water treatment necessitates rigorous disinfection in order to
counteract the significant threats posed by bacteria and other patho-

genic microorganisms to water biosecurity (Tang et al., 2023; Zhang
et al., 2021). Prominent methods such as chlorine (Pfaller et al., 2021;
Wang et al., 2023a), ultraviolet (UV) (Wang et al., 2022b; Zhang et al.,
2019), and ozone disinfection (Jung et al., 2008; Pak et al., 2016) are
favored due to their economic and versatile application. However, each
of these methods is limited by its single mechanism of action, which can
leave some microorganisms less affected (Cao et al., 2023; Waso et al.,
2020). Such disinfection processes exert a significant selective effect on
bacteria in the water. These residual bacteria, referred to as
disinfection-residual-bacteria (DRB), often possess one or multiple forms
of disinfection resistance. For example, Bacillus subtilis has been found to
have resistance to chlorine disinfection (Luo et al., 2021), and Pseudo-
monas fluorescens has shown resistance to ultraviolet and ozone (Wang

challenge involved with tackling waterborne microbial threats.
Developing new disinfection processes with composite disinfection
mechanisms can effectively address the resistance of DRB to disinfec-
tants (Liu et al., 2022a; Sharma et al., 2015; Wu et al., 2023). Ozone,
with its remarkable oxidative potential, is widely used in water disin-
fection (Morrison et al., 2022). Its primary mode of action involves
interacting with unsaturated lipids in bacterial cell membranes and
peptidoglycans in cell walls, leading to bacterial cell lysis (Hogard et al.,
2023). However, the ozone resistance of microorganisms, coupled with
the short lifespan of ozone, often hamper its efficacy (Zhou et al., 2020).
In traditional procedures, ozone production and application are segre-
gated into two separate reactors: ozone generated from plasma dis-
charges is transported via pipelines and then infused into the water
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(El-Athman et al., 2021). This separation reduces the oxidative strength
of ozone and misses out on the synergistic advantages of associated
phenomena during plasma discharge, such as excited states species, UV
radiation, and electric fields (Deng et al., 2023). Therefore, integrating
the processes of ozone generation and application into a single reactor
can enrich the disinfection mechanisms and significantly enhance ster-
ilization efficiency.

Numerous researchers including the author’s team are delving into
an innovative water disinfection method that incorporates composite
disinfection mechanisms: liquid ground-electrode dielectric barrier
discharge (IgDBD) plasma process (Guo et al., 2019; Wu et al., 2020). In
this process, water as the ground-electrode undergoes in-situ contact
with the discharge plasma in the 1gDBD reactor. This produces not only
ozone but also a plethora of other agents, such as short-lived reactive
species, excited states species, and UV light, each potential contributors
to bacterial deactivation (Aka et al., 2022; Patinglag et al., 2021; Pati-
nglag et al., 2019; Van de Moortel et al. 2017; Wang et al., 2021b; Wang
et al., 2018). The effects of common reactive oxygen species (ROS) such
as ozone, HyO5, and -OH have been extensively studied (Nau-Hix et al.,
2021; Pancheshnyi et al., 2005; Shen et al., 2023; Stratton et al., 2017;
Wang et al., 2023a; Wang et al., 2023b; Yu et al., 2012; Zhou et al.,
2020). However, the role of physical processes such as electric field
energization in the sterilization process remains unclear. This is pri-
marily because the time scale of each basic discharge unit is on the order
of nanoseconds (Yin et al., 2023). Moreover, at the microscopic level,
the discharge process generates a response electric field that is stronger
than the original electric field. The presence of this response electric
field causes dramatic changes in the electric field of the discharge area
over extremely short time scales that are beyond the reach of traditional
detection methods (Zhu et al., 2017). Therefore, current research pre-
dominantly focuses on the response of the aqueous phase in plasma
discharge (Deng et al., 2021; Guo et al., 2023; Singh et al., 2019b; Singh
et al., 2020), while often neglecting aspects directly related to the
discharge itself, such as electric field strength and free electron con-
centration. Electroporation is a physical sterilization method that is
applied to treat water (Huo et al., 2022). It damages the membrane
structure of bacteria by using a strong electric field and has the advan-
tages of low energy consumption and a total lack of disinfection
by-products (Huo et al., 2023a; Huo et al., 2023b). However, electro-
poration requires an electric field of more than 10° V/m (Wang et al.,
2022a). Therefore, it is necessary to determine whether 1gDBD can
generate a sufficiently strong electric field for sterilization and to mea-
sure the contribution of the electric field effect in the sterilization
process.

The multiple mechanisms of 1gDBD, based on both physical and
chemical processes, offer intriguing insights when explored in the
context of disinfection. In this study, Bacillus subtilis (chlorine-resistant)
and Pseudomonas fluorescens (resistant to ultraviolet and ozone) were
selected as models for Gram-positive and Gram-negative bacteria,
respectively, and their inactivation efficiency in IgDBD was investigated
(Wang et al., 2021a). The effects of voltage and discharge gases on
disinfection efficacy were examined. Damage to the bacterial cell
membrane was analysed using flow cytometry and confocal microscopy.
Furthermore, using the two-dimensional (2D) parallel streamer solver
with kinetics (PASSKEy) code, we constructed a model for the basic
discharge unit. Combined with various assessments of the reactive
species, the role, and bactericidal contributions of the electric field to
disinfection, ROS and reactive nitrogen species (RNS) were investigated,
allowing us finally to report a novel synergistic bactericidal mechanism.

2. Materials and methods
2.1. Experimental setup

Chemicals, reagents, and microbial cultures are described in the
Supporting Information (Text S1). As depicted in Fig. S1, the 1gDBD
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sterilization apparatus consisted of a high-voltage power supply (CTP-
2000 K, Coronalab), a regulator (Coronalab), a IgDBD reactor, and an
oscilloscope (DS1000E, Rigol). The discharge surface of the 1gDBD
reactor had a diameter of 50 mm, with a discharge gap height of 6 mm.
The oscilloscope measured the voltage-current curve through the output
voltage and current detection interface built into the power supply. The
output voltage was measured after being reduced by a 1:1000 scale,
where the sampling resistor for the output current was 50 Q, and the
sampling capacitor was 0.47 pF.

Bacterial inactivation experiments were conducted in the 1gDBD
reactor. Initially, the experimental bacterial strains were cultivated to
the logarithmic growth phase. Pseudomonas fluorescens and Bacillus
subtilis were both cultured using nutrient broth medium, with Pseudo-
monas fluorescens incubated at 25 °C for 36 h and Bacillus subtilis at 30 °C
for 48 h. After the bacterial cultures reached the desired growth phase,
they were centrifuged (3000 rpm, 5 min) using a high-speed centrifuge
and resuspended in phosphate-buffered saline (PBS) to avoid the inter-
ference of continued oxidative capacity in water on subsequent analysis.
The bacterial suspension was then diluted with PBS to achieve a con-
centration of approximately 10’ CFU/mL. Next, 100 mL of the bacterial
suspension was placed into a water storage bottle, and 100 mL/min
peristaltic pump was used to circulate the bacterial suspension between
the water storage bottle and the 1gDBD reactor. The output voltage of the
high-voltage power supply was set to range between 9 kV and 12 kV,
with a frequency of 9.2 kHz. After the reaction, the samples were
centrifuged again and resuspended in PBS.

For ozone treatment experiments and UV treatment experiments,
additional details are provided in the Supporting Information (Text S2).
The calculation methods for discharge power, pseudo-first-order inac-
tivation rate constants, energy efficiencies (Ge.10g), and electrical energy
per order (Egp) are further described in the Supporting Information
(Text S3).

2.2. Analytical methods

Bacterial liquid concentrations were enumerated using the spread
plate method. For scanning electron microscopy (SEM) analysis, bacte-
rial samples were fixed with 2.5 % glutaraldehyde for 24 h, followed by
fixation with 1 % osmium tetroxide solution for 2 h. After ethanol
gradient dehydration, the samples were critically dried and imaged
using a German ZEISS Sigma 300 scanning electron microscope to
visualize the morphologies of Pseudomonas fluorescens and Bacillus
subtilis.

For co-localization microscopy and flow cytometry analysis, dual-
staining with SYTO™ 9 and propidium iodide (PI) was performed. The
bacterial samples were incubated at room temperature in the dark for 15
min, followed by testing using a confocal microscope (TCS SP8 DIVE,
Leica, Germany) and a flow cytometer (BD Fortessa).

Optical emission spectra (OES) were obtained using a spectrometer
(AvaSpec-ULS3648-USB2-UA-25). Electron paramagnetic resonance
(EPR) spectra were acquired using 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP) as trapping agents
on an EPR200-Plus instrument (Chinainstru & Quantumtech, Hefei).

The concentrations of HoOo, dissolved O3, and NO3 in the water were
determined using the titanium oxalate method, sodium indigo disulfo-
nate colorimetric method, and ultraviolet spectrophotometry, respec-
tively, with detailed descriptions available in the Supporting
Information (Text S4).

2.3. Basic discharge unit modeling

A 2D model of the 1gDBD reactor was created using the PASSKEy
code. The numerical methods and validation of the PASSKEy code
against benchmark cases have been extensively described in previous
studies (Mao et al., 2022; Zhu et al., 2017). Here, the computational
domain was set at 50 mm x 50 mm, and a prescribed input voltage of 12
kV was applied. The gas composition used was air. The geometric
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structure is illustrated in Fig. 4a. Four types of materials were set up in
the model: plasma, ground electrode, driven electrode, and neutral gas.
For the plasma, the dynamic simulation scheme proposed by Pan-
cheshnyi (Pancheshnyi et al., 2005) and Popov (Popov 2011) was
adopted. This scheme includes 13 species such as e”, N, NZ(CBHU),
Ng(B3l'Ig), 0y, O, O(lD), and 38 reactions. The Poisson equation and
Helmbholtz equation were solved by a preconditioned conjugate-gradient
solver. For the initial and boundary conditions we adopted the scheme
proposed by Zhu (Zhu et al., 2017).

3. Results and discussion
3.1. Disinfection performance of [gDBD

The disinfection efficiency of 1gDBD was evaluated across varying
voltage conditions. Fig. 1a displays the log inactivation efficiency for
Pseudomonas fluorescens. At 9 kV, Pseudomonas fluorescens exhibited a

reduction of approximately 6.4-log in 10 min. As the voltage increased
to 12 kV, the inactivation efficiency significantly improved, with
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Fig. 1. Logarithmic inactivation efficiency of (a) Pseudomonas fluorescens and
(b) Bacillus subtilis under various initial voltages; Conditions: bacterial initial
concentration: 107 CFU/mL; pH: 7.0. (c)Pseudo-first-order inactivation rate
constants and energy efficiencies at different initial voltages.
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complete inactivation of Pseudomonas fluorescens achieved within 8 min
(>7.0-log). The behaviour of Bacillus subtilis, the Gram-positive model
bacteria, was similar to that of Pseudomonas fluorescens in the same
1gDBD setup with different applied voltages (Fig. 1b). Compared to
Pseudomonas fluorescens, LgDBD demonstrated higher inactivation effi-
ciency against Bacillus subtilis because Bacillus subtilis exhibited greater
sensitivity to ozone (Wang et al., 2021a). Given its effective disinfection
against both Gram-negative and Gram-positive bacteria, plasma
discharge technique has the potential to address many waterborne mi-
crobial disinfection challenges.

Further analysis was conducted on the pseudo-first-order bacterial
inactivation rate constant and energy efficiency across various voltage
conditions, as depicted in Fig. 1c. Consistent with the above disinfection
efficiency findings, a surge in voltage corresponded to an increase in the
pseudo-first-order inactivation rate constant. Here, Gg.1og indicates the
volume of water disinfected to an efficiency of 6.0-log per unit of elec-
tricity used. At 12 KV, the sterilization energy efficiency peaked: Ge.1og
values reached 4080.18 L/kWh for Pseudomonas fluorescens and 5745.95
L/kWh for Bacillus subtilis. This heightened energy efficiency at
increased voltage is thought to stem from electroporation triggered by
the powerful electric field and the impact of ROS and RNS (Chen et al.,
2023; Deng et al., 2023; Li et al., 2023). Later sections will offer a more
in-depth exploration of these components and their significance in the
sterilization process. Table S1 provides a comparative analysis of the
1gDBD and prevalent disinfection techniques, including O3, Cly, and UV
that spans three key parameters: inactivation efficiency, energy
(oxidant) input, and Ego. Notably, for the lgDBD method, the Egg values
for the removal of Pseudomonas fluorescens and Bacillus subtilis were
0.292 kWh m > and 0.264 kWh m 3, respectively. In contrast, the Ego
values for O3 were significantly lower than for 1gDBD, at 0.848 kWh m >
(Pseudomonas fluorescens) and 0.706 kWh m~3 (Bacillus subtilis),
respectively. Similarly, the Egg values of 1gDBD were also advantageous
relative to UV (260, 280 nm). According to previous studies, an Eggo
value of less than 1 kWh m™3 indicates a range feasible for compre-
hensive practical application (Moreno-Andreés et al., 2023). Therefore,
1gDBD demonstrates strong potential for practical application in terms of
energy consumption.

The inactivation efficiency of 1gDBD for Bacillus subtilis exceeded
99.99999 % (>7.0-log). By contrast, when given an identical energy
input of 18.5 W, the inactivation efficiency of O3 (3.29-log) is signifi-
cantly lower than that of 1gDBD. Notably, the inactivation efficiency of
the 1gDBD method gives it a compelling advantage over various other
disinfection methods.

3.2. Feasibility of IgDBD in different conditions

The disinfection efficacy of plasma discharge was assessed across
various gas compositions, including air, nitrogen, and noble gases. As
depicted in Fig. S2, under a nitrogen atmosphere, the pseudo-first-order
rate constant for sterilization was distinctly lower than with other gases.
However, the disinfection efficiency between air and noble gases such as
Ne and Ar showed negligible differences. While noble gas discharges are
molecular, primarily producing excited states of the respective gases, air
discharges are ionic (Guo et al., 2021; Liu et al., 2023; Zhang et al.,
2022). This means that air not only yields excited states of nitrogen and
oxygen but also generates gaseous ROS and RNS (Liu et al., 2022b; Zhu
et al., 2017). Previous research has indicated that in perfluorooctanoic
acid plasma treatment, the degradation rates using Ne and Ar discharges
exceed those from air discharges (Zhang et al., 2021). Although the
reactive species produced by rare gas discharge and air discharge differ,
they exhibit similar disinfection efficiencies. Economically speaking, air
represents the most feasible gaseous environment for plasma discharge
sterilization.

Long-term disinfection results are shown in Fig. S3. Throughout the
10 cycles, 1gDBD consistently maintained the same level of sterilization
effectiveness. In fact, the sterilization effect in some later cycles was
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even better than in the 1st, which could be due to the cumulative effect
of temperature contributing to the sterilization. Fig. S4 illustrates that
within a wide pH range of 3.0 to 11.0, both Pseudomonas fluorescens and
Bacillus subtilis were be effectively eliminated, with reductions greater
than 5.30-log and 5.58-log in 6 min, respectively. A rising pH marginally
diminishes the inactivation efficiency of the IgDBD system. Ozone ex-
hibits increased solubility in conditions of lower pH, and an alkaline
environment also promotes the quenching of -OH (Wu et al., 2020). 1.0
mg/L humic acid (HA) concentration did not notably hinder the inac-
tivation process (Fig. S5). However, 10.0 mg/L HA concentration
showed a minor reduction in inactivation efficiency, achieving over
5.35-log in 6 min.

The disinfection efficiency of 1gDBD was further examined in real
water samples. Table S2 lists the main properties of these experimental
water samples. In lake and river water, the inactivation rates of Pseu-
domonas fluorescens and Bacillus subtilis slightly decreased compared to
pure water (as shown in Fig. S6). In secondary effluent, the bacterial
inactivation rate was significantly impacted. Although the electric field
effect of 1IgDBD functioned normally in all the different water samples,
the sterilizing effect of the reactive species was impacted negatively due
to the competitive action of organic matter. The negative correlation
between the chemical oxygen demand of the water samples and the
sterilization rate confirms this. Nevertheless, a reduction of over 5.58-
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log in bacteria was observed within 6 min in real water samples, indi-
cating that the 1gDBD process has the potential to mitigate microbial
health issues in complex water samples.

Additionally, due to its energy efficiency (Egp 0.264-0.292 kWh
m~%), the 1gDBD process holds promise for preliminary large-scale ap-
plications, though there are still challenges. With the scaling up of any
1gDBD device, the stability of discharge becomes a critical issue that
needs to be addressed. Instability in local water flow can disrupt the
uniformity of global discharge. To address this, using multiple devices in
parallel is an effective method to control risks. Setting up guide channels
can also help enhance the stability of water flow in the discharge area.

3.3. Bacterial membrane damage

SEM was utilized to observe morphological changes in Bacillus subtilis
and Pseudomonas fluorescens before and after plasma discharge treat-
ment. The microscopy revealed surface and structural modifications in
the bacterial cells at different stages of the experiment. Specifically,
untreated bacterial samples showcased a smooth and intact rod-like
appearance (refer to Fig. 2a, d). However, after 5 to 10 min of plasma
discharge treatment, prominent cellular damage became evident, with
observable indentations (Fig. 2b), punctures (Fig. 2e), distortions, and
breaks (Fig. 2c, f). These microscopic images provide visual evidence for
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the impact of plasma discharge on the bacteria (He et al., 2021; Nguyen
et al., 2021; Shen et al., 2023).

Plasma discharge is theorized to inactivate bacteria by producing
ROS such as ozone and hydroxyl radicals (Nie et al., 2013; Singh et al.,
2019a), but the cell membrane damage, as seen through SEM, may also
originate from the powerful electric field (Zhou et al., 2020). The 5 %
NaCl stress selection experiment further confirmed the sublethal injury
condition of bacteria caused by cell membrane damage (Fig. 2g, h). Post
IgDBD treatment, between 83.84 % and 99.37 % of Pseudomonas fluo-
rescens and Bacillus subtilis were found to be in an ’injured’ state (able to
survive in a nutrient broth, but not in one with 5 % NaCl). This evidence
suggests that the 1gDBD treatment inflicts significant damage to the
bacterial cell membrane that leads to bacterial inactivation.

To delve deeper into the mechanism of bacterial inactivation during
1gDBD treatment, we also utilized flow cytometry combined with
SYTO™ 9 and PI staining. This approach quantifies both bacterial
inactivation and cellular membrane damage. SYTO™ 9 interacts with
the deoxyribonucleic acid (DNA) of viable bacteria, producing a green
fluorescence, and PI targets the DNA of bacteria whose cell membranes
have been compromised, resulting in a red fluorescence (Qi et al., 2022).
Consequently, the flow cytometry results can be divided into four
quadrants: the first quadrant represents live bacteria with damaged
membranes, the second quadrant indicates inactivated bacteria, the
third captures impurities, and the fourth signifies live bacteria with
intact membranes (Zhou et al., 2020). As illustrated in Fig. 3a-f,

a Y b
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post-plasma discharge treatment resulted in a decrease in the bacteria
percentage within the fourth quadrant. In contrast, there was a notice-
able increase in the first and second quadrants. These findings indicate
that 1gDBD treatment severely damages bacterial cell membranes,
prompting their inactivation (Lu et al., 2023; Lukes et al., 2014). Sup-
porting visual evidence can be observed in the confocal microscopy
images presented in Fig. 3g-j and Fig. S7.

3.4. Basic discharge unit model

Previous research held that UV and reactive species like O3 and -OH
made significant contributions to the sterilization of 1gDBD, however
overlooked the role of the electric field (Patinglag et al., 2021). Given
that the duration of a single discharge typically lasts less than 100
nanoseconds, conventional diagnostic tools for discharge plasma,
including intensified charge-coupled device (ICCD) imaging and OES
spectral analysis, struggle to discern the physicochemical attributes of
the basic discharge unit, limiting research on electric field sterilization
(Popov 2011; Singh et al.,, 2019b; Zhou et al., 2020). In order to
addressing this limitation, we employed 2D PASSKEy code, which in-
tegrates fluid dynamics, to simulate the basic discharge unit (Yin et al.,
2023).This model derives solutions for electric field intensity, electron
density, and various component concentrations by integrating continu-
ity equations in discharge chemical kinetics with the Poisson equation.
As to the validity of the model, the consistency between the model and
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the benchmark case has already been demonstrated in previous studies
(Lukes et al., 2014), and the composition of excited state substances and
long-lived reactive species in the model and experiment are compared in
later sections.

Simulation results demonstrate that the basic discharge unit of
1gDBD has a cumulative duration of 9.94 x 10~° seconds, and the dis-
tribution of free electrons can be observed in Fig. 4b, Fig. S8d-f, and
Video S1. These free electron concentration distributions indicate the
propagation of the plasma. Each basic discharge unit progresses through
four stages: the initiation of seed electrons, the electron avalanche,
streamer propagation, and the post-conduction spark discharge (Zhu
et al., 2017). These phases cease when a transition to a thermally stable
arc is not achievable, resulting in repeated cycles. During each basic
discharge unit, an electric field ranging from 4.77 x 10* to 2.86 x 10°
V/m is generated that coincides with the spread of the plasma streamer
(Fig. 4c, Fig. S8a-c, and Video S2). It is noteworthy that the strongest
electric field continuously exists near the surface of the liquid during the
propagation of the streamer. This is because, during the propagation of
the streamer, the positive ions and free electrons in the plasma move in
opposite directions under the action of the electrode electric field. This
leads to a local charge imbalance at the head and tail of the plasma,
forming a responsive electric field far stronger than the intensity of the
electrode electric field itself (Adamovich et al., 2022). Previous research
has established that an electric field intensity of 1.0 x 10 V/m is
capable of triggering lethal electroporation in bacterial cells (Wang
et al., 2022a, Zhou et al., 2020). Therefore, IgDBD can generate a suf-
ficiently strong electric field for sterilization purposes.

During the discharge, free electrons collide with oxygen and nitrogen
molecules, producing excited state substances, positive ions, and more
free electrons, which are the sources of the plasma reactive species
(Popov, 2011). Based on our simulation, the primary reactive species
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produced during plasma discharge include oxygen atoms (which can
merge with oxygen to produce ozone) and O('D). Their spatiotemporal
distribution is shown in Fig. 4d-e, Fig. S8g-1, and Video S3-4. Oxygen
atoms are generated uniformly along the plasma streamer propagation
path, however 0('D) is more concentrated at the tip of the streamer. The
different behaviors of the two particles may stem from the differences in
their lifespans (Zhu et al., 2017). The reactive species produced by the
discharge react at the gas-liquid boundary on one hand, generating ROS
in the liquid phase, and on the other hand, some dissolve in water,
enhancing the sterilization of IgDBD (Ma et al., 2022; Nahim-Granados
et al., 2020).

3.5. Identification of reactive species

Fig. 5a, which illustrates by the OES spectroscopy, shows that oxygen
and nitrogen in their excited states are the primary gaseous reactive
species during IgDBD treatment. Notably, two excited states of Nj
[NZ(CSHU) and N2(B3Hg)] are represented (Guo et al., 2021; Tang et al.,
2023). This suggests the presence of an active second positive system
(SPS) of nitrogen in the discharge plasma, consistent with the results
from the plasma discharge simulation (Fig. S10 and Fig. S11). Addi-
tionally, peaks at 291.2 nm and 777.4 nm indicate the presence of NO
and oxygen atoms, respectively. It is noteworthy that there was also a
suspected blue shift in the OES spectrum, which may be caused by the
refraction of the quartz glass layer during the measurement process.
There is also a focus on long-lived reactive species in water (Fig. 5b). As
voltage increases, so do the concentrations of nitrate ions (reflecting the
RNS content in water) and HO. Higher voltages generate more reactive
species than lower voltages. However, an anomaly was observed at 12
kV, where ozone levels decrease compared to those at 11 kV. This
decline might be due to the thermal effects from the increased voltage,
causing ozone degradation (Wu et al., 2020). Additionally, previous
research suggests that lower voltage discharges lean towards an
ozone-centric mode and that higher voltages shift to a nitrogen oxide
mode, which could explain this observation (Zhu et al., 2023).
Furthermore, when bacteria were added to the solution, the accumula-
tion concentration of nitrate decreased, and this was because the bac-
teria consumed the reactive species, resulting in interference with the
production of RNS.

EPR testing was used to examine the short-lived reactive species
produced by 1gDBD. Fig. 5c shows the characteristic adduct signals of
-OH with DMPO in 1gDBD, indicating the production of -OH in the
aqueous phase during the discharge (Farinelli et al., 2021; Tang et al.,
2023). According to the basic discharge unit model, the discharge pro-
duces abundant O and Os in the gas phase that dissolve and react at the
gas-liquid interface to form ROS in the liquid phase. As shown in Fig. 5d,
the characteristic signal with a peak ratio of 1:1:1 indicates the presence
of 105, which is the excited state of oxygen. The basic discharge unit
model also shows that the discharge products contain excited state ox-
ygen atoms such as O(*D), which may be the direct source of 105 in the
liquid phase. When bacterial fluid was introduced, the peaks corre-
sponding to each reactive oxygen species disappeared. This implies that
-OH, and 10, all play roles in bacterial inactivation.

Based on the above results, a generation pathway for reactive species
in 1gDBD has been hypothesized. Plasma discharge occurs in air, with
the generation of a large number of free electrons being its most sig-
nificant characteristic (Adamovich et al., 2017). These free electrons
have an extremely short lifespan and, upon colliding with molecules
such as Oy and Ny, produce excited state species such as O(lD),
NZ(CSHu), and Nz(Bsng), as well as ROS such as oxygen atoms and Og
(Zhu et al., 2017), which is confirmed by the basic discharge unit model
and OES. These substances dissolve and react at the gas-liquid interface,
forming reactive species in the liquid phase. NZ(CSHU) and N2(B31'Ig) may
form RNS such as ONOOH, and oxygen atoms, Os, and o('D) generate
ROS such as -OH, and 105 in the liquid phase (Adamovich et al., 2022).
The combined action of these reactive species and the electric field effect
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Fig. 5. (a) Optical emission spectra during plasma discharge; (b) The generation of hydrogen peroxide, ozone, and nitrate ions during plasma discharge; EPR spectra
using (c) DMPO and (d) TEMP. The logarithmic inactivation efficiencies of (e) Pseudomonas fluorescens and (f) Bacillus subtilis under various treatment conditions;

Conditions: bacterial initial concentration: 10° CFU/mL; time = 6 min.

leads to the inactivation of bacteria.

3.6. Mechanisms of bacteria inactivation

The 1gDBD process involves elements such as electric fields, reactive
species, and UV radiation that can each potentially lead to bacterial
inactivation. To understand the role of each of these elements in steril-
ization, we evaluated inactivation efficiency under various conditions.
Details of the experimental setup can be found in Text S2. Fig. 5Se, f
shows that Og led to significant deactivation in Pseudomonas fluorescens
(from 1.71 to 2.52-log) and Bacillus subtilis (from 1.58 to 2.62-log).
Additionally, in order to assess the respective contributions of electro-
poration and reactive species oxidation to bacterial disinfection, an
excess of reactive species neutralizer (100 mM isopropanol (IPA)) was
introduced (Tang et al., 2023). The results showed a decrease in steril-
ization effectiveness by 2.34 to 4.06-log, reflecting the significant

contribution of reactive species oxidation to the sterilization process.
Moreover, even in the presence of an excess of reactive species
neutralizer, IgDBD still achieved 2.22 to 3.94-log bacterial inactivation.
This indicates that electroporation, primarily as a non-reactive species
effect, is also an important component of the sterilization efficacy of
1gDBD. Especially, UV radiation had a negligible effect on sterilization,
contributing to less than 0.25-log reduction. Combined with the simu-
lation results of IgDBD, it is evident that electric field-induced electro-
poration is a key factor in the sterilization ability of nonreactive species.

Our findings reveal that 1gDBD deactivates bacteria by harnessing
both the physical mechanisms of electroporation and the chemical
oxidation actions driven by ROS and RNS. During 1gDBD treatment, the
streamer propagation process in each basic discharge unit leads to the
formation of a strong electric field, instigating bacterial electroporation.
This action compromises the integrity of the bacterial cell membrane,
prompting the leakage of intracellular contents and enabling ROS and
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RNS penetration. Once inside, these ROS and RNS attack vital bio-
macromolecules such as proteins and DNA, further obstructing the
ability of bacteria to repair from otherwise reversible electroporation.
Consequently, when contrasted with ozonation, 1gDBD introduces an
auxiliary electroporation disinfection pathway, thereby achieving su-
perior disinfection efficiency with equivalent energy consumption.

4. Conclusion

In this work, 1gDBD was used for the disinfection of DRB. After a 12
kV discharge treatment, Bacillus subtilis and Pseudomonas fluorescens
were inactivated over 7.0-log within 6 and 8 min, respectively. Inacti-
vation capacity of DRB was successfully tested across a wide range of pH
values and various actual water samples, demonstrating the broad
applicability of 1gDBD. Bacterial response analysis also indicated that
cell membrane damage was the primary cause of bacterial inactivation.
By constructing a basic discharge unit model based on the PASSKEy
code, it was proven that the responsive electric field during streamer
propagation amplified the inherent electric field, reaching the sterili-
zation threshold. Combined with reactive species analysis, it was shown
that electric field-induced electroporation as well as oxidation by reac-
tive oxygen and nitrogen species were the greatest sources of bacterial
inactivation. Overall, this study shows that 1gDBD can efficiently inac-
tivate DRB, providing new insights into the practical application of
physicochemical synergistic sterilization technology in water treatment.
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