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Human health is seriously jeopardized by infections caused by pathogenic microorganisms. The current
traditional disinfection technologies have many defects, such as producing harmful by-products, being
affected by water turbidity, and high energy consumption. The growing concern for microbial safety has
brought non-thermal plasma (NTP) disinfection technology into the spotlight. NTP is a promising disinfec-
tion technology with advantages such as environmental protection, safety, room temperature disinfection,
short disinfection cycle, and wide applicability. Researchers are continuously optimizing NTP reactions to
improve disinfection efficiency. This paper provides an integrated analysis of both plasma disinfection in
water and plasma-activated water (PAW) disinfection on object surfaces. NTP can directly treat bacterial
contaminated water, and can also be employed to produce PAW as a disinfectant for treating bacteria on
surfaces. This review introduces the fundamental concepts and commonly used equipment related to NTP
technology, analyzes the influencing factors and mechanisms of disinfection, and concludes by outlining
the future directions of NTP technology in the field of disinfection. We hope to provide a reference for
the research and practice of bacterial pollution issues.
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1. Introduction

Microorganisms are widely distributed in the natural world,
among which pathogenic microorganisms play a crucial role in
human health and disease. They can be transmitted to humans
through various means, such as surface contact, water sources, air-
borne transmission, or insect bites, leading to infections and dis-
eases [1]. In particular, waterborne and foodborne diseases can
spread rapidly [2]. Among them, water, serving as a medium for
transmitting pathogenic microorganisms, has become one of the
primary factors leading to mortality [3]. With the emergence of
COVID-19 [4], there has been a growing focus on disinfection. The
main pathogenic microorganisms in the water are bacteria [5],
viruses [6], and parasites [7]. These are invisible killers of human
health and may cause typhoid, dysentery, pneumonia, food poison-
ing, and various other diseases [8]. In addition, these pathogenic
microorganisms are also widely present on various surfaces of ob-
jects, such as food and medical equipment [9,10]. This increases
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the risk of infection because when people come into contact with
these surfaces, they may be exposed to and infected by pathogenic
microorganisms. Therefore, controlling and cleaning surface mi-
croorganisms are also crucial to ensure public and personal health.
This research focuses on NTP sterilization technology, whose tar-
get media include water bodies and object surfaces. In terms of
water bodies, traditional water treatment methods face challenges
such as chemical residues, disinfection byproducts, and difficulty
in dealing with drug-resistant microorganisms, while NTP technol-
ogy can directly and efficiently treat wastewater contaminated by
pathogenic microorganisms without pollution. In the surface treat-
ment of objects, the PAW generated by NTP can be used to treat
pathogenic microorganisms on the surface of various objects. A va-
riety of active species contained in PAW can penetrate microbial
cell membranes, destroy their metabolic functions, and achieve in-
activation purposes, providing a non-contact and environmentally
friendly sterilization method for the surface of objects.

As an advanced oxidation technology, plasma technology inte-
grates the effects of active species, high-energy electrons, ultravi-
olet radiation, and pyrolysis [11]. It has emerged as a novel tech-
nology in the field of disinfection and is currently widely used in
fields such as biomedical, air, and food (Fig. 1a). In these applica-
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Fig. 1. (a) The applications of plasma in the field of disinfection. (b) Comparison of common disinfection technologies.

tions, traditional methods of water treatment and food sterilization
are facing many challenges, such as chemical residues, the impact
of high temperatures on product quality, and the threat posed by
antibiotic-resistant microorganisms. These challenges urgently re-
quire gentler, more effective, and more environmentally friendly
solutions. In plasma technology, non-thermal plasma (NTP) tech-
nology can avoid some drawbacks of traditional methods because
it does not need high temperature in the processing process,
and just shows its unique advantages. It can use plasma to di-
rectly treat wastewater contaminated with pathogenic microorgan-
isms, as well as generate plasma-activated water (PAW) to treat
pathogenic microorganisms on object surfaces [12]. Compared with
traditional disinfection techniques, NTP boasts a range of mer-
its, including high disinfection efficiency, absence of secondary
contamination, and wide applicability, which indicates promising
prospects for its extensive application [13].

Therefore, this review will focus on the application of NTP in
disinfection, summarizing two main aspects: Plasma disinfection
in water and PAW disinfection for object surface. Firstly, the limita-
tions of traditional disinfection techniques and disinfectants will be
reviewed to highlight the advantages of NTP disinfection technol-
ogy. Next, the basic concept and generation of NTP will be intro-
duced, and the application of NTP in disinfection will be discussed
from the perspectives of plasma and PAW. In addition, this review
will also discuss the influencing factors and mechanisms of NTP
disinfection. Finally, the development direction of NTP technology
in the field of disinfection was prospected. By deeply discussing
the principles and applications of NTP disinfection technology, we
hope to provide a reference for the research and practice of bacte-
rial pollution issues.

2. Conventional disinfection technologies

At present, wastewater disinfection methods are primarily cat-
egorized into physical disinfection and chemical disinfection. The
most widely utilized methods include chlorine disinfection, ultra-
violet disinfection, ozone disinfection, and photocatalysis. Fig. 1b
shows both the strengths and weaknesses of these technologies.
Chlorine disinfection is the earliest and most widely used disin-
fection technology [14,15]. However, it poses safety concerns due
to the generation of potentially carcinogenic DBPs [16,17]. There-
fore, it is necessary to enhance the regulation of DBPs to min-
imize their hazards. Correspondingly, UV disinfection is a physi-
cal method [18-20]. It disrupts the genetic material structure in
pathogenic bacteria through UV irradiation, hindering cell division
and replication. This ultimately leads to the loss of microorgan-
isms’ reproductive capacity and their demise [21,22]. UV can pro-

duce good bactericidal effects in a short period and has a high
broad-spectrum efficiency against various pathogens [23]. How-
ever, UV disinfection is influenced by the turbidity of the wa-
ter, lacks continuous disinfection ability, and may exhibit the phe-
nomenon of photo-reanimation [14]. Ozone is a potent oxidizing
agent known for its robust disinfection capabilities, highly effective
in eliminating viruses, bacteria, and spores [24-26]. It has the ad-
vantage of being fast, efficient, environmentally friendly, and clean
[27-29]. However, ozone exhibits instability and a limited capac-
ity for continuous disinfection [30,31], but also generates numer-
ous disinfection byproducts [32,33]. Initially, ozone oxidizes bro-
mide ions to hypobromous acid and bromite ions. When ozone
reacts with water containing bromine ions, a complex series of
chemical reactions occur to produce bromate, which is a potential
human carcinogen. In addition, ozone reacts with natural organic
matter in water to produce organic bromine disinfection byprod-
ucts. These organic Br-DBPs may have potential negative impacts
on human health and the environment. On-site preparation and
a high degree of operational management expertise are essential
requisites. In addition, ozone may irritate the human respiratory
mucosa and damage human health. In recent years, photocataly-
sis has also been proven to have the ability of disinfection [34,35].
One of the most frequently employed photocatalysts is TiO,, which
is inherently insoluble in water, non-toxic, and environmentally be-
nign, rendering it suitable for water disinfection [36,37]. However,
photocatalysis takes a long time to achieve a good disinfection ef-
fect, and the energy utilization rate is low. In addition, photocatal-
ysis lacks broad-spectrum specificity and has weak killing ability
against viruses and spores [38,39].

In addition, the disinfection of the surface of the object mainly
includes chemical disinfectant disinfection and physical disinfec-
tion. In terms of chemical disinfectants, peracetic acid is a typ-
ical peroxide. In the process of disinfection, new ecological oxy-
gen is released, which can attack the cell wall and cell mem-
brane, oxidize and denature the cell biomacromolecules, and de-
stroy their metabolism and reproduction ability [40]. Commonly
used in hospitals, laboratories, medical equipment and environ-
mental surface disinfection. However, peracetic acid has poor sta-
bility and needs to be stored at low temperature and away from
light. In addition, it is corrosive and irritating, will corrode metal,
contact with human skin, eyes and respiratory tract can cause
damage [41]. In the physical disinfection method, Gamma ray dis-
infection of ionizing radiation disinfection, the use of cobalt-60 and
other gamma rays, because of its strong penetration, often used
for disposable medical equipment, food, medicine and other dis-
infection. But the equipment is professional, high cost, there are
radioactive safety risks [42]. Electron beam radiation disinfection
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Fig. 2. (a) National publication volume and cooperation relationship. (b) Average year publication volume and keyword frequency of plasma disinfection. (c) Keywords with
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to 2021.

produces high-energy electron beams through electron accelera-
tors. The disinfection speed is fast and the dose can be accurately
controlled, but the equipment investment is large and the profes-
sional requirements for operators are high [43].

3. Plasma disinfection
3.1. Basic concepts of plasma

Plasma is a form of matter consisting mainly of free electrons
and charged ions, which is electrically neutral as a whole and is
considered to be the fourth form of matter. For the classification
of plasma, it can be categorized into thermal plasma and NTP
based on the relative temperatures of electrons, ions, and neu-
tral particles [44]. Among them, the ion temperature of NTP is
much smaller than the electron temperature and remains in a non-
equilibrium state at low or atmospheric pressure [45]. NTP tech-
nology is widely used to degrade various toxic substances in water,
such as dye [46], antibiotics [47], and pesticides [48]. Plasma dis-
infection technology has been used for sterilizing medical devices
since the 1960s. In 1996, the Plasma Science Laboratory of the Uni-
versity of Tennessee adopted glow discharge plasma for disinfec-
tion [49]. Since then, plasma disinfection technology has gained
much attention and is flourishing in several fields [50].

Fig. 2a shows the top 20 countries based on publication volume
and their cooperative relationships. Among them, the United States
and China have the highest number of publications and are closely
connected. In order to showcase the research hotspots in the field
of NTP disinfection, we conducted a visual analysis of the keywords

" and “disinfection, and the retrieval date is from 2015

(Fig. 2b) [51]. As shown in the figure, except for “NTP” and “PAW”,
the nodes where words such as “ROS”, “DNA damage”, “E. coli”,
“DBD” and “mechanism” are located and relatively large, reflecting
the hotspots of NTP disinfection. In addition, according to the key-
word emergence graph (Fig. 2c), there has been a gradual increase
in research on PAW in recent years. The timeline chart is mainly
used to outline the relationships between clusters and the period
of a certain cluster. With the increasing demand for microbiologi-
cal safety, NTP technology has been widely applied in disinfection.
It serves as an efficient approach to address the challenges related
to chemical residues and harmful substances in conventional wa-
ter treatment methods, and can also be used to produce PAW as a
disinfectant. However, NTP disinfection also has certain limitations.
Researchers are constantly innovating and improving NTP disinfec-
tion technology. Fig. 3 shows research with innovative and devel-
opmental significance in recent years. They have achieved some
significant research results by fully understanding the inactivation
mechanism to improve activation efficiency and stability and then
expanding their scale. These have laid a certain foundation for the
application of NTP disinfection.

3.2. Mode of NTP disinfection

Food and water are one of the main ways humans are in-
fected with bacteria [52,53]. Given the potential for gastrointesti-
nal illness, severe water loss, long-term health problems, and pub-
lic health crises, it is critical to address foodborne and waterborne
pathogens. Plasma technology shows its special advantages. On the
one hand, as shown in Fig. 4a, NTP can act directly on microbially
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Fig. 4. (a) Treatment of microorganisms in water by NTP. (b) PAW disinfection. The inactivation mechanism of (c) fungi and (d) virus.

contaminated water, destroying the structure of bacteria in the wa-
ter and inactivating them. On the other hand, PAW can be used as
a disinfectant to inactivate pathogenic microorganisms on the sur-
face of food (Fig. 4b). The former can effectively purify water in a
short period; the latter not only does not damage the nutrients and
taste of food but also helps to extend the freshness period while
reducing the environmental burden.

3.2.1. NTP disinfection in water

NTP disinfection technology can overcome the shortcomings of
traditional disinfection technology, effectively inactivate bacteria in
water without producing DBPs, and is a promising technology. At
present, there is no widely accepted consensus regarding the disin-
fection mechanism of NTP. The prevailing belief is that the mecha-
nism by which NTP deactivates microorganisms may primarily in-
volve electromagnetic fields, thermal effects, ultraviolet radiation,
charged particles, and active species.

The mechanism of NTP disinfection may vary slightly for dif-
ferent microorganisms. For bacteria, a series of chemical reactions
and physical effects generated during NTP treatment can damage
their cell walls and membranes. Active species can trigger oxida-
tion reactions of nucleic acids, leading to the incapacitation of bac-
teria in terms of survival and reproduction, thereby achieving the
goal of inactivation. Because the cell structure of fungi is more

complex than that of bacteria, it is usually more difficult to Kkill.
However, many studies have confirmed that NTP can effectively
inactivate fungi [54,55], and the inactivation mechanism is shown
in Fig. 4c. Among them, mitochondria are important organs within
fungal cells, participating in cellular metabolic processes and pro-
viding energy. NTP can destroy mitochondria in fungi, thereby in-
hibiting their growth and reproduction. Patange et al. [56] used
NTP to treat food industry wastewater. The research results showed
that it can effectively inactivate a variety of key indicator microor-
ganisms, and it is expected to be applied to large-scale industrial
equipment. Since the outbreak of COVID-19 in 2019, many schol-
ars have carried out research on NTP inactivation of viruses. Com-
pared to bacteria and fungi, viruses do not have cell walls or mem-
branes. RONS generated during NTP processing, such as "OH, *0,",
H,0,, NO, ONOO~, mainly react with viral proteins and nucleic
acids. H,0, can penetrate the capsid or envelope of the virus and
decompose into *OH. For viruses, ‘OH can react with the amino
acid residues in proteins, triggering oxidative modifications and
thus leading to protein denaturation. Regarding nucleic acids, ‘OH
can cause strand breaks and cleavage of the nucleic acid struc-
ture [57,58]. In addition, NO can modify the amino acid residues
in proteins through nitrosation or nitration reactions, thereby af-
fecting the structure and function of proteins. ONOO™ can cause
strand breaks and base modifications, ultimately resulting in the
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loss of viral activity (Fig. 4d) [59]. Chen et al. [60] were the first
to employ atmospheric pressure plasma jet (APP]) for the treat-
ment of SARS-CoV-2 and demonstrated its inactivation by NTP. In
their study, SARS-CoV-2 at a concentration of 2 x 10° PFU/mL was
all inactivated within 180s when the voltage was 12kV and the
frequency was 30kHz. These provided a detailed basis for NTP in-
activation of coronavirus.

3.2.2. PAW disinfection

Plasma interacts with water molecules on the surface or in
water, and the molecules, charged particles, photons, free radical
groups, and other active components generated by the induced gas
ionization are transferred to the water, causing a series of physi-
cal and chemical reactions, producing active species such as active
oxygen, active nitrogen. In the plasma environment, high-energy
electrons are able to break O-H bonds in water molecules, result-
ing in "OH and H" (Eq. 1). ‘OH cannot exist stably in solution and
will be quickly converted to H,0, (Eq. 2). O, in the plasma sys-
tem is ionized to form O3 (Egs. 3-5), which leads to a series of
free radical chain reactions to form ‘OH, '0, and ‘0, (Egs. 5-9).
When N, is present in the feed gas, RNS (Egs. 10-13) is pro-
duced. O3 can also react with a variety of active particles in PAW
(Egs. 14-17). We have inserted these summarized reactions into the
manuscript. Each reaction is accompanied by a brief explanation to
help readers better understand the mechanisms of the generation
of active species in PAW. The water solution formed by the diffu-
sion and activation of active species in the water is PAW. Previ-
ous studies have demonstrated that PAW has the ability to disin-
fect various microorganisms. Heng et al. [61] used plasma activated
acidic electrolytic water (AEW) for the first time. Compared with
PAW alone, PA-AEW could increase the inactivation effect of Bacil-
lus subtilis from 0.58 logoCFU/mL to 2.33 logoCFU/mL within 10s
of treatment time. Among them, active chlorine (RCS), the main
bactericidal factor in AEW, had a synergistic effect with reactive
oxygen species (ROS). With the increase of RCS from 12.09 mg/L
to 28.76 mg/L, the kill logarithm increased from 0.3 log;oCFU/mL
to 1.81 log;oCFU/mL. Guo et al. [62] took pseudovirus with SARS-
CoV-2 S protein as the research object. After treatment with PAW-
5min and PAW-10 min, the relative light unit of receptor cells de-
creased from 24,071 and 271,295 to 21.2 and 16.8, respectively. This
strongly confirmed PAW’s antiviral ability against SARS-CoV-2.

H,0 + e — H* + *OH + e 1)
*OH + *OH — H,0, (2)
0, + e — 20° + e 3)
0; + e —*0; (4)
0* + 0, — O3 (5)
0* + H,0 — H,0, (6)
0°* + H,0 — 2°OH (7)
03 + Hy0— 2°0OH + 0, (8)
*0,~ + *OH — '0, + OH" (9)

N, + e —2N* + e~ (10)

Chinese Chemical Letters 37 (2026) 111275

N* + 0° - NO* (11)
NO* + 0° — NO,* (12)
NO* + 0, — ONOO* (13)
03 + OH — HO,™ + 0, (14)
0O; + HO,~ — *OH + *0,~ + O, (15)
0; + NO* — NO,* + O, (16)
03 + NO,* — NO3* + 0, (17)

The above research shows that PAW alone has significant dis-
infection effect. However, in practical applications, especially in
water disinfection and related fields, in order to improve disin-
fection effect and optimize energy consumption, the combination
of NTP and PAW has attracted much attention. Microorganisms
in wastewater primarily originate from domestic sewage, medi-
cal wastewater, and industrial wastewater. Wastewater treatment
aims to effectively prevent or inactivate these microorganisms to
safeguard the environment and public health. Although the use
of PAW increases the processing time, it effectively improves dis-
infection efficiency and reduces energy consumption. Patange et
al. [56] proposed that post-treatment residence time is a crucial
factor in enhancing the effectiveness of NTP disinfection. Short-
term NTP treatment and long-term continuous PAW treatment can
significantly improve the inactivation efficiency. Xu et al. [63] in-
vestigated the inactivation effect of NTP combined with PAW on
S. cerevisiae and A. flavus. When treating S. cerevisiae and A. flavus,
both with an initial concentration of 107 CFU/mL, the power con-
sumption for NTP treatment alone was 0.16 kWh for S. cerevisiae
and 0.15 kWh for A. flavus. However, when using a combined treat-
ment of NTP and PAW to achieve the same sterilization effect, the
power required was 0.07 kWh for S. cerevisiae and 0.07 kWh for A.
flavus.

Based on the unique physical and chemical properties of PAW,
its application in the food sterilization field is also worthy of in-
depth exploration. Compared with the water sterilization scenario,
PAW can not only play a similar role in inactivating microorgan-
isms in food sterilization but also has its unique application ad-
vantages. For food disinfection, plasma treatment may be affected
by the irregular shape of the food surface and cannot achieve the
disinfection effect. PAW has better fluidity, can be fully mixed with
a bacterial solution, and is evenly covered on the surface of the
biofilm, achieving a significant antibacterial effect [64]. Previous
studies have shown that PAW has strong antibacterial activity on
vegetables, fruits, meat, and other foods, and does not affect food
quality [65,66]. Furthermore, PAW disinfection is gentler, which
can avoid direct damage caused by charged ions, ultraviolet light,
etc. It offers advantages such as ease of operation and the absence
of secondary contamination, rendering it a potential substitute for
traditional disinfectants.

Although PAW has achieved many successful applications in
disinfection, its disinfection efficiency still needs to be further im-
proved. Faced with the problem of low efficiency in activated wa-
ter treatment, Koentadi et al. [67] designed a hybrid plasma dis-
charge (HPD) reactor in which two plasma discharges are gener-
ated simultaneously within a single power source. With a reso-
nance frequency of 60kHz, an input voltage of 200V, a discharge
frequency of 2500 Hz, a duty cycle of 50 ps, and a discharge time
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of 30 min, the total concentration of RONS increased from 41 mg/L
to 102 mg/L when the NaCl concentration changed from 0 mmol/L
to 8 mmol/L. It is demonstrated that this reactor can effectively in-
crease the content of RONS, thereby improving energy efficiency
and disinfection efficiency. In addition, the RONS in PAW have a
relatively short lifespan and are prone to react with substances in
the surrounding environment, leading to their deactivation [68].
Therefore, the activity of PAW rapidly decreases over time. In or-
der to better apply PAW disinfection technology, further research is
needed on the preservation and stability of activated water. In this
context, plasma-activated hydrogels (PAHs) emerge as a promising
alternative. In recent years, PAHs have found extensive applications
in the medical domain [69,70]. PAHs refer to the treatment of hy-
drogels directly or indirectly through NTP technology and the con-
version of hydrogels into a material with the function of an active
material carrier. Compared to PAW, PAHs have higher stability and
can maintain activity for a longer period. And PAHs can also serve
as a carrier to add other antibacterial drugs and enhance their bac-
tericidal effect. The network structure of PAHs effectively reduces
the loss of active species and prolongs their antibacterial activity
[71].

3.3. Type of discharge plasma

At present, NTP used for water disinfection is mainly produced
by dielectric barrier discharge (DBD), corona discharge, and APPJ.
Fig. S1 (Supporting information) shows their structure. These dis-
charge methods have their advantages and disadvantages. Differ-
ent discharge methods produce different NTP compositions and
concentrations, with different disinfection effects and energy ef-
ficiency. The comparison of these methods is shown in Table S1
(Supporting information). In addition, when it comes to plasma
systems, the discharge types, important discharge parameters, and
disinfection efficiency are listed in Table S2 (Supporting informa-
tion). These discharge modes are described in detail in Text S1
(Supporting information). More NTP technologies will be used in
the field of disinfection and purification in the future thanks to the
ongoing development and invention of NTP technology, improving
human health. More innovation and technological advancements in
the field of disinfection and purification will result from the con-
tinued emergence of new materials and reactors. As a result, NTP
technology will become more significant in the field of disinfection
in the future.

3.4. Effect of different parameters on disinfection efficiency

3.4.1. Discharge area

In theory, PAW can be activated by various ways that can pro-
duce NTP. According to the discharge structure, the common types
are DBD, APPJ [72] and sliding arc discharge [73]. The selection of
NTP reactor significantly affects the disinfection performance of the
produced PAW.

In addition, PAW can be formed by two discharge modes: One
is to generate NTP on the water surface, and the other is to di-
rectly charge the NTP into the water. Tian et al. [74] measured the
physicochemical properties and biological effects of PAW under the
two modes respectively. These findings suggest that the bacterici-
dal efficacy of underwater discharge is greater than that of non-
underwater discharge under underwater discharge conditions. This
is due to the fact that more ROS build in underwater discharge, in-
creasing the PAW’s oxidation-reduction potential and conductivity.
Moreover, as the voltage changes during the underwater discharge,
a streamer and spark will be produced. According to Li et al.’s re-
search [75], the disinfection effect of spark zone was significantly
higher than that of streamer zone. This might be connected to the
increased heat emission and discharge volume in the spark region.
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Based on this, in the actual NTP sterilization application, for large-
scale water treatment, the reactor with large discharge area can be
selected, such as the DBD reactor with expanded electrode area in
industrial water treatment. In small-scale and high-precision sam-
ple sterilization scenarios, the underwater discharge mode is more
advantageous. By accurately controlling the voltage, the discharge
is in the spark area, which can maximize the disinfection efficiency
while ensuring that the sample is not too affected.

3.4.2. Effect of microbial species

Various microorganisms can be treated with NTP, and various
bacteria respond to it in different ways. At present, the bacteria
used in the study of NTP disinfection are still very limited, and
the bacteria used are mostly concentrated in E. coli and S. au-
reus. In order to assess the effectiveness of NTP system in steril-
izing water pathogens, Hong et al. [76] used DBD to treat a vari-
ety of pathogens (Edwardsiella tarda, Vibrio harveyi, Strepcocuus pa-
rauberis, Vibrio damsela and Vibrio ichthyoenteri), and confirmed its
significant disinfection effect on a variety of pathogens. William et
al. [77] tested different bacteria using PAW activated by sliding arc
NTP. The study discovered that the PAW may successfully inacti-
vate E. coli and S. aureus under the same circumstances and has a
stronger inactivation impact on E. coli. However, it cannot inacti-
vate C. albicans. Gram-negative bacteria are generally more prob-
able to be inactivated due to the variance in cell wall construc-
tion. Gram-negative bacteria have multi-layered cell walls with few
peptidoglycans and an outer membrane layer made of lipopolysac-
charide, lipid bilayer, and lipoprotein. In contrast, Gram-positive
bacteria have thick and dense peptidoglycan and phosphoteichoic
acid without charge. Gram-negative bacteria’s cell walls are more
severely destroyed by NTP because of the relatively loose structure.
When dealing with known types of microorganisms, the NTP steril-
ization process can be optimized based on their cell wall structure.
For example, for Gram-negative bacteria, a relatively low NTP en-
ergy input may be sufficient for effective disinfection, given their
vulnerability. This saves energy and reduces the cost of the steril-
ization process.

3.4.3. Processing time

Generally speaking, the inactivation effect and time are posi-
tively associated during the NTP sterilizing process. Additionally,
the length of processing time often determines the size of en-
ergy consumption. Patange and his colleagues [56] pointed out
that both the treatment time and the retention time after treat-
ment are the key factors of the NTP when studying the disinfec-
tion ability of NTP, which is conducive to the development of ef-
ficient wastewater disinfection schemes. For PAW, the impact of
time is divided into two aspects. One is the time when PAW is
generated by discharge, and the other is the time when microor-
ganisms soaked in PAW after treatment are used for disinfection.
The outcomes demonstrated that extending the NTP treatment du-
ration and lengthening the PAW soaking time could improve the
sterilizing effect [64]. Jun et al. [78] developed an ultraviolet vis-
ible spectroscopy, which uses an automatic curve fitting program
to calculate changes in H,0,, NO,~, NO3~ and O, concentrations. It
is discovered that the intensity of absorption spectrum increases
with the increase of NTP exposure time, which indicates RONS
concentration rises over time. The authors found that it is possible
to alter the RONS concentration by merely modifying the NTP ex-
posure duration, which has little impact on the concentration ratio
of the RONS composition of PAW.

Studies have shown that when the oxidation-reduction poten-
tial (ORP) is high, the exterior and inner membrane of microbial
cells will be destroyed [79]. At the same time, ORP can also be
used as an indicator of PAW inactivation capacity. Guo et al. [73]
found that the content of ROS increased with time, that is, the
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inactivation capacity increased. After 60 min of plasma treatment,
the ORP of PAW increased from 235.5mV to a maximum value of
442 mV at 120min. As processing times lengthen, energy use ef-
ficiency will decline. Therefore, appropriate treatment time should
be selected in combination with disinfection efficiency and energy
efficiency. In addition, the residence time of water in PAW can
be regulated to ensure efficient disinfection and reasonable energy
consumption.

3.4.4. Discharge gas

One of the primary causes of microbial inactivation during NTP
disinfection is the presence of active ions. NTP technology will pro-
duce a variety of active particles at the gas-liquid contact surface,
which will react with microorganisms to achieve the purpose of
disinfection. The commonly used discharge gases include air, O,,
Ar, He or two or more kinds of mixed gases [80]. Due to the dif-
ferent nature of these working gases, the types of active ions cre-
ated by discharge are also different [81]. Chandana et al. [82] mea-
sured the concentration of active species under various gas con-
ditions, and found that Ar produced the highest amount of H,0,,
but hardly produced HNO5; and Os. Additionally, the working gas
is very important in influencing the degree of PAW reactivity, and
numerous studies have shown the advantages of working in an in-
ert gas environment with a tiny proportion of oxygen mixture [83].
In practical applications, if a variety of active species need to co-
operate, Ar and a small amount of O, gas can be used. For general
disinfection applications, air can be used as discharge gas to save
costs.

3.4.5. Impact of other factors

Numerous more elements, such as pH, beginning water qual-
ity, and others, have an impact on NTP’s sterilizing effectiveness
in addition to those mentioned above. Stephane obtained drink-
ing water samples from France, Norway, Palestine, Slovenia, and
the United Kingdom while researching the effects of water sources
on PAW. The same air NTP was used to treat all water samples
[84]. The findings demonstrate that PAW is very sensitive to the
initial composition of the used water source, and that drinking
water composition from various geographic regions would signifi-
cantly affect PAW'’s overall impact. Chandana et al. [82] investigated
how pH affects antibacterial activity. The results showed that an
acidic environment promotes bacterial cell membrane disruption
and protein denaturation, and that disinfection is more effective at
pH < 4.7.

3.4.6. Machine learning guiding the degradation of E. coli

In the study of plasma disinfection experiments, taking E. coli
as an example, and combining with machine learning, the aim is to
deeply analyze the complex relationships between the degradation
rate of E. coli under plasma experimental conditions and key pa-
rameters such as E. coli cell concentration, gas flow rate, and volt-
age using machine learning techniques.

In this study, machine learning was utilized to explore which
factors significantly influence the degradation rate of E. coli. A total
of 679 data points were collected from the references in this re-
view, listing five influencing factors: The impact of E. coli cell con-
centration, gas flow rate, pH value, plasma discharge voltage, and
plasma treatment time on the degradation rate of E. coli.

In this experiment, four machine learning models were utilized,
which are the Support Vector Machine model, the XGBoost model,
the linear regression model, and the random forest model.

The accuracy of machine learning (ML) prediction results is de-
termined using the coefficient of determination (R?), root mean
squared error (RMSE), mean absolute error (MAE), and pearson
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correlation coefficient (Eqs. 18 and 19) [85]. The model perfor-
mance is as shown in Fig. 5a.

N2
~ Z?:] (yg\ctual _yiPredlct)

. 2
n Actual Predict
Zi:] (yi - YAverage)

n
RMSE = \/Z Z (y’,-q“”“' _ yfredict)z (19)
i=1

R2=1 (18)

3.4.7. Feature importance analysis

Based on XGBoost predictions, combined with the correlation
matrix heatmap. The correlation results are shown in Fig. 5b. To
elucidate the key practical parameters for the degradation of E. coli,
Shapley additive explanation (SHAP) values were employed to de-
termine feature importance and visualize the inner workings of the
ML models [86]. The SHAP analysis is shown in Fig. 5c. The mag-
nitude of SHAP values indicates the importance of a feature, with
larger values signifying greater importance. Additionally, SHAP val-
ues can reveal whether a feature has a positive or negative impact
on predictions.

3.4.8. Partial dependence plot analysis (PDP)

Univariate PDP analysis reveals that increasing voltage and
treatment time both enhance the plasma degradation efficiency of
E. coli. The relationship between gas flow rate and degradation ef-
ficiency is nonlinear, with an optimal value existing [87]. As E. coli
concentration increases, the degradation efficiency rises initially
and then declines, suggesting that higher concentrations require
longer times or higher energy treatments for better inactivation.
The pH value is negatively correlated with degradation efficiency,
with the best disinfection effect occurring in an acidic environment
(around pH 4). The PDP charts are shown in Figs. 5d-h.

The study utilized machine learning to analyze the factors af-
fecting the plasma degradation of E. coli, finding the XGBoost
model to be the most accurate for prediction. Results indicated
that voltage has the greatest impact on degradation efficiency, fol-
lowed by treatment time, gas flow rate, cell concentration, and pH
value. High voltage, extended treatment time, acidic environment,
and appropriate bacterial concentration and gas flow rate can sig-
nificantly enhance degradation efficiency.

3.5. Inactivation mechanism

3.5.1. Role of active species in water disinfection

In plasma disinfection, the generation of RONS is considered as
a key element. During the plasma water treatment process, the
high-energy reactive species produced by high-voltage discharge
are deposited into the water. For plasma disinfection, RONS are
considered a key factor. RONS mainly include long-lived species
such as H,0,, O3, NO,™ and NOs-, as well as short-lived species
like "OH, 0,7, '0, and ONOO". Various research findings indi-
cate that in an aqueous environment, short-lived RONS are crucial
for plasma inactivation. Xu et al. [88] explored the inactivation of
yeast cells by several short-lived ROS using scavengers. The ‘OH,
*0,” and 10, were captured by p-Man, SOD, and L-His, respec-
tively. Scavengers were added, which improved the yeast survival
rate as shown in Fig. S3a (Supporting information). This indicated
that *OH, "0, and 0, were involved in the inactivation process of
yeast. Furthermore, it is evident from the degree of increase in sur-
vival that 0, has the greatest effect on yeast inactivation. Among
them, "OH disrupts the integrity of the cell membrane by attack-
ing it. In comparison, '0,, with a longer lifespan, is more prone
to diffuse into the cell membrane and react with cellular compo-
nents such as unsaturated lipids and protein fractions. 10, plays
a crucial regulatory role in the transition between cell apoptosis



H. Guo, Y. Wang, J. Wang et al.

(a) ]
) | I
4 RMSE
Z . MAE
f{, R LS9
Ce
RF o
sv™ RF
<=
¥
Cp
% ¢
2 *
(©
High
Voltage(v]
8 , . ) 3
Time(s) . g . ' { =
s
Cell Concentration(cfu/ml) f E
1 =
pH &= 3
Gas flow(I/min) . "
<0.125 -0.100 -0.075 -0.050 -0.025 0.000 0.025 0.050 kox
SHAP value (impact on model output)
(e) Time
5.59551
@ 5.3957
g
5 e
Ssa0ss s
£ /
o
5
S 4.9960 /
£
g 47962 7
sme| )| | |1 |
6 § 10 12 it} 16 18
X3
(2) Voltage
8
7 e
8 I =
£ ViR
5
3
5 s
o 5
53
=
=
g // v
23 7
/
/

Z_LI_J_,_A_’]_I_,__A_
0 5000 10000 15000\ 20000 25000 30000 35000
X4

Chinese Chemical Letters 37 (2026) 111275

( ) 10
Cell Concentration(CFU/ml) 10 054 025 0044 027 042 080
060
Gas flow(l/min) 054 10 038 037 0.70 054
040
Voltage(v) | 025 038 14 y 025 f 020
00
Time(s) [ 0044 037 ﬁ 10 030 ,ﬁ 020
i) -0.40
pH 027 070 -0.28 -0.30 10 -0.11
[ 060
Reducion | (0427 4054 f f | e 080
10
>
O S D S
& O & &
& &
&
&
D
(s
(d) Gas flow
9.504
s 9.004
- AR
58504 // 4
2 ~
2s00s|  / S
3 / R
57505/ \\
%_7.004 / S
6506 / A
b F — a \<In
X1 :
(f) Cell Concentration
0.894
0.892 -
" Lo
gos90 -
= 0.888 /
0.886
Ly A
S 0884 /
E
2 0.882 /
= oot 02 04 : iy
X % G 06 i X
o 08
(h) pH
0.92 A
L5
oo /N
o / \
S 090/ N
b5} =
2. 0.89 S
5 o
= o0ss S
= N
£ 087 N
< \
= 0.86 =
0.85 SR
1 L1l 11 L=
4 5 7 § 5 1

Fig. 5. (a) The radial cylinder chart compares the performance of machine learning models. (b) The correlation heatmap demonstrates the correlation between influencing
factors and the degradation rate. (c) The five most important factors associated with the plasma degradation efficiency of E. coli determined by Tree SHAP. The PDP analysis
chart shows the impact of individual factors on the degradation rate: (d) Gas flow, (e) time, (f) cell concentration, (g) voltage, (h) pH.

and necrosis. Subsequently, the authors also analyzed DNA frag-
ments from yeast cells by flow cytometry PI staining [89]. As can
be seen from Fig. S3b (Supporting information), the percentage of
SubG1 increased from 2.83% to 10.41% after 10 min of NTP treat-
ment. This increase suggested a gradual accumulation of DNA frag-
ments in the cells, indicating potential DNA damage or cell death.
The scavenger can effectively alleviate the DNA damage situation,
which again proves that ROS can inactivate microorganisms by ox-
idizing DNA.

3.6. Inactivation mechanism

The destruction of proteins and nucleic acids by ROS through
oxidation reactions is the main mechanism of virus inactivation.
10, can oxidize DNA bases, including adenine, cytosine, guanine,
and thymine, with guanine being the most susceptible to oxidation
[90]. Song et al. [91] analyzed the inactivation of viral proteins us-
ing three-dimensional fluorescence spectroscopy. During the pulse
corona discharge, the contents of H,0,, O3, 10,, and *OH gradually
increased. With passing time, the fluorescence’s intensity steadily

decreased (Fig. S3c in Supporting information). Meanwhile, the re-
sults of peptide spectrum matching and mass spectrometry bot-
tom peaks indicated that all five proteins of the virus were dis-
rupted by pulsed corona discharge, but their response rates were
different. This may be related to the fact that ROS crosses the out-
ermost layer of the virus (G and M proteins) before reacting with
other proteins (Fig. S3d in Supporting information). In addition, by
PCR amplification of SVCV particles, it was found that P, G, N and
L genes were significantly lost to amplification in a short period
of time, while M genes were more resistant to damage by treat-
ment. However, after 180s, all these genes were severely damaged
and could no longer be amplified. RON induces oxidative damage
to specific residues of the virus protein. By affecting the binding
capacity of the virus protein, it prevents its binding to cell recep-
tors, thereby inhibiting the virus’s infection of host cells. Qin et al.
[92] carried out experimental research on the inactivation of coro-
navirus by NTP using NTP jet. Specifically, ONOO™ and "0, oxidize
tyrosine, tryptophan, and histidine on the receptor binding domain.
The results showed that RONS could induce oxidative damage of
virus S protein, and ONOO~ was the main reaction substance.
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Fig. 6. (a) Important active species in the treatment of plasma and PAW. (b) An-
tioxidant system in the plasma treatment process (By Figdraw).

3.6.1. Role of active species in PAW

As shown in Fig. 6a, the active substances that play a major
role are different for plasma treatment and PAW treatment. Both
plasma and PAW have been reported to cause phage aggregation,
resulting in damage to the DNA and proteins of the phage, thus
affecting their biological activity and achieving bactericidal effects.
However, NTP treatment can inactivate phages in a short time (60-
120s), while PAW requires a certain time (4-8h) for maximum
bactericidal effect [93]. PAW contains abundant RONS, which gives
PAW a high redox potential and acidic pH. This is the key to the
inactivation of microorganisms by PAW. However, there is still con-
troversy about the exact mechanism of PAW inactivation of biolog-
ical activity. Xiang et al. [94] studied the inactivation effect of PAW
on P. deceptionensis CM2. They concluded that H,0,, NO3~, and
NO,~ were the most critical factors for inactivation. It has also been
reported that ONOO" is the key active species formed in PAW [95].
ONOO- has a high permeability, which enables it to pass through
the cell membrane and enter the inside, where it interacts with
the biomolecules and damages them by oxidation.

In the PAW investigation on biofilm treatment, Park et al. [96]
came to the conclusion that *‘OH, H,0,, HNO,, and O3 were the
reactive compounds that reduced biofilm the most. H,O, had the
highest impact on the biofilm. Anne et al. [97] also studied the in-
teraction of PAW with biological membranes. They concluded that
both short- and long-lived RONS increase the activity of PAW and
damage cellular DNA, RNA, lipids, and proteins. The biofilm matrix
can be disrupted by RONS, which also kills biofilm cells inside mi-
crocolonies and releases cells from the biofilm.

3.6.2. Intracellular anti-oxidative system

The antioxidant system is a complex biological mechanism
within living organisms aimed at maintaining the cellular redox
balance and protecting the organism from oxidative damage [98].
This system primarily functions through the synergistic action of
antioxidant enzymes (such as superoxide dismutase (SOD) and
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Catalase (CAT)) and non-enzymatic antioxidants to neutralize or
eliminate oxidative molecules like free radicals, thereby preserving
cellular functionality. As shown in Fig. 6b, SOD can catalyze *0,"
to generate O, and H,0,, and CAT can catalyze the decomposition
of H,0, into H,0. However, when the production of ROS exceeds
the cell’'s own clearance capacity, it can cause damage to the cell,
a phenomenon known as oxidative stress (OS) [99]. OS is a state
in which the imbalance between oxidation and antioxidant action
in the body leads to oxidative harm to biomolecules like proteins,
lipids and nucleic acids in cells, thus affecting their physiological
functions and metabolic processes [100]. Xu et al. [89] reported
that the activity of antioxidants decreases with plasma treatment
time, indicating that the ROS-reduced by plasma gradually disrupt
the redox balance within cells. Among them, "‘OH and '0, play the
main role.

4. Conclusions and prospects

This review summarizes the research progress of NTP disin-
fection. Traditional disinfection technologies are summarized and
compared. The concept and generation mode of NTP are summa-
rized. In addition, the application of plasma water disinfection and
PAW disinfection is introduced respectively, and the factors affect-
ing the disinfection effect are analyzed. Compared to traditional
disinfection methods, the NTP disinfection process does not re-
quire chemical fungicides, making it a cost-effective, waste-free,
and environmentally friendly option with no drug residues. It is a
green and efficient method with promising application prospects.
Greater sterilizing effects can be accomplished with the NTP gen-
erator in a shorter amount of time, effectively getting rid of various
pathogenic microorganisms. NTP technology is a promising method
for the issue of water disinfection and can also be used to pro-
duce efficient and environmentally friendly disinfectants. However,
there are still many challenges to overcome, such as the uncer-
tainty of the mechanism and influencing factors of NTP disinfec-
tion, the high energy consumption of devices such as DBD, and
the need to optimize the reactor structure, which requires more
development and research.

To fully exploit the benefits of NTP technology and encourage
its use in the field of disinfection, some expectations are put for-
ward for further research on this technology, which is also sum-
marized in Fig. 7.

(a) For bacteria, viruses, etc., it is required to better understand the
role of NTP and its lethal mechanism, to optimize NTP disinfec-
tion technology. And constantly optimize the process, improve
the efficiency of equipment, reduce costs, design a large-scale
NTP disinfection system suitable for industrial applications.
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(b) In addition to microorganisms, there are all kinds of harm-
ful substances in water. In the future, NTP technology suitable
for a variety of pollutants can be researched and developed to
achieve collaborative removal of organic matter, heavy metals,
and microorganisms. In addition, it can be considered to com-
bine with photocatalysis and ozone to form a mixed process,
which can improve the removal effect of different pollutants by
adjusting the reaction conditions and adding appropriate cata-
lysts.

(c) At present, the storage of PAW is still a challenge. In the
future, we can explore new storage methods, such as using
high-pressure, low-temperature, and other technologies to ex-
tend the shelf life of PAW. In addition, activated hydrogel is a
promising storage method of activated water, which provides
better guarantee for the application of NTP disinfection tech-
nology.
NTP disinfection needs to consume a lot of electricity, in addi-
tion to the development of energy-efficient power supplies, can
also use renewable energy, such as solar, wind, etc., to provide
the required energy. This will reduce dependence on traditional
energy sources, meet energy saving targets and promote more
sustainable and environmentally friendly water treatment.
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