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ABSTRACT: The transmission of pathogenic airborne microorganisms significantly e g
impacts public health and societal functioning. Ensuring healthy indoor air quality in cﬁz:ff;nt“““‘“;" o~ field s
public spaces is critical. Among various air purification technologies, electrostatic e it P
precipitation and atmospheric pressure nonthermal plasma are notable for their byiowenrn "8  sinentiony <
broad-spectrum effectiveness, high efficiency, cost-effectiveness, and safety. This s w::;‘::‘.:‘:.-‘:,,,,e Py spm”e.;;.",:m}'

review investigates the primary mechanisms by which these electrostatic methods Eictrostaticprecipitator
collect and disinfect pathogenic aerosols. It also delves into recent advancements in

Multi-stage Plasma
device

enhancing their physical and chemical mechanisms for improve efficiency. ot

Simultaneously, a thorough summary of mathematical models related to the e unmccpnnguansmissiunprmssq [ ]
migration and deactivation of pathogenic aerosols in electrostatic purifiers is = "~ Eliminating microbial polltion. \ =
provided. It will help us to understand the behavior of aerosols in purification

systems. Additionally, the review discusses the current research on creating a "’"n’t'ﬁ;‘t?;‘:mm\“

comprehensive health protection system and addresses the challenges of balancing
byproduct control with efficiency. The aim is to establish a foundation for future research and development in electrostatic aerosol
purification and develop integrated air purification technologies that are both efficient and safe.
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1. INTRODUCTION methods usually involve the collection and preliminary
inactivation by physical effects. Simultaneously, the chemical

The level of human health is closely related to the cleanliness
methods mainly refer to the chemical reaction between

of the air in the living environment.” According to statistics

from the World Health Organization,2 3 million deaths microorganisms and the active species induced by photo-
worldwide in 2016 can be attributed to lower respiratory catalysis, UV light, and nonthermal plasma. For the Heating,
tract infections, ranking fourth among all causes of death. After Ventilation, and Air Conditioning (HVAC) system,”®” which
entering the 21Ist century, large-scale respiratory infectious provides an indoor air environment in modern life, adsorption
diseases broke out worldwide, such as the SARS virus in 2003, filters previously played an essential role in filtering harmful
the HINI1 virus in 2009, and the new coronavirus in 2019, substances.® However, it needs to be substituted at fixed
which has been causing significant damage to the health of intervals due to contamination, which cannot meet future
worldwide individuals and disrupting the regular operation of demand. Considering the requirement for blocking the
the whole society.” There are mainly two main modes of transmission of airborne microorganisms and eliminating the

transmission of infectious diseases in the respiratory system,
aerosol transmission (particle diameter <S ym) and droplet
transmission (particle diameter >5 ym).” Generally speaking,
aerosols containing pathogenic microorganisms can suspend
longer and spread further than droplet transmission, which
requires a quicker and more efficient method to remove and
deactivate them.

As for primary purification methods for microorganisms, two
main categories are listed in Figure 1. The physical techniques
primarily consist of adsorption, heat, electric field, etc. These

residual biological contamination simultaneously, the electric
method: electrostatic precipitation, and nonthermal plasma are
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Figure 1. Methods for the Removal or Disinfection of pathogenic biological aerosols

more feasible. Compared to microwave,’ UV—light,10 and
photocatalysis,"'~" which is popularly adopted in static state
sterilization, the electric method combining microbial aerosol
collection with deactivation is more effective and feasible.'* It
effectively builds a clean and sanitary respiratory environment
for human life.

Generally, microbial aerosols, such as bacteria and viruses,
are minimal. For example, the diameter of the influenza virus is
about 0.12 yum," approximately 0.08—0.12 ym and 0.12—0.14
um for the SARS virus and MERS virus,'® respectively.
Usually, microorganisms attach to the submicron particles or
form microbial aerosols.'” For instance, it is around 0.1—0.6
pm for mycoplasma pneumonia.'® Since the characteristics of
these pathogens’ transmission in the air are similar to those of
particulate matter, an electrostatic precipitator (ESP) is a
perfect choice for removing fine particulate matter and
microbial aerosols in the meantime. In the past few decades,
electrostatic precipitation has proved effective for air
purification due to its excellent performance, good economy
and controllability, and high security.'”~** The aerosol particle
is first charged by corona discharge, aggregated by the
agglomerator, and then moves to the electrode plate under
the action of the electric field force and is finally captured.
Simultaneously, the electric field also kills microbial aerosols.”
In addition, the electrostatic precipitator can also produce
ozone and negative air ions "> that have a killing effect
through lipid and protein peroxidation.”® All of these fortes
make electrostatic precipitation popular with engineers and
researchers. From both research and application viewpoints,
the efficient electrostatic precipitator applied in the HVAC
should be qualified with the following characteristics: (1) High
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removal efficiency for submicron particles.”” It was demon-
strated that an electrostatic device has low trapping efficiency
for submicron particles of this kind of microbial size level,
especially at the range of 0.2 ym- 0.5 pm, which is caused by
the dual effects of low charge and weak Brownian
diffusion.'”***” To remove the submicron airborne pathogenic
aerosols efficiently, we should strengthen the entire process in
the electrostatic device, especially the agglomeration process.*’
(2) Low re-entrainment particles at high gas velocity. Most
research about electrostatic precipitation is currently accom-
plished at a gas velocity of 1 m/s. Furthermore, it was found
that the increase in gas velocity would directly lead to a
decrease in the collection efficiency.’’ By offline observation of
the microstructure on the collection plate, researchers
proposed that the agglomerated particles growing on the
collection plate tend to form re-entrainment, which may be
intensified with increasing gas velocity. Few researchers
reported the in situ observation. Jin et al’” studied the
agglomerated particles of chain structure on the collection
plate at different moments by the microscope and attributed its
formation to dipole—dipole force. Moreover, Zhu et al.*>~**
studied the dynamic evolution of particle chains at the
electrode surface with a microscope and high-speed camera.
It visually revealed that the re-entrainment in the ESP is related
to the fracture of the particle chain. (3) Low emission of
byproducts like ozone, etc. It is well-known that the ozone
generated by corona discharge is a double-edged sword, which
would cause severe environmental pollution and threats to
respiratory health without control. Nevertheless, it is also a
powerful oxidant for the oxidation and disinfection of airborne
hazardous substances. Therefore, it is feasible to control ozone
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Figure 2. Mind map of the collection enhancement mechanism in public air purifying system.

production and simultaneously take full advantage of it to solve
the problem.

On the other hand, despite these recent findings on the role
of electrostatic precipitation in air purification, it still cannot
meet the demands of efficiently removing multiple pollutants
in different situations. As an emerging technology with
outstanding purification ability, the nonthermal plasma method
is attracting more and more attention. It usually produces
abundant reactive species by discharge with direct current or
alternating electric field based on the corona discharge (CD)
or dielectric barrier discharge (DBD). It is usually generated at
a higher electric field strength than the relatively mild
discharge in electrostatic precipitation. The nonthermal plasma
from discharge in gas is composed of electrons, free radicals,
excited ions, and neutral atoms, which can further undergo
oxidation reactions to generate reactive oxygen and nitrogen
species (RONS) and excite photons (such as ultraviolet
photons). The past decade has seen the rapid development of
plasma in many fields, like VOCs,**™** NO,* and particle
matter (PM).*”*" More importantly, RONS can damage the
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surface proteins and gene chains of microorganisms, and the
ultraviolet radiation §enerated by plasma is considered to have
a sterilizing effect.” " With the development of modern
science, there has been thorough research about nonthermal
plasma’s physical and chemical principles.”*® However, in
terms of the application, nonthermal plasma usually plays the
role of ionizer'*® and particle collector,” which is far from
satisfactory. The research about the novel and efficient
application in removing airborne pathogenic microbial aerosols
is unfolding. In brief, some crucial points need to be discussed
and developed: (1) use security.”® (2) coordination in the
integrated system.”' The former mainly refers to the high
concentration byproducts and the operating parameters like
applied AC voltage for DBD. In contrast, the latter is a
scientific engineering problem: matching the plasma with other
modules such as the power supply to form an integrated air
purification system with high efficiency.

This paper first summarizes the primary mechanism for
collecting and disinfecting pathogenic microbial aerosols by
electrostatic methods and provides a comprehensive overview
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Environ. Health 2024, 2, 596—617


https://pubs.acs.org/doi/10.1021/envhealth.4c00100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00100?fig=fig2&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health pubs.acs.org/EnvHealth

Table 1. Summary of Examples for Collection Enhancement and Their Advantages and Disadvantages

Parts Methods Example Advantages Disadvantages Reference
Charging Electrode optimization Corona discharge Widely applicable Small scale o
Dielectric barrier discharge High efficiency High cost 5
Collection Parameter control Collection length Simple; controllable Efficiency limitation 56
Plate optimization Baffle structure High efficiency Not easy to clean 7
Surface modification Dielectric-constant coatings High efficiency; low ozone Low handling capacity 38
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Figure 3. (a) identification of the NAI species generated at the TENG-actuated carbon fiber electrodes using mass spectrometry. Reproduced with
permission from ref 24. Copyright 2020 Springer Nature; (b) schematic of the dielectric barrier discharge (DBD); (c) schematic of the deactivation
of virus treated with corona discharge plasma; (d) 3D geometry model of the W-plate structure. Reproduced with permission from ref 57.
Copyright 2020 Elsevier; (e) schematic of enhancing filtration efficiency of air coarse filter by electrostatic and adhesion effect in three regions.
Reproduced with permlssmn from ref 58. Copyright 2021 Wiley; (f) uneven topography of microbicidal fabric on the plate (SEM photograph at
363X magpnification);®” (g) Recirculating flow due to uneven topography simulated in OpenFOAM-7;%" (h) three-dimensional schematic of the
electroporation—disinfection cells (EDCs) that consist of copper oxide nanowire (CuONW)-modified copper foam electrodes; % (i) Removal

efficiency of E. coli varied with applied voltage at different hydraulic retention times (HRTs) and SEM images of E. coli after a 1 V, 7 s treatment;**
(j) timeline of the inactivation mechanism research about electrostatic method.
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of the latest advances in physical and chemical mechanism
research about collection reinforcement and deactivation.
Besides, the frontiers in the mathematical modeling of
migration and deactivation of pathogenic microbial aerosols
are discussed in detail. Moreover, the novel research about
constructing a comprehensive protection system for human
health is discussed, especially the cooperative control of
byproducts and purifying efficiency. Last but not least, we also
have an outlook on future research after concluding the
reported work. We hope this work can comprehensively
summarize the advanced theories and application strategies of
electrostatic aerosol purification methods, which will help
develop efficient and safe integrated air purification tech-
nologies in the future.

2. ADVANCES IN COLLECTION AND INACTIVATION
MECHANISM

For submicron aerosols at 0.2 ym - 0.5 ym diameter or even
smaller, diffusion charging may be more critical. Moreover, it
depends on the particle diameter, space charge density, particle
residence time in the ionic region,”” etc. Researchers separated
the charging and trapping processes to improve the removal
efficiency of submicron particles. They devised a two-stage
electrostatic device to improve the charging process and
restrain ionic wind generation.”®> The primary enhancement
mechanism for the two-stage electrostatic device is shown in
Figure 2. The detailed information is summarized in Table 1.
Next, the quotes and discussions would be conducted,
aiming at the charger and collector module. The physical and
chemical processes of purification are the leading research
topic.
2.1. Charging

Throughout the process of particle removal, charging is the
prerequisite. In terms of charger, in addition to directly
enhancing the particle charge by increasing the applied voltage
of the charger,56 Yao et al.>? studied the effect of discharge
polarity on the collection of microorganisms. They found that
a negative electric field was more effective than a positive
electric field related to the high concentration of negative ions
around the electrode. To meet the demand for abundant space
charge, nonthermal plasma was usually employed for particle
charging. Generally speaking, there are mainly two kinds of
plasma generators: corona discharge and dielectric barrier
discharge (DBD), determined by the discharge electrode-spike
or plate electrodes, as shown in Figure 3(c) and Figure 3(b),
respectively. The structural differences may directly determine
the distinctions in the charging and collection of submicron
aerosols.

Turning now to the corona discharge plasma, there are
mainly two types of electrode structure, wire-plate (tubular)
and spike-plate,'” both of which break through the air and
generate plasma by the extremely high electric field on the
electrode surface with relatively low curvature. Researchers
have adopted various optimizing works to gromote the space
charge density, like wire-plate structure,”>* and electrode
lines® with spikes and double corona discharge precharger.
The wire-plate structure is commonly employed to build the
electrostatic precipitator, including charger and collec-
tor.”**%°"% The corona discharge is uniform along the
electrode wire. Instead, the spike-plate structure can generate
a relatively more intense ionization zone at the electrode tip,
ensuring sufficient ions and charges."” Another significant
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aspect is its excellent controllability and low power require-
ments, making it more suitable for charging and widely noticed
by researchers. Our group recently proposed a multistage
spike-tubular corona discharge strategy, which ensures a high
removal efficiency of over 99% for submicron particles.”’
Besides, Liu et al®* improved spike-plate structure to a
modified vertically focused electric field for efficient PM
collection and sampling.

Having illustrated the advantage of corona discharge, we will
now discuss the DBD plasma supplied by an alternating
current. It is often used in large-scale applications due to its
flexible structure and large areas of stable plasma generated
between the two parallel plate electrodes covered by a
dielectric layer. In addition to charging, the AC electric field
between the electrode plates is favorable for particle
aggregation.’® Besides, Byeon et al.>® found that the relatively
higher voltage and lower frequency are beneficial for removing
submicron particles by DBD. So it is crucial to balance
efficiency and the operating cost of AC voltage. Moreover, it
has been found that electrostatic devices with DBD serving as a
charger would generate more positively charged particles than
negatively charged ones.”” While the latter helps induce the
inactivation of microorganisms.’® It indicates that DBD may
not be very effective in directly inactivating microorganisms by
negative ions.

Although there have been significant improvements by
structural optimization, the flexibility and efficacy still need to
be enhanced. Other supplementary means may be more
feasible in the application. Di Natale et al.”” applied the
electrospray to improve the charging in a wet electrostatic
scrubber (WES). Kettleson et al.”” used soft X-rays to generate
additional bipolar ions or direct photoionization to enhance
charging. What is more, Guo et al.”* developed a tribo-
electrostatic negative air ion generator with extremely high
removal efficiency for PM2.5, which provides an inspiring case
for designing a highly efficient and straightforward air ion
generator used to strengthen the charging and precipitation
process of particles. It is safer and more feasible for public air
purification systems than AC-supported chargers like DBD.

2.2. Collection

After the charging process, the following section will discuss
the collection process. It is widely acknowledged that the
parameter regulation of collectors plays an essential role in
improving collection efficiency. Due to the difference in
operating conditions, it is more feasible to realize collection
enhancement by optimizing structure parameters. The
collection efficiency of the two-stage structure is usually
enhanced by adjusting the spacing distance between the
electrode (plate) and plate, the collection length, etc.>"¢ It
would help improve the electric field force on the particles and
provide more deposition places for them. In addition, it is
worth mentioning that designing a collector with a unique flow
channel structure can also be an effective way to improve the
ESP performance. Zhu et al.”” found that using a baffle
structure, shown in Figure 3(d), can effectively improve the
flow characteristics of the airflow and increase the removal rate.
Chang et al.”’ designed a perforated plate and showed that the
turbulence caused by ion wind was used to optimize particle
agglomeration and improve the removal efficiency by 12%.
Based on research on collector structure, modifying the
collection plate with functional material coatings can also be a
novel method for increasing the PM removal efficiency,” "’

https://doi.org/10.1021/envhealth.4c00100
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which gradually received some attention. It was claimed that
the dielectric coating effectively reduces the breakdown risks
and restrains the release of ozone. Moreover, Prof. Jinhan Mo’s
group™® constructed electrostatically responsive filters with
polydopamine coatings to capture charged particles by
electrostatic and adhesion effect, which could realize a
relatively high single-pass filtration efficiency of nearly 100%
in 30 days. The enhancement is ascribed to the induced
polarized electric field, as shown in Figure 3(e). It provides
valuable means to develop high-efficiency electrostatic filters.
Benefiting from the enhanced electrostatic force of the dual-
zone electrostatically actuated filter, the capture efficiencies for
E. coli (Gram-negative) and Staphylococcus epidermidis (Gram-
positive) aerosols with diameters of 0.3—0.5 ym increased
significantly from approximately 25.4% to 98.4% at a filtering
velocity of 0.5 m/s, while maintaining air resistance at only 4.5
Pa.”” Similarly, Sim et al.”* demonstrated the outstanding
filtration performance of an electrostatic air filter decorated
with nanoparticles. More interestingly, Zhang et al.”’
constructed a filter of Schottky-junction material by loading
TiO, particles on carbon nano fiber, which can improve the
filtration efficiency of 0.3 ym particles from 61.59% to 92.98%
with UV—vis light irradiation. It was attributed to the
enhancement in long-range electric field force driven by the
polarization field at the interfaces and surfaces. Such work
provides some insights into improving the collection efficiency
of submicron aerosols. When discussing the application of a
collector with a plate structure, the filter mentioned above can
also be employed. Phadke et al.””’® combined microbicidal
fabric with a parallel plate, as shown in Figure 3(f) to efficiently
capture and inactivate microbial aerosols, which benefited from
the recirculating flow due to uneven topography (Figure 3(g)).

2.3. Inactivation

2.3.1. Physical Mechanism. Having discussed how to
enhance collection efficiency, the section addresses the
physical inactivation mechanism-electroporation. Electropora-
tion was first researched in 1967, as shown in Figure 3(j). Here
is a summary of the classical theories together with the latest
findings with meaningful enli%htenment.

In the 1960s, Sale et al.”” examined the disruption of
cytomembrane induced by the electric field, also called
electroporation. It was deemed to cause the electrolyte and
charged ions in the phospholipid bilayer to migrate, and the
ion concentration on both sides of the membrane changed.
Eventually, the permeability increases, which leads to the
destruction of the pathogen structure and death.”> Based on
this, novel research about microbial disinfection has prolif-
erated.

The past decade has seen the rapid development of structure
innovation in traditional electrostatic devices for microbial
aerosol disinfection. Building an appropriate electrode
structure for discharge is the key to realizing efficient
sterilization. It is worth mentioning that Prof. Xie’s
group’®”” put forward “locally enhanced electric field treat-
ment (LEEFT)”, which refers to the novel electrode decorated
with functional nanowires. It can arrive at a high electric field
strength of about 107 V/m at the tips of nano wires with a low
applied voltage (~1 V), which would result in the electro-
poration of microorganisms and is exceptionally effective for
water disinfection.”® The mechanism and results are shown in
Figure 3(h, (i). It can be known that LEEFT can reach a high
log removal efficiency of 7—8 in several seconds. The
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destruction of the membrane structure is also undeniable.
Moreover, they also adopted in situ observation of the
collection and inactivation process,”’ which sets a research
example for analyzing the dynamic characteristics of microbial
aerosol in an electric field. On this basis, Huo et al.”’
successfully combined it with a two-stage electrostatic device
to collect and inactivate airborne pathogenic microbial
aerosols, marking significant progress in electrostatic air
purification.

Besides the electric field strength, discharge current can also
be an induction faction to inhibit the growth of bioaer-
osols."** He et al.*” developed a self-sustaining smart air filter
(SSSAF) by sandwiching the PZT/PVDF membrane with two
metal mesh to harness wind energy, ensuring effective
suppression of bacterial growth without requiring extra
power. Although the voltage on the membrane is only 4 V,
the electric current of 700 nA could kill 96% of the original
bacteria in S h. The SSSAF was meticulously designed to tap
into the energy naturally present in the airflow used for
filtration, ensuring a consistent and self-sustaining power
source for the system.

2.3.2. Chemical Mechanism. Since Kreuger and Reed®
confirmed that negative air ions had effective inactivation
performance for microorganisms in the 1970s, there have been
several tidal waves of study on it, either for science or
engineering. Kellogg et al.** investigated the killing effect of
negative ions on Staphylococcus Albus and found that O;
generated by corona discharge would be converted into H,O,
in the liquid medium, thus effectively killing bacteria.
Nevertheless, Digel et al.®¢ thought the ions sterilize the
virus primarily by binding to the surface protein. Similarly,
Badhe and Nipate®™ proposed a hypothesis that negative
oxygen ion clusters [O3(H,0),] and bicarbonate ions [HCO;]
generated by oxygen ionizer can act on the spike protein of the
COVID-19 virus and turn the environment of the lung into
neutral or alkaline, which relieves the patient’s symptoms and
helps them recover. In addition to chemical reactions between
ions and protein, electroporation was also regarded as one of
the negative ions’ most critical disinfection effects.*®

Based on the basic theory of discharge, researchers have put
forward various optimization works to improve the ionizing
process and thus strengthen the inactivation of micro-
organisms, such as developing novel electrode material’
and establishing novel electrode distribution,”’ etc. The most
popular ionizer is tightly packed carbon fibers.””**

However, little evidence has been found associating species
of negative air ions with microbial inactivation performance in
the 21st century. “NAIs” is a nebulous term, more of an
application terminology. According to existing research and
applications, ozone and NAlIs go hand in hand when
electrostatic precipitator works. Even more surprising, there
is a strong synergistic effect between ozone and NAIs on the
inactivation of microorganisms.89 It can be seen that in earlier
research researchers had to define the species produced by air
ionizing as NAI due to the underdeveloped mass-spectrometric
technique. Subsequently, with the development of substance
diagnostic procedures, it is gradually superseded by reactive
oxygen and nitrogen species (RONS). It can be seen from
Figure 3(a) that 07,05 030,03 CO; CO; NO; NO;,
OH™ and HCO; combined with (H,0), ions were detected
from the NAIs released by corona discharge in the air.”*
Besides, atomic oxygen (O), singlet oxygen (*O,), ozone (O;),

https://doi.org/10.1021/envhealth.4c00100
Environ. Health 2024, 2, 596—617


pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

EVE

and nitric oxide (NO) also play essential roles in the
disinfection of microorganisms by the electrostatic device.”"™">

However, the inactivation mechanism of the specific active
species and microorganisms is still not precise enough in the
research field of NAIs. For example, what is the priority for
reacting to different ROS under different working conditions?
Fortunately, the effect of RONS on microbial inactivation has
been studied in detail and precisely in recent years due to the
development of nonthermal plasma. Then there is a specific
inductive discussion of such problems.

Figure 3(c) shows the sterilization mechanism of plasma
technology in which RONS dominates. Although the tradi-
tional electrostatic precipitation method can also provide a
certain amount of reactive species, the relatively low ionization
intensity still can not meet the demand for high-efficiency and
broad-spectrum sterilization. Exactly, nonthermal plasma
technology can meet the demand for high energy density
under the same working conditions. It has become a future-
oriented sterilization technology in the air, water, and food and
has received extensive research attention. More importantly, it
proves feasible to study the difference in the effect of various
RONS on the microorganisms by regulating the discharge
atmosphere and other operating parameters, which could also
intensify the disinfection. It breaks through the limitation of
electrostatic precipitation technology.

According to the research on the biological effects of reactive
oxygen species, ROS with relatively low levels would positively
influence activity. In comparison, ROS at high levels tends to
cause irreversible damage to the microorganisms’ DNA/
protein/lipids and accelerate death.”® As plasma came into
scientists’” view, more details about reactive species generated
from discharge emerged.

According to existing time, species were classified into two
subtypes: long-living and short-living species when applying
nonthermal plasma. Concerning the former, ozone is one of
the most noticeable species for its excellent oxidation
susceptibility, which is a double-edged sword. Ozone has
been a representative sanitizer for water disinfection.”” There
has been heated discussion about whether ozone can control
airborne viruses, especially COVID-19.”%~"

Since it has been demonstrated that ozone is adequate to
deal with viral diseases like Ebola and HIV, Tizaoui'®”
evaluated its inactivation performance for the COVID-19
virus by molecular modeling. Besides, Alimohammadi and
Naderi'*® further concluded that coronavirus like COVID-19
is easily destroyed by ozone due to the oxidation of cysteine-
containing sulfhydryl groups. Bayarri et al.'”* concluded that
the ozone inactivation of the enveloped virus is due to the
alternation generated by ozone, which destroys its membrane.
In contrast, the nonenveloped virus is unknown now. More
importantly, relative humidity (RH) is confirmed to be
positively correlated with the disinfection effects of ozone to
a certain extent, which is easier to ignore than other common
conditions such as temperature, reaction time, ozone
concentration, etc. Specifically, the optimal relative humidity
exists between 70% and 90%.'*"'> The high RH condition
favors the generation of more radicals than those with low RH.

In contrast to the widely known ozone, other reactive
species may be more efficient. It has been demonstrated that
the amount of active species required to inactivate the virus per
unit number is 75—750 times the amount of ozone generated
in the same plasma reactor.'’”'"” After further discussion of
the inactivation mechanism of other kinds of RONS, more
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previously unknown facts come into view. Ozone is widely
known to the public for its brilliant stability and reliability in
disinfection. However, the inactivation ability of 'O, proves to
be better than that of the long-lived species.'”® The histidine
residues would be oxidized during the inactivation process.””
Moreover, it would also cause a shift in the molecular mass of
the methionine residues. Besides, cysteine, tyrosine, trypto-
phan, and guanine would also react with '0,." So the singlet
oxygen is crucial for the disinfection of feline calicivirus™*>'*’
and bacteriophage T4.'08 Apart from chemical reactions,
singlet oxygen can also induce protein cross-linking inside the
capsid.''® However, the other two main reactive oxygen
species, ozone, and hydrogen peroxide play a secondary role in
inactivating calicivirus,™*'** MS2,"”” and adenovirus.'** And
the latter may be rare in the inactivation process of pathogenic
microbial aerosols. The reactive nitrogen species are usually
considered to be critical factors in research about feline
calicivirus. The species of interest are ONOO™'% and
ONOOH"?? (when in an acidic environment). The
peroxynitrite derived from ONOO™ has a strong ability for
diffusion and oxidation, which leads to lipid peroxidation and
destroys the cell wall.''> At the same time, an acidic
environment or even a weak acid environment has an
inhibiting effect on the inactivation process.''* It is worth
mentioning that these results are obtained from the experiment
in the liquid phase, and they may not be entirely suitable in the
gaseous phase. When the inactivation of aerosols is discussed,
humidity may be a crucial factor. Based on the discussion
above, a conclusion can be drawn that short-lived RONS play a
vital role in inactivation. Gao et al.''> examined the
inactivation enhancement of pathogenic microbial aerosols
by subjectively increasing the concentration of short-lived
species. They realized this by enhancing the electron energy
and adjusting the airflow rate. The former is obtained by fast-
rising time voltage pulses, considering the plasma chemistry.'"®
At the same time, the latter may be simpler but not very
effective due to the future demand for air purifiers with high
purification capacity.

In our opinion, both objective and subjective factors need to
be considered. For the environmental factors, the humidity
should be reasonably controlled in this reason. Besides, the
reactor’s volume proportion of corona discharge must also be
expanded to increase the interaction time between plasma and
aerosols. As described below, modeling and simulation are
essential for the accurate analysis and control of related
parameters.

Besides the chemically active species generated by discharge,
the surface functional groups of the collection media could also
have a chemical effect on the disinfection of bioaerosols. The
primary mechanism operates by leveraging the positive charge
carried by the metal/organic ions adsorbed onto the bacteria’s
surface. When these positive ions approach the cell membrane,
an electrostatic attraction arises due to the membrane’s
negative charge, resulting in a Coulombic gravitational force.
This force facilitates the penetration of the cell wall, ultimately
leading to the demise of the bacteria.''”""®

This effect could be attributed to the interaction between
positively charged amino groups and the bacteria, potentially
disrupting the delicate equilibrium between bacterial cell wall
synthesis and dissolution. Consequently, this disruption may
lead to the leakage of intracellular components and ultimately
result in bacterial cell death.'”'*° Based on it, Sun et al.'*’
proposed a positively charged and chitosan-dipped air filter for
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Figure 4. (a) Schematic of experimental investigation about the dynamic characteristic of submicrometer-scale aerosol in a high-voltage electric
field by a visualization method; (b) visualization images of the particle motion at different working conditions: the charger of 1.0 kV and collector
of (b1) 0, (b2) 1, (b3) 2, and (b4) 3 kV/cm; (c) collection efficiency comparison of the experiment results and the calculation value when the
particle diameter was 0.25 um (Electric field strength: 6 kV/cm, gas velocity: 4 m/s). Reproduced with permission from ref 130. Copyright 2021
Elsevier; (d) relation between ozone concentration and contact time in the process of microbial inactivation; (e) evolution process of ozone
concentration of pin-cylinder discharge device under different gas velocities: u = 0, 0.3 m/s; (f) relation between the dimensionless parameter-ratio
of [03/L] (-V/+V) and the reciprocal of velocity. Reproduced with permission from ref 144. Copyright 2020 Elsevier; (g) reactive species density
at different times. Reproduced with permission from ref 145. Copyright 2014 IOP; (h) susceptibility constant of S. epidermidis and S. marcescens; (i)
distribution of S. epidermidis and S. marcescens in duct flow at X = 0.1 m. Reproduced with permission from ref 146. Copyright 2019 Elsevier.

the inactivation of airborne bioaerosols. It was proposed that
the charged filter media’s positive charges and the -NH}
groups found on the chitosan-treated filter media have the
potential to engage with negatively charged bacteria. This
interaction leads to a disruption of the metabolic equilibrium
of the bacterial cells, ultimately resulting in their inhibition.

Overall, it can be summarized that disruption of the charge
balance induced by physical or chemical mechanisms results in
the inactivation of microbial cells.

3. MODELING OF THE COLLECTION AND
INACTIVATION PROCESS

Since being invented in 1907, electrostatic devices have been
studied efficiently and extensively to remove airborne
particulate pollutants. Over the past 100 years, there has
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been a significant increase in analytical theories and numerical
models of particle collection by electrostatic devices.'”*™"** In
comparison, numerical research on inactivation by the
electrostatic device has been conducted in recent years.'>>'*
More advanced modeling and numerical simulation work will
be presented next.

3.1. Collection

Generally, three types have been identified as potentially
significant in the modeling research of electrostatic precip-
itation: (1) Efficiency model based on the classical Deutsch
theories;'”” (2) Numerical method for solving the particle
advection-diffusion equation;'*® (3) Optimization of the
Lagrangian method."”” Fundamental theories of charging and
agglomeration are becoming more mature and perfect.
However, few reports have concentrated on mathematical
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Table 2. Summary of the Inactivation Performance of Ozone

Ozone Concentration (Ppm) 90% Inactivation Time (Min) Relative Humidity Viruses Reference
0.05 180 35% Herpes 132
10.33 0.3 55% Ssdna,Ssrna,Dsdna, Enveloped Dsrna 106
123 70 55% 4 Phages 133

10 11.36 55% Different Viruses 134
0.6 100 55% Ssdna,Ssrna,Dsdna, Enveloped Dsrna 139
12 14 55% Ssdna,Ssrna,Dsdna, Enveloped Dsrna 139
2.9 0.307 106
1.8 6 40% ®x174 Her-036 136
1.43 0.307 55% ®6 Atcc 21781-Bl 106
1.13 40 55% ®6 Her102 133
5 3 52% Hepatitis A Hm175/18 F 137
28 60 40% Herpes Simplex-1, Be-Cdc 105
20 90 40% Influenza A/Wsn/33 H1/N1 138
3 52% Murine Norovirus-1 S99 137
1 3 52% Murine Norovirus-1 $99 137
1.13 10 85% Ms2 Her462 133
23 0.307 85% Ms2 Atcc 15597- Bl 106
023 70 85% Murine Norovirus- 1 Pta-5935 133
3.5 0.307 85% T7 Atcc 11303-B1 106
0.075 35 70 ® X174 139
1.6 0.307 85% Ms2 Atcc 15597-B1 106
1.13 40 85% ®6 Herl02 133
20 18 80% Influenza A/Wsn/33 H1/N1 138
50 40 80% Influenza A/Wsn/33 H1/N1 15
20 90 80% Influenza A/Wsn/33 H1/N1 36
20 18 80% Murine Norovirus 140
525 30 99% Sars-Cov-2 141
0.9 40 85% ®x174 Atcc 13706-B1 106
100 180 85% Theilers’ Murine Encephalomyelitis Virus 1
1 60 70% Sars-Cov-2 142
6 55 70% Sars-Cov-2 143

models and simulation methods of migration and collection
processes for pathogenic microbial aerosols in the electric field,
which could be more macroscopic and valuable. Our group
recently proposed a novel visualization method based on Mie
scatterings, providing a new way to research aerosol dynamic
characteristics in the electric field,"*° as shown in Figure 4(a,
b). By analyzing the particle motion behavior in the electric
field under various working conditions, we defined a
dimensionless calculation formula for describing the relation
between the collection efficiency (1) of aerosol particles and
multiple parameters, shown as follows.

Vi, L

1 3ﬂ,uD2uxdp (1)
where V; is the electrostatic potential of the collector (V), g, is
the particle charge number, L; is the length of the grounded
plate (m), u is the viscosity coefficient of laminar flow (kg/(m-
s)), D is the plate-to-plate spacing (m), u, is the x-direction
component of the gas velocity and the d, is the particle
diameter (m). This formula provides practical, theoretical
support and a method for studying aerosol particles’ motion
dynamics and even microorganisms’ migration and capture
process in the electric field, as verified by the comparison of
experimental value and calculated value shown in Figure 4(c).

3.2. Inactivation

As explained at the beginning of the section, it is clear that the
modeling research of inactivation behavior is less developed
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than that of collection. In particular, the former is more
complicated due to the coupling effect of ozone and other
reactive species. We will discuss them step by step in the
following.

In the application field of electrostatic methods for
microorganism inactivation, ozone was the pioneer in the
fight against the virus.">’ We concluded the performance of
ozone disinfection as shown in Table 2. Furthermore, the
relation between the 90% inactivation time and the ozone
concentration at a relative humidity of about 55% was further
analyzed in Figure 4(d), which shows an exponential
relationship. In the region of the ozone concentration (0—
3.19 ppm), the inactivation time decreased rapidly with ozone
concentration. While at relatively high ozone concentrations,
the promoting effect is not apparent, which may also cause
secondary pollution. However, there is no general regularity for
the inactivation performance at high relative humidity.
Experimental results obtained at average relative humidity
may be more instructive. Besides, Jahromi et al.'®' did a
numerical simulation of the ozone distribution in an enclosed
space. They put forward that it can help to find the appropriate
location of the generator/fan for a high-efficiency disinfection
process in a short time.

Moreover, a novel simulation method for forecasting the
ozone distribution in the corona discharge process of the pin-
cylinder electrostatic device has also been established,'**
verified by experiment. From Figure 4(e), it can be directly
known that the gas velocity increase contributes to ozone’s
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Table 3. Comparison of Inactivation of Various Microorganisms under Non-Thermal Plasma (NTP) Treatments

Microorganism Treatment characteristics Log reductions reported ~ Reference
C. jejuni Atmospheric pressure plasma jet (APPJ), argon (Ar) and 1.5-2.5 151
ambient air
E. coli DBD, ambient air 4—43 152
E. coli Corona discharge plasma jet, Ar ~ 4 153
E. coli DBD, in package 4.5-6.0 154
E. coli, S. enterica Diffuse coplanar surface barrier discharge (DCSBD), ambient 59 and S 153

E. coli, S. enterica, B. subtilis

air
DCSBD, ambient air

~ 6.5, ~65 ~35

E. coli O157:H7, S. aureus, S. Typhimurium Corona discharge plasma jet, dry air 4.5-5.0
L. monocytogenes, L. innocua APPJ, ambient air and N, ~ 2.5 158
S. enterica; E. coli Corona discharge plasma jet, ambient air 5.3,5.5 159
S. Enteritidis APPJ, ambient air 3.5-5 160
S. enterica serovar Enteritidis, E. coli 0157:H7, L. DBD, (Helium) He and moisture 31+0.1,14 +0.1, tel
monocytogenes 1.1 £0.1,
B. amyloliquefaciens DBD, ambient air ~>8 162
B. subtilis DCSBD, ambient air ~2 156
B. subtilis var. niger DBD, 22% O,, 30% N,, 40% CO, and 8% Ar 5—6 163
G. stearothermophilus DBD, Ar 3 164
A. flavus, A. alternata, F. culmorun DCSBD, ambient air 42,32,38 163
A. niger spores SDBD, O,, humidified compressed air, and humidified O, 3—4 166
Z. rouxii DBD, ambient air ~S 167
Z. rouxii APPJ, ambient air 2.4—6.85 168
F. calicivirus DBD, ambient air 4.5 169
Murine Norovirus APPJ, ambient air 3-7 170

dissipation. Besides, there is a linear relationship of high fit
between the ozone concentration per unit current and the
reciprocal velocity, which applies to both positive and negative
polarity. Meanwhile, Figure 4(f) indicates that gas velocity
affects the ozone concentration generated from different
polarities, presented as a power function. This work efficiently
provides the theoretical basis for constructing the numerical
relationship between the operating parameters of the electro-
static device and the inactivation efficiency.

aC
u —
}’ay

0 ( 0C) 0| _odC
= —|D,— |+ —|D—

ox\ = Ox oy 7oy
0

aC
+ —|D— |+ S(x,y,2,¢, ¢
6z(zdz) (e, y )

(2)

Having discussed ozone, the following section will address
the modeling of the effect of ions generated by discharge. For
example, Kim et al."* tried to evaluate the numerical relation
between the susceptibility constant'’® of E. coli and the
concentration of air ions by the linear regression coefficient
"Z". It represents the microbial effects of air ions with different
polarities on E. coli, which indicates that positive ions may be
more effective in the inactivation of E. coli. This conclusion
contradicts what we know about the negative ions. Similar
results were also obtained in the work of Nunayon et al.'*®
They explained that microbial aerosols carrying negative
charges are more easily deactivated by positive ions, although
the concentration of negative ions is much higher than that of
positive ions. In addition, Kang et al.'*’ demonstrated the
repulsive interaction between the textile of negative electric
potential and SARS-CoV-2 aerosol carrying negative char§es,
which indicates that the assumption of Nunayon et al.'* is
plausible.
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The inactivation behavior of air ions released by discharge
cannot reflect the combined influence of plasma on the
microorganisms. When discussing the intrinsic reaction
dynamics of the microbial aerosol inactivation process, survival
curves may be one of the most simple and effective means.
Two different equation models have been adopted to
characterize the inactivation dynamics of three kinds of
microorganisms treated with a plasma jet."**™"* In particular,
the survival curves of the vegetative cells of Bacillus subtilis and
E. coli are based on the same equation.

NO|_

No (4)
For the vegetative cells of Bacillus subtilis, n > 1; while for the

E. coli, n < 1. However, the equation used for Murine norovirus
is a fractional function shown below.

log, . s(t) = log, ,

kqt
ky +t

log s(t) = —

o )

The reaction model was built to better apply electrostatic
methods in pathogenic microbial aerosols’ inactivation.
Combining numerical simulation with experimental research
for engineering applications and research is better. The
detailed data of inactivation dynamics under nonthermal
plasma (NTP) treatments are shown in Table 3. It is
demonstrated that nonthermal plasma (NTP) treatments
pose significant potential for inactivating a wide range of
microorganisms. The effectiveness is influenced by the type of
plasma treatment, the gaseous environment, and the specific
microorganism. DBD and DCSBD methods in ambient air
tend to achieve higher log reductions, especially for bacterial
pathogens.

For characterizing the time scale of active species in the
corona discharge process, Schmidt-Bleker et al. used
COMSOL combined with Fourier transform infrared (FTIR)

https://doi.org/10.1021/envhealth.4c00100
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to establish relevant models.””' On the one hand, they

employed FTIR spectroscopy to measure the absolute value of
ozone and NO, generated from the plasma jet. At the same
time, COMSOL was applied to determine the correct time
scale for the species generation. The results are shown in
Figure 4(g), which helps study the change of species and
control the reaction atmosphere to alter the selectivity of
species evolution.

Furthermore, numerical simulation was applied to explain
the dynamic inactivation characteristic, mainly based on
commercial computational fluid dynamics (CFD) software.
For instance, Zhou et al.'”” adopted numerical simulation to
study the microbial aerosol disinfection process in the air duct
equipped with corona discharge plasma. They innovatively put
forward a new continuity equation employed in calculating the
change of the bacteria concentration in the air duct, which is as
follows.

aC
ot

L4+ Ve[ + w)C] = V-[(D + £,)VC] — ApC, 3)

where A is the disinfection coefficient (susceptibility) (m*/(C
X s)). By verifying the experiment, they set up the relation
between the susceptibility constant and the concentration of
negative air ions. The relevant results are presented in Figure
4(h). Moreover, the contour of the bacteria concentration in
the air duct is shown in Figure 4(i), which provides valuable
information for predicting the disinfection of electrostatic
devices in engineering. Based on it, Feng et al'”? put forward a
more specific numerical method considering the synergistic
effects of the electric field, electrohydrodynamic flow, and
biological disinfection to comprehensively judge the microbial
aerosol inactivation process in the air conduct. They optimized
the traditional electrostatic device to an “electrostatic
disinfector” (ESD) composed of an electrostatic device and
filter, which is more feasible in application than a single
electrostatic device or filter.

Until now, enhanced mechanisms and related numerical
modeling research about airborne pathogenic microbial
aerosols’ collection and inactivation processes have been
extensively expounded. The purposes of these works are
intended to pave the way for building a reliable health
protection system, which is the focus of the next section.

3.3. Model Validation and Details

Modeling and simulation of airborne aerosol disinfection
involve understanding the behavior of aerosols in an airspace
and evaluating the effectiveness of disinfection methods. Key
factors include aerosols’ physical and chemical properties,
environmental conditions, and disinfection mecha-
nisms.&174-180

Aerosol dynamics play a crucial role in the simulation.'”
Aerosols range from nanometers to micrometers in size, and
this size distribution affects their sedimentation, evaporation,
and interaction with disinfectants. The primary transport
mechanisms for aerosols include advection (air currents),
diffusion (Brownnian motion), and sedimentation (gravita-
tional settling).

Additionally, ventilation and airflow are crucial in determin-
ing the distribution and dilution of aerosols within a space,
playing a significant role in controlling the spread of infectious
particles like viruses and bacteria."®" The mechanisms involved
include natural ventilation through windows and doors, which
allows outdoor air to dilute indoor contaminants, and the stack

8
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effect,'®” where warm air rises and escapes through higher
openings while cooler air enters from lower levels. Mechanical
ventilation via HVAC systems circulates and filters the air,
while exhaust and supply fans manage air removal and
introduction.'® Hybrid systems combine both methods for
the optimal air quality. Key influencing factors include the air
exchange rate (measured in air changes per hour (ACH)) and
ventilation rate, which dictate how frequently indoor air is
replaced with outdoor air. Airflow patterns, such as displace-
ment ventilation (introducing air at floor level and extracting it
at ceiling level) and mixing ventilation (distributing air evenly),
also impact aerosol removal efficiency.'®* Filtration systems,
particularly HEPA filters and those with high MERV ratings,
capture fine particles and enhance air quality.'® Room design
and occupancy affect aerosol concentration, with larger spaces
diluting aerosols more effectively and higher occupancy levels
necessitating increased ventilation.'*® Environmental factors
like temperature, humidity, and outdoor air quality further
influence aerosol behavior.®” Specific examples illustrate these
principles: healthcare settings use negative pressure rooms and
high ACH in operating rooms to prevent infection spread;
classrooms and offices improve ventilation and use air cleaners
to reduce respiratory infection risks; public transportation
employs advanced HVAC systems for filtration and directional
airflow; and residential buildings benefit from regular use of
exhaust fans and natural ventilation. Optimizing these factors
can significantly reduce infectious particle concentrations and
improve the overall air quality.

Disinfection mechanisms are another vital component.'”
Chemical disinfectants interact with aerosolized pathogens,
and their effectiveness is influenced by the concentration,
contact time, and reactivity. For the disinfection mechanisms
of electrostatic plasma methods, its effectiveness depends on
factors such as current intensity and electric field strength.

Computational Fluid Dynamics (CFD) is extensively used
to simulate fluid behavior and interactions, which proves
particularly useful for predicting aerosol dispersion, deposition,
and transport in various environments. This capability is
critical in fields such as environmental engineering, industrial
hygiene, and healthcare. Several CFD techniques are utilized in
aerosol simulations, each suited for specific scenarios. Direct
Numerical Simulation (DNS) is highly detailed but computa-
tionally expensive, suitable for small-scale studies requiring
high resolution.'® Large Eddy Simulation (LES) balances
detail and computational demand by resolving large-scale
turbulence and modeling smaller scales, making it apt for urban
dispersion studies.'® Reynolds-Averaged Navier—Stokes
(RANS) offers efficiency for steady-state and mean-flow
analyses through turbulence models like k-& or k-w but may
lack detail for transient phenomena.'”® The Discrete Phase
Model (DPM) tracks individual aerosol particles within the
fluid phase, ideal for HVAC systems and pollutant dispersion
studies.'”’ The Eulerian-Lagrangian approach, combining
Eulerian treatment for the fluid and Lagrangian treatment for
particles, provides detailed tracking but at a high computa-
tional cost. Accurate CFD simulations require careful
parameter settings.'”> Domain size should encompass all
relevant interaction areas with mesh quality adjusted to balance
accuracy and computational load. Boundary conditions must
accurately represent inlets, outlets, and walls, while turbulence
models should be chosen based on flow characteristics, with
constants adjusted based on validation data. Particle properties,
including size distribution, density, and shape, must be defined
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Figure S. (a) Top-view operational schematic of structure design of microorganism-ionizing respirator, photo of the commercial prototype with its
custom facepiece and power indicator LED light and the analytic particle removal efficiency; Reproduced with permission from reference 195.
Copyright 2018 Elsevier. (b) concept of virus-blocking textile (VBT) that repulses SARS-CoV-2 aerosols using Coulomb forces. Reproduced with
permission from reference 147. Copyright 2022 Elsevier; (c) Disinfection of contaminated N95 mask with corona discharge;lg3 (d) schematic
diagram describing the disinfection of a facemask by the ozone generated from a DBD plasma generator;'** (e) schematics of the resonance-
vibration-driven (RV)-disinfection system in an air duct’” and (f) photo of the integrated electrostatic device. Reproduced with permission from
reference 56 ; Copyright 2020 Elsevier.

to reflect realistic behavior. Time step size should capture outcomes, and uncertainty quantification addresses uncertain-
transient phenomena without excessive computational de- ties in the model inputs and parameters.

mand, and convergence criteria must be stringent to ensure
accurate results. Interpreting CFD results involves validation
and verification to ensure the accuracy. Verification confirms
numerical methods, while validation compares results with
experimental data. Postprocessing includes flow visualization, calculating mean absolute error (MAE), root-mean-square
particle tracking, and statistical analysis to derive meaningful error (RMSE), and R-squared values, quantify model accuracy,
insights. Sensitivity analysis assesses the impact of parameter
variations, and uncertainty quantification evaluates the
confidence in the results. Practical applications range from
indoor air quality assessment to urban pollution studies,

For model validation, experimental comparisons are made
through chamber studies in controlled environments and field

studies in real-world settings. Statistical methods, such as

while confidence intervals assess the reliability of the
predictions. To ensure robustness, a scenario analysis validates

the model across different environmental conditions, aerosol

providing actionable insights for design optimization and types, and disinfection methods.
health risk assessments. Key considerations include justifying model assumptions
CFD is a powerful tool for aerosol simulations, offering such as uniform aerosol distribution, ensuring scalability to

detailed insights into fluid-particle interactions. The appro-

handle different scales from small rooms to large buildings, and
priate choice of simulation methods, parameter settings, and

. L . deriving practical implications for improving ventilation
careful result interpretation is crucial for accuracy. Future & P P P 8

advancements may involve integrating machine learning to systems, disinfection protocols, and public health policies.

enhance predictive capabilities and reduce computational In conclusion, the effective simulation of airborne aerosol
costs. disinfection requires comprehensive modeling of aerosol
Moreover, kinetic models describe the interactions between dynamics, environmental conditions, and disinfection mecha-

disinfectants and pathogens, utilizing reaction kinetics and
dose—response curves to predict pathogen inactivation
rates.'”* Validation methods include comparing simulation
results with experimental data to ensure accuracy. Sensitivity aiding in the design and optimization of disinfection strategies

analysis evaluates the influence of various parameters on model in various settings.

nisms. Rigorous validation through experimental comparisons

and statistical analysis ensures the reliability of the model,
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Table 4. Comparison of Electrical Energy Per Order (Egy) Values on Different Air Disinfection Technologies

Disinfection technologies Electrode material Bacteria/Virus Ego (kWh'm™>-order™) ref.
Electrostatic assisted catalysis ~ Mixed metal oxide (Ti/IrO, + TaO,) E. coli 2.4 x 107 208
N/A E. coli 10 X 1073 to 2.0 x 107 >

Ag—Co;0, E. coli 12 x 107 207

Laser-induced graphene T4 bacteriophage 3x 107 208

Electrostatic precipitation PET fiber E. coli and S. epidermidis 2.75 X 107° 7
Cu(OH),NW-Cu Pseudomonas syringae and Phi6 0.85; 4.70 X 1072 209

MnO mesh coated with MnO, E. coli 8§ x 107* 210

Copper-clad plates P. fluorescens 12 x 107* 59

Copper-clad plates B. subtilis var. niger bacteria 6.5x 107 59

N/A E. coli 44 x 107 2

Cu;PNW-Cu MS2 2% 107* 7

Plasma N/A E. coli 1.90 X 1072 212

N/A Porcine reproductive and respiratory syndrome virus 2.11 X 1072 213

TiO,/Cu* @perlite E. coli 12 x 1072 2

N/A E. coli 7.18 X 107 v

N/A S. epidermidis 625 x 1072 v

4. HOTSPOTS IN THE APPLICATION

4.1. Comprehensive Protection System for Human Health

For decades, researchers around the globe have been refining
the electrostatic purification method to create superior
purification systems for healthier living environments. The
section examines three key applied research areas aimed at
eliminating airborne pathogenic microbial aerosols: personal
protection, public purification, and surface disinfection.

As far as individual protection is concerned, a face mask
plays the most critical role. Park et al.'”> miniaturized the ESP
and made a microbial ionization respiration mask, reducing
respiratory resistance compared to traditional face masks, as
shown in Figure 5(a). It has embedded catalytic fiber, ensuring
the ozone’s ultralow emission. The result of the purification
test stated that the mask equipped with an electrostatic device
could remove 0.5 ym particles at a gas flow of 10 L/min, which
is feasible to intercept the transmission of submicrometer
microbial aerosols. What is even more interesting is that Kang
et al.'""” developed a novel virus-blocking textile (VBT) to
repulse SARS-CoV-2 aerosols with Coulomb forces. They
demonstrated that SARS-CoV-2 carries negative charges and
harnesses the triboelectric effect from the human body to
power the VBT, continuously maintaining a negative electrical
potential continuously. This mechanism successfully blocked
99.95% of the virus in the experiments. The schematic of this
process is shown in Figure 5(b). These findings offer valuable
insights for developing portable personal barriers to protect
humans from pathogenic aerosols.

In addition to removable personal air purifiers, integrated
purification systems have garnered significant attention from
researchers. As discussed in Section 2, optimizing electrode
structures effectively enhances particle removal. However, the
design of an integrated system is crucial when applying
electrostatic devices for indoor purification. For instance, the
development and coordination of the power supply with the
electrostatic device are key to ensuring efficient and sustainable
operation of the entire system. Huo et al.”’ developed a novel
two-stage electrostatic device with a collection plate modified
with CuyP nanowire, as shown in Figure S(e). The CuyP
nanowire dense array structure introduced in the conventional
static apparatus improves the local electric field intensity in the
collecting region up to 3 X 10°® V/m. The design concept can
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also be verified in standard ion generators made of carbon
fibers.”* It has been developed an integrated electrostatic
precipitator of the application level.*® The details about it are
presented in Figure S(f). It was composed of a power supply
module, a charging module, a collection module, and a fan
module, of which the entire volume is about 0.00298 m?. In
addition to the structure design, the application of the power
supply system is also very significant for the large-scale
promotion of the purifying device, such as application in the
office building, etc. Direct current power may be one of the
best choices for the future development of electrostatic air
purifiers. It can be compatible with various novel energy
systems like solar power and triboelectrostatic nanogener-
ator.”” One significant issue with electrostatic charging is the
limited lifespan of the charging pins. It greatly affects the
performance and practical application of electrostatic plasma
methods. To address the problem, Gao et al.'”® placed the
carbon brush ionizer in a cup holder with shielding air pumped
in, protecting it from corrosion and contamination by dust.
Additionally, the charger mentioned above was combined with
a foldable PET collector,'”” achieving an average efficiency of
95.4% for 0.3—0.5 pum particles over 25 days. They also
compared the ionic concentration of a metal pin, cascaded
metal pin, and cascaded carbon brush using a commercial air
ion detector, underscoring the exceptional air ion generation
performance.

In the epidemic era, in addition to blocking the spread of
viruses in the air, attention should also be paid to the
disinfection and cleanin§ of potential virus pollutants, such as
facemasks,"**'%? food,”® and water,***°! etc. KS Narayanan et
al.'”* employed corona discharge to sterilize the contaminated
N95 mask, which could easily reach a log reduction of 2—3
against E. coli in about 7.5 min, as shown in Figure 5(c).
Besides, the surface charge density of the mask could be
retained at a higher level than a new one for about 5 days after
being treated with corona discharge, ensuring their safe reuse.
In addition to disinfection by direct contact, Lee et al.'”*
sterilized coronaviruses (HcoV-229E) contaminated facemasks
by the ozone generated from a DBD plasma generator, as
shown in Figure 5(d). The high ozone concentration (120
ppm) made the virus lose its infectivity with a 4-log reduction
with no damage to the mask’s structure and function. Besides,
there was no leftover ozone in the mask after being treated.

https://doi.org/10.1021/envhealth.4c00100
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Moreover, plasma has also been successfully employed in daily
diet disinfection. Hosseini et al.”** studied the influence of cold
plasma on sour cherry juice. It was found that plasma has an
outstanding inactivation ability for E. coli. Nevertheless, it only
had mild disruption of the total anthocyanin content (TAC)
and vitamin C, which preserved the quality of the juice as
much as possible. Besides, Tu et al.””’ employed a pair of
nickel foam electrodes to inactivate the Na,COj; electrolyte
containing the SARS-CoV-2 virus, which realized efficient and
rapid wastewater treatment.

Table 4 summarizes the electrical energy per order (Egq
values for different air disinfection technologies, focusing on
various electrode materials and their efficacy against other
bacteria and viruses. The Epy values indicate the energy
efficiency of each technology, with lower values representing
more efficient disinfection processes.

Electrostatic-assisted catalysis technologies using mixed
metal oxide (Ti/IrO, + TaO,) showed an Egg value of 2.4
X 107* kWh-m *-order™" against E. coli. Other studies have
shown a range of Eg, values from 1.0 X 107 to 2.0 X 107*
kWh-m™>-order™" with Ag—Co;0, demonstrating a particularly
efficient Egy of 1.2 X 107* Laser-induced graphene also
presented a moderate efficiency against the T4 bacteriophage
at 3 X 107* Technologies using electrostatic precipitation,
such as PET fiber, achieved highly efficient disinfection with an
Ego of 2.75 X 107> against E. coli and S. epidermidis. Other
materials like Cu(OH),NW-Cu had variable Eg values of 0.85
and 4.7 X 107> when tested against Pseudomonas syringae and
Phi6, respectively. Plasma disinfection technologies exhibited
relatively higher Egq values. For instance, disinfection of E. coli
had an Eg of 1.9 X 107% while the value for the porcine
reproductive and respiratory syndrome virus was slightly
higher at 2.11 X 1072 TiO,/Cu* @perlite showed an
intermediate efficiency with an Epg of 1.2 X 107 against E.
coli.

The findings align with existing literature, highlighting the
efficiency of various disinfection technologies regarding Ego
values. Studies have consistently shown that mixed metal
oxides and copper-based materials are highly effective for air
disinfection due to their antimicrobial properties. The
efficiency of electrostatic precipitation is particularly note-
worthy, as it often outperforms other methods in energy
efficiency. For instance, it was found that copper-coated
electrodes could achieve similar low Egy values for airborne
bacterial disinfection. Additionally, studies on plasma technol-
ogy often report higher Egq values, which is corroborated by
the table’s findings, reflecting the trade-off between efficacy
and energy consumption in plasma-based disinfection.

The practical implications of these findings are significant for
industries and healthcare facilities looking to optimize their air
disinfection processes. Technologies with lower Egq values are
more energy-efficient and can reduce operational costs. For
example, electrostatic precipitation with PET fibers could be
highly beneficial in hospital settings to ensure efficient
disinfection with minimal energy expenditure. Furthermore,
the choice of the electrode material can be critical. Mixed
metal oxides and copper-based materials offer robust solutions
for bacterial and viral disinfection and can be implemented in
air filtration systems in public spaces to enhance air quality and
reduce the transmission of infectious diseases.

The analysis of Epy values for different air disinfection
technologies underscores the importance of material choice
and technology type in achieving energy-efficient disinfection.

)204
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While electrostatic precipitation and certain electrostatic-
assisted catalysis technologies show promise, plasma tech-
nologies still face challenges with higher energy consumption.
Future research should focus on standardizing test conditions,
expanding the range of tested microorganisms, and evaluating
these technologies’ long-term viability and economic aspects to
fully realize their potential in practical applications.

4.2. Coordination between Byproducts Controlling and
Efficiency Enhancement

Balancing removal efficiency with byproduct management,
such as ozone, is essential throughout the application of the
electrostatic method in air purification. As public awareness of
air health rises, electrostatic air purifiers have become common
in many households. However, the formation of byproducts,
particularly ozone, remains an inevitable aspect of their
operation. Although it can induce an adaptive reaction capable
of reducing endogenous oxidative stress, it may help fight the
damage to lung tissues caused by COVID-19.'°"*"> There is a
common saying in China that “as long as it is medicine, it has
toxic components.” In detail, long-term exposure to low-
concentration ozone (<0.05 ppm) can lead to a decline in
cardiopulmonary function.”'® It is especially prohibited from
being used on pregnant women and patients.”® Researchers
have put forward various routes to solve the potential menace
of ozone from the traditional electrostatic air purifier, such as
catalytic removal,”'’~*"? discharge and structure optimiza-
tion,”*" etc. To address the problem, three primary solutions
can be identified: (1) Pretreatment, which reduces byproduct
formation by adjusting the discharge environment and
electrode structure; (2) Process control, which optimizes
operating parameters of the discharge reactor to achieve high
efficiency with minimal pollution release; and (3) Post-
treatment, which involves combining the electrostatic device
with a catalyst, a common method in the application of
electrostatic devices. The following sections explore the
advancements in these areas.

Ultimately, we should optimize the structure to reduce
ozone emissions as much as possible without the help of other
systems. Structural characteristics and operating parameters
should be considered for optimizing electrostatic devices, such
as electrode (material, size, and a{)pearance), current density,
applied voltage, polarity, etc.””"*** In detail, electrode
structure and discharge environment are included in the
pretreatment, which prepares necessary conditions for
generating the electrostatic field. Many researchers focused
on its optimization because corona discharge is generated from
the discharge electrode. Unfortunately, the metallic material
seems to have little effect on ozone emission.””’ In contrast,
carbon-based materials such as carbon fiber and carbon
nanotubes'>****7**% significantly inhibit ozone production,
usually applied in the ionizer. Ye et al.”*® deposited carbon
nanotubes on the needle electrode, resulting in zero ozone
emission in the corona discharge. Simultaneously, decreasing
the electrode diameter favors the control of ozone gen-
eration.””” It has been tested by Boelter and Davidson”** that
corona discharge with negative polarity generated more ozone
than that of positive polarity in the charger due to the
difference in the space charge density, area of discharge region,
and even the gas temperature. It is also worth mentioning that
relative humidity (RH), temperature, and electrode contam-
ination could influence ozone concentration,”*'”**%*%7??%
Undoubtedly, there is a negative correlation between temper-
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ature and ozone concentration,”**** while it is unclear for the
relative humidity (RH).**"*******%° Simultaneously, maintain-
ing the czlgaggness of the electrodes helps reduce ozone
emissions.” """

Besides, electrostatic characteristics, especially the current
density, also play essential roles in generating ozone.”*"*****
Our group has achieved relatively comprehensive research
work and put forward the “ozone-efficiency two-factor
criterion” based on ;e%ulating the electric field inside the
charger and collector.”™** Specifically, it is more beneficial to
enhance the electric field strength of the collector in
controlling ozone emission and achieving high collection
efficiency rather than simply increasing the charger’s current.*®
Another significant aspect of process control is gas velocity,
which determines the handling capacity. As shown in Figure 9,
removal efficiency and ozone release are influenced by gas
velocity and output power simultaneously,”®"** which offers a
“trade-oft” relationship. The relationship between ozone
concentration and independent variables and the comprehen-
sive evaluation standard considering efficiency-ozone double
factors is being constantly improved to optimize the structure
design and working conditions of two-stage ESPs.

For post-treatment, researchers have adopted abundant
studies. We believed that plasma-coupled catalysis would also
be a promising method for overcoming this dilemma. On the
one hand, catalytic technology effectively helps solve the
problem of ozone escape, which §uarantees environmental
safety. Prof. Jinhan Mo’s group®’>'?*'723! has done
extensive research in the field of application research about
cooperative control of PM removal efficiency and ozone
emission. They developed surface coatings on electrostatically
responsive filters to enhance the polarization electric field,
while simultaneously eliminating ozone through catalytic
effects. Future advancements in electrostatic air purifiers
should focus on achieving high removal efficiency with
ultralow byproduct emissions. Additionally, during the
operation of an electrostatic device, less-oxidized VOCs, such
as carbonyls and carboxylic acids, may form from reactions
between ozone and terpenes.”*”~>** However, there is also a
study indicating that bipolar ionization devices work without
ozone generation but produce more VOCs.*** It was explained
that the ionization energies of the commercial device are
<12.07 eV**° in that work, which does not meet the demand
for the ionization of oxygen (O,). However, in the process of
corona discharge, VOCs would also be charged, just like
particulate matter. The charging and removal of VOCs may
induce many reactions between various organic molecules and
the atmosphere, generating more uncharged novel products
that could not be removed simply.”>> Thus, the concentration
of VOC:s is too high to be cleared by the ionizer. Therefore,
the assistance of a catalyst is essential for the application of
electrostatic devices.

Based on the fundamental strategies, various coordination
modes have been put forward, such as the “ZeBox”, which
combines the nonionizing electric field and microbicidal
materials in the parallel plate.””””°

5. CONCLUSION AND OUTLOOK

The electrostatic air purification method, either electrostatic
precipitation or plasma, is the most promising solution to
remove airborne pathogenic aerosols. This review presents a
complete and detailed overview of highly efficient and
sustainable electrostatic air purification methods, which assists
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researchers in learning state-of-the-art relevant novel electro-
static purifying technologies. Herein, some summaries of
electric air purification research and innovative equipment
design strategies for purification devices can be drawn as
follows:

(1) To effectively remove submicron aerosols, it is helpful to
optimize the charging and collection process by adding
efficient chargers like carbon fiber ionizers and
improving the electrode structure to enhance the local
electric field strength. Certainly, agglomeration is also a
vital measure, but it usually makes the purification
system too complicated to be employed in a living place.
Moreover, plasma can be an economical and effective
way to improve the charge of submicron aerosols and
promote the collision process simultaneously.

As for the deactivation of microbial aerosols, traditional
electrostatic precipitation was usually thought to be
preliminary inactivation with ions and ozone. The
mechanism is also general and vague. At the same
time, the effect of reactive species generated by plasma
on the inactivation of microorganisms is more distinct
and well-studied. Among the numerous kinds of RONS,
short-living species like 'O, are more crucial than long-
living species. Adjusting and controlling environmental
factors is highly effective in making better use of the
short-living species.

The modeling research of collection by the electrostatic
device is nearly complete, but it needs to be further
developed for the numerical simulation model of
electrostatic inactivation. Currently, more and more
attention has been paid to predicting the distribution of
survival microbial aerosol by employing the disinfection
coefhicient.

()

3)

(4) The multifarious innovative research progress in electro-
static air purifying equipment is of high reference value
for designing and integrating an application-level air
purifying system toward individual demand. The core of
these technologies is to optimize the electric field
strength of the discharge to keep the balance between
the collection efficiency and byproducts like ozone.
Although the research about catalytic material for the
removal and conversion of byproducts has been very
mature, the integration of the electrostatic and catalytic
systems is still not perfect.

Moreover, there are few outlooks on future development in
research about electrostatic air purification based on the recent
progress.

(1) In-depth analysis of the inactivation mechanism of
microorganisms under multifield coupling conditions is
the key to the solution to the public health crisis in the
epidemic era. A single approach is no longer sufficient
for eliminating air pollution composed of various
pathogenic species in public. The in situ research
about the inactivation process of airborne micro-
organisms is not as adequate as that in water treatment.
In the future, it needs to explore further how to realize
the accurate in situ observation of the collection and
inactivation of airborne organisms in the electrostatic
field.

One of the most crucial research hotspots in the future is
the optimization of contradiction and coordination
between harmful byproduct generation and purification

()
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efficiency. Both long-lived RONS (H,0,, O;, etc.) and
short-lived RONS (ONOO™ and '0,, etc.) are the main
reaction species generated by the electric field, which
may have beneficial and controversial effects simulta-
neously in the application. Combining the parameter
regulation of the electrostatic device and pollutant after-
treatment could be a helpful pathway for the question.
(3) Based on existing numerical models for predicting
microbial inactivation by electrostatic device, it is
essential to establish the simulation model of dis-
infection by ozone generated from corona discharge. It is
beneficial to construct comprehensive simulation tools
for research and engineering.
(4) Developing energy-saving and efficient microbial aerosol
inactivation technology is fundamental for promoting
electrostatic disinfection methods. Most plasma gen-
erators are based on AC power, which restrained the
application of high-efficiency technology. More efforts
should be transferred to the field of DC power-driving
plasma generators in the future. And more renewable
energy would be involved, such as visible light, etc.
Based on a few special reports on solar-driven air filters,
there should be a more efficient and broad-spectrum
novel system in the future.
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