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HIGHLIGHTS

Ozone is a remarkable agent for epidemic
virus inactivation in water, aerosols and
on solid surfaces.

Enveloped virus like SARS-CoV-2 is
ozone-sensitive and can be effectively in-
activated by ozone.

Synergistic techniques and tertiary
models should be investigated to assure a
safe and effective use of ozone in post-
pandemic era.
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ABSTRACT

The large-scale global COVID-19 has a profound impact on human society. Timely and effectively blocking the virus
spread is the key to controlling the pandemic growth. Ozone-based inactivation and disinfection techniques have
been shown to effectively kill SARS-CoV-2 in water, aerosols and on solid surface. However, the lack of an unified in-
formation and discussion on ozone-based inactivation and disinfection in current and previous pandemics and the ab-
sence of consensus on the main mechanisms by which ozone-based inactivation of pandemic causing viruses have
hindered the possibility of establishing a common basis for identifying best practices in the utilization of ozone tech-
nology. This article reviews the research status of ozone (O5) disinfection on pandemic viruses (especially SARS-CoV-
2). Taking sterilization kinetics as the starting point while followed by distinguishing the pandemic viruses by
enveloped and non-enveloped viruses, this review focuses on analyzing the scope of application of the sterilization
model and the influencing factors from the experimental studies and data induction. It is expected that the review
could provide an useful reference for the safe and effective O utilization of SARS-CoV-2 inactivation in the post-
pandemic era.
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1. Introduction

The current pandemic caused by novel coronavirus, also known as
COVID-19 or severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2) has not only endangered the lives and health of people in the world, but
also severely impacted the global economy. Contagious diseases have histor-
ically posed significant risks to public health. Many pathogens have posed se-
rious threats to human health, including SARS (2002-2003), Ebola
(2014-2016), HIN1 influenza (2009-2010), Zika virus (2015-2016) and
COVID-19 (2019-) (WHO, 2020). Pathogens are expelled from the source of
infection by specific means of transmission, eventually invading new suscep-
tible individuals. To cut off the transmission route is to take specific measures
to block the transfer of pathogens from the source of infection to the suscep-
tible host, thereby preventing the occurrence of the disease.

Whether it is in the outbreak stage or the post-epidemic era, timely and
effectively blocking the transmission route of the virus or other pathogen is
a key step in controlling the epidemic spread. An effective means of virus
inactivation is indispensable at this time. O3 has strong oxidizing properties
and its disinfection is a bacteriolytic-grade while virus-killing method is
completely sterilized with no residue. It has a wide range of sterilization
and can kill viruses, bacteria, spores, etc. O3 in gaseous form can rapidly
spread to the entire disinfection space. Sterilization effect and rate by
using Os is directly dependent on its concentration used. Gaseous O3 disin-
fection is common in the medical system, and it is considered to be one of
the best biocides methods by the WHO (Blanco et al., 2021). The peroxida-
tion effect of O3 damages the structure of bacteria and viruses, thus
inhibiting their reproductive cycle and finally eliminating them
(Manjunath et al., 2021). By comparing the disinfection effects of UV, O3,
and chlorine, Kong et al. (2021) concluded that viruses were more resistant
to UV radiation than bacteria, while coronaviruses were more resistant to
UV light. Ozonation was an effective method of inactivating SARS-CoV-2.

The utilization rate of conventional O3 inactivation needs to be im-
proved. It is particularly important to predict the mass transfer efficiency
during the reaction process in the application system, yet the mechanism
of this process is complex and difficult to control. Therefore, analyzing
the disinfection process of O3 on viruses from the perspective of inactiva-
tion kinetic model is of great significance for the study and popularization

of O3 disinfectants. The main purpose of O inactivation kinetic study is
to determine the reaction rate constant of mass transfer by establishing rel-
evant kinetic models, so as to evaluate the performance of O3 inactivation.
However, there is currently a lack of detailed study on the inactivation ki-
netics of O3 disinfection on pandemic viruses (especially SARS-CoV-2).
Meanwhile, the response relationship between the influencing factors of
disinfection process and the rate constants of the kinetic model is also lack-
ing in-depth analysis.

Based on the description of the mechanism of O3 inactivation, this
review comprehensively summarized the application of O3 in the disin-
fection of pandemic viruses (especially SARS-CoV-2) from a new per-
spective on the O3 inactivation process combined with sterilization
kinetics. The specific objectives of this review include: (i) discussing
the application of O3 inactivation in the past pandemic and the scope
of application of the sterilization kinetic model; (ii) clarifying the form
and influencing factors of the inactivation kinetic model of O3 inactiva-
tion of SARS-CoV-2; and (iii) emphasizing the limitations of O3 disinfec-
tion applications and proposing synergistic O3 technologies and a new
sterilization kinetic model form that can be applied to the efficient dis-
infection of SARS-CoV-2. It is expected that this review could provide
certain guiding significance for the efficient, safe, and widespread appli-
cation of O3 based technique for inactivation and disinfection of patho-
genic microbes in the future.

2. The characteristics and application of ozone inactivation for harm-
ful microorganisms

O3 has a higher redox potential (2.07 V) than other oxidants such as
chlorine and potassium permanganate (Caniani et al., 2021), which is capa-
ble to oxidize most of the organic and inorganic matters. Os is slightly sol-
uble in water with a solubility of pure O3 of 641 mL/L at standard
temperature and pressure, which is about 13 times higher than oxygen
and 25 times higher than air (Egorova et al., 2015). In water, O3 can be
transformed into more reactive oxygen radicals (ROS), such as hydroxyl
radicals (OH-), with the effect of indirect oxidation. Its strong oxidizing
ability makes it easy to destroy biological structures of bacteria, viruses,
and other microorganisms in a very short time (Bayarri et al., 2021).
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2.1. Inactivation mechanism of ozone for bacteria

In different environmental media, because of the different active oxides
produced by O decomposition, the main agents are different. When gas-
eous O3 is used to react in the gas phase, the direct attack of O3 molecules
is the main approach. When ozonized water acts on the surface of the
solid phase or in the liquid phase, the O3 molecules and active oxides coop-
erate to attack pathogens. At present, it is generally considered that the
mechanism of O5 disinfection against pathogenic microorganisms is attrib-
uted to the diffusion of O3 to the surface of the microbial membrane,
through the rapid reaction kinetics of O3 and pathogens. Therefore, O3 re-
acts with fatty acid in bacterial cell membrane, lipoprotein and lipopolysac-
charide in bacterial cell wall, which degrades the membrane and shell
structure and changes the permeability of the cell wall, resulting in cyto-
plasm and shell matrix lost (Sazhina et al., 2018). Furthermore, O3 pene-
trates membranes, and the reactive oxygen species generated by O3 can
further attack genetic material (DNA and RNA) (Cataldo, 2006). These
mechanisms can be summarized as follows: i) O3 directly acts on the cell
membrane, increasing the permeability of the cell membrane and the re-
verse osmosis and outflow of the cytoplasm, thereby inactivating the cell;
ii) O3 can act on the enzymes of some microorganisms (such as bacteria)
to oxidatively decompose the glucose oxidase inside the bacteria, which in-
activates the enzyme and hinders the metabolism of bacteria; and iii) O3
can attack genetic material, DNA and RNA, rendering them incapable of ge-
netic transcription. The specific mechanisms are shown in Fig. 1(a).

2.2. Inactivation mechanism of ozone for viruses

Similarly, the mechanism of O3 action on virus is to directly destroy its
DNA or RNA, inactivate reverse transcriptase, or disrupt the ability of the
virus to bind to target cell receptors (Jiang et al., 2019). During inactiva-
tion, O3 destroys proteins and lipids, such as lipoproteins, lipids and glyco-
proteins, which are involved in redox reactions and are susceptible to
oxidation. Meanwhile, O3 also destroys viral envelope glycoproteins and
polymers necessary for attachment to host receptors (Manjunath et al.,
2021), while the enveloped glycoproteins and the spike of the
coronaviruses have the cysteine residues (Tizaoui, 2020). These cysteine
residues are composed of sulfhydryl groups called thiol groups (R-SH),
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which keep a reduced state in the viruses and play an important role in
the entry of the virus into the host cells and the fusion of the viral mem-
brane with the host cell membrane. Therefore, these thiol groups will be ox-
idized into sulphonic acid residues (R-SO3-H) by O3, and the reaction can be
enhanced when the temperature is increased (Manjunath et al., 2021). The
R-S-S-R terminal (see Fig. 1(b)) could not bond to Angiotensin Converting
Enzyme 2 (ACE2) which is a protein receptor located on the membrane sur-
face of the host cell, then the virus could not enter into the host cell. More-
over, studies have shown that with the participation of zinc ions, the
cysteine residues could be intact in the virus protein structures, which is sig-
nificantly important in the viral activity (Lopez et al., 2008). As exposed to
oxidative conditions, zinc ion is removed from the protein structure, the di-
sulfide bond is formed between the cysteine residues, thus denaturize the
structure of proteins and altering their solubility, consequently destroying
the enzyme activity (Ataei-Pirkooh et al., 2021). O3 can also degrade the
tryptophan-containing spike protein (Fernandez-Cuadros et al., 2020). O3
significantly alters the structure of viral envelope and genome, resulting
in non-pathogenic dysfunction. The specific mechanisms are shown in
Fig. 1(b).

3. Use of ozone in controlling the pandemic
3.1. Application of viral disinfection by ozone

A virus is a kind of non-cellular organism with small size and simple
structure, containing only one nucleic acid, DNA, or RNA, which must be
parasitic in living cells and reproduce by means of replication. Many epi-
demics caused by viruses have broken out in history, which have seriously
endangered human health. During the 1943 epidemic in the U.S., poliovi-
rus was detected in sewage effluent, which was believed to be associated
with the New York polio epidemic (Melnick, 1947). Additionally, during
the outbreak of HIN1 (swine) flu virus, influenza viruses were also found
in wastewater (Sims and Kasprzyk-Hordern, 2020). During the last 20
years, many viruses have severely threatened the whole world, including
highly-pathogenic avian influenza H5N1, influenza HIN1, human immu-
nodeficiency virus (HIV), and SARS-Cov-2, which have an extremely high
risk of infection (WHO, 2020). As a sterilizing agent, O3 is more effective
with a shorter application time and lower regeneration of microorganisms

(a)

»)
X/
\

Fatty acid

Cell
Enzyme
C la: s .
Lneml't()rane l(il;(;p S deactivation
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(b)

Breakdown of the viral
envelope or release of
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treatment.
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from the protein finger
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Fig. 1. Mechanisms of O3 inactivation.
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compared to chlorine. Meanwhile, O3 disinfection is not limited by UV light
sources, energy consumption, light utilization, operating costs, and mainte-
nance costs for UV disinfection. Table 1 presents the details of O5 inactiva-
tion for some of these viruses. In general, O3 had a significant effect on
different kinds of viruses. As previously mentioned, the inactivation effect
of O3 is influenced by concentration, relative humidity, ambient tempera-
ture, characteristics of microorganisms.

Since the early Os sterilization was mainly applied in water treatment
plant (WTP) or waste water treatment plant (WWTP), the familiar micro-
bial medium was mostly water. It is expected to be widely used for disinfec-
tion in other media such as solid surfaces and aerosols due to the outbreak
of various epidemics. Zhang et al. (2020) indicated that ozonized water
could efficiently and rapidly disinfect the African swine fever virus
(enveloped) with the concentration of 5-20 mg/L within 1 min. It was sug-
gested that ozonized water of 5 mg/L or above could be extended to the
whole disinfection of pig farms or other farms, as well as slaughterhouses
and meat processing plants. Similarly, to assess the inactivation methods
on a seasonal influenza HIN1 and H5N1 virus (enveloped), Lenes et al.
(2010) treated raw water with different concentration of O3 (0.5 mg/L
and 1 mg/L) for 10 min. The result was significantly showed that 10 min
contact time was enough for Os to inactivate 99.99% of H5N1 and HIN1
virus.

Recently, a number of studies have focused on how gaseous O3 inacti-
vated viruses on the solid surface media. Blanchard et al. (2020) chose di-
verse materials as the carriers of influenza A virus A/WSN/33
(enveloped) and human respiratory syncytial virus A2 (enveloped) to dem-
onstrate the high disinfection efficiency of Os. It was conducted that when
the relative humidity was greater than or equal to 50 %, the O3 inactivation
efficiency would be effectively improved. Moreover, a comparison of the
disinfection efficiency of O3 gas between murine norovirus MNV-1 S99
and hepatitis A virus HM175/18f on fresh raspberries was performed
(Brie et al., 2018). It was indicated that MNV-1 could be effectively
disinfected (>3.3log) by O3 (3 ppm, 1 min), while HAV was useless neither
in viral inactivation (<0.6log) nor in genome removal (<0.1log).

3.2. Influencing factors of ozone disinfection

O3 has a broad-spectrum inactivation effect on various pathogenic mi-
crobes. However, due to the different biological structures of each microor-
ganism, O3 has diverse inactivation effects on it. Furthermore, different
media in which the microorganism is located will also lead to a different in-
activation effect. Concentration-Time (CT) value, which is defined as the
change in the concentration of disinfectant with the contact time, is a com-
mon index to evaluate the strength of O3 disinfection effect (USEPA, 1999).
The lower the CT value is, the greater the disinfection ability will be,
i.e., the time required to achieving a certain sterilization rate under the
same conditions. In order to visually demonstrate the inactivation effect
of O3 on microorganisms in different media under similar conditions,
Fig. 2 was created by the following rules: i) water or environment
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temperature of about 20-25 °C; ii) the CT values being stipulated to 3-log
inactivation condition, and iii) water pH within 6.5-7.5.

When inactivation effect in water, aerosols, and on the surface are com-
pared, a significant difference is observed: the CT values achieving 3-log
disinfection of surfaces and water seem to be higher than that of in aerosols,
the largest gap is even more than four orders of magnitude (Reo type 3 virus
VS¢x-174). In view of surface disinfection, the disinfection effect of O is af-
fected by various factors, including room humidity, response time, type of
materials, characteristics of microorganisms, ambient temperature as well
as surface properties (Bayarri et al., 2021). Similarly, for water disinfection,
response time, water temperature, characteristics of microorganisms, or-
ganic matter, pH value, and turbidity are all influence factors (Cristiano,
2020; Kong et al., 2021). Conversely, the main factors of aerosol disinfec-
tion are CT values, droplet size, and ambient humidity (Bayarri et al.,
2021). The surface area of aerosols contacted with O3 molecules might be
much higher. As a result, O3 could effectively attack these microorganisms
in the droplet much easier than those in surface and water media, which
lead to a lower CT value (Bayarri et al., 2021).

In Fig. 2, HIN1 influenza AWSN/33 exhibited two distinct CT values on
surface inactivation. Under the conditions of O3 concentration of 20 ppm
with a relative humidity of 80% at an ambient temperature of 24 °C, the
CT value of inactivating 99.9% of the viruses on spun high-density polyeth-
ylene fabric for 18 min was 0.71 min'mg/L, while the CT value at same con-
ditions on a cloth face mask for 90 min was 3.53 min'mg/L (Blanchard
et al., 2020). The difference between surface properties of materials, such
as roughness, size, thickness and position, determined the existence of vi-
ruses and disinfection efficiency (Bayarri et al., 2021). Likewise, O3 concen-
tration was another key value to inactivation efficiency. In aerosols
inactivation, with the same exposed time (0.017 min) and inactivation
ratio (3-log) of MS2 phages, the CT values obtained by different O3 concen-
trations were distinct, that is 9000 ppm O3 led to 0.294 min'mg/L,
11500 ppm O3 led to 0.376 min'mg/L (Kekez and Sattar, 1997).

3.3. Microbial sterilization kinetic models

As one of the key theories in the study of sterilization technology, the ki-
netic model of microbial sterilization effect can quantitatively evaluate and
predict the sterilization effect, which has theoretical guiding significance
for the practical application of disinfection. There are various factors that
affect Oj sterilization, including CT value, humidity, response time, ambi-
ent temperature, characteristics of microorganisms, etc. In order to explore
the relationship between these influencing factors, it is necessary to involve
the study of the kinetics of microbial sterilization. The first kinetic model
was presented in 1908, which was a first-order reaction to model linear dis-
infection rate (Dalrymple et al., 2010; Rodriguez-Chueca et al., 2015). Gen-
erally, the inactivation process can be simplified as a linear kinetic model,
and a linear expression relationship between virus inactivation and re-
sponse time can be constructed on the basis that a population of microor-
ganisms have the same sensitivity to disinfectants (Rodriguez-Chueca
et al., 2015). However, the linear model also has lots of limitations that

Table 1
Inactivation of epidemic viruses by ozone.
Virus Enveloped O3 Temperature Relative Time Inactivation Reference
concentration Q) humidity (%) (min) ratio (%)
Human immunodeficiency virus (HIV) Yes 4 pg/mL - - 30 99.9999 (Carpendale and Freeberg, 1991)
Influenza HIN1 Yes 20 ppm 23-29 64-65 150 99.999 (Tanaka et al., 2009)
10 ppm 210 99.99 (Tanaka et al., 2009)
Influenza H3N2 Yes 20 ppm Room 40-95 60 99.90 (Hudson et al., 2009)
Yellow fever virus Yes 20 ppm Room 40-95 60 99.90 (Hudson et al., 2009)
Poliovirus No 0-20 ppm Room 40-95 60 99.90 (Hudson et al., 2009)
Adenovirus No 20 ppm 22 40-95 60 99.90 (Hudson et al., 2009)
Highly-pathogenic avian influenza HSN1 Yes 0.4-0.5 mg/L 22 - 10 99.99 (Lenes et al., 2010)
Hepatitis A HM175/18f No 4 ppm 17 52 2 74.88 (Brie et al., 2018)
SARS-CoV-2 Yes 6 ppm 25 60-80 55 99.99 (Yano et al., 2020)
Respiratory syncytial virus A2 Yes 20 ppm 24 80 40 99.99 (Blanchard et al., 2020)
African swine fever virus Yes 5mg/L Room - 1 99.90 (Zhang et al., 2020)
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et al., 1990; Schulz et al., 2005).

cannot fully express the relationship between various complex factors in the
virus inactivation process. Under normal circumstances, the virus inactiva-
tion process is nonlinear, presenting different shapes, such as concave
(shoulder) and convex (tail). The commonly used sterilization kinetic
models are shown in Table 2, which includes the log-linear model, the
Hom model, the Weibull model, the log-logistic model, etc.

These models can be used to well validate and predict the sterilization
effect of disinfectants. By increasing the parameters of the model, the good-
ness of the fitting results can be greatly improved. However, a large in-
crease in the number of parameters can sometimes lead to meaningless
results prediction.

During microbial inactivation, the appearance of a shoulder or a tail in-
dicates poor fit of the first-order kinetics (Cullen et al., 2009). The shoulder
appearing in the curve is often associated with cell clumping, sublethal in-
jury, activation phenomena or multitarget inactivation for spores. Mean-
while, the appearance of the tail is related to the resistance heterogeneity
within the microbial population, which is generally intrinsic to the microor-
ganism or acquired during the ozonation (Manas and Pagan, 2005). During

the treatment, the shoulder and tail in the curve may also be caused by in-
complete initial mixing, rapid reaction between O3 and microorganisms,
and environmental factors such as organic matters (Hunt and Marinas,
1997).

3.4. Comparison of kinetics between enveloped and non-enveloped virus

According to the organic structure, viruses can be divided into
enveloped and non-enveloped viruses. The viral envelope is an envelope
that warps around the viral protein capsid with the main function of help-
ing the virus enter host cells and maintaining the structural integrity of
the virion. If this special structure is destroyed, then the virus becomes in-
activated (Kong et al., 2021). Viruses with lipid envelopes which are com-
posed of membrane protein and lipid bilayer, such as HIV, Influenza
H1N1, SARS-CoV-2, could be effectively inactivated by O3 treatment to im-
pact those components (Bayarri et al., 2021). Studies have indicated that
enveloped viruses are more sensitive to sterilizing agents (Lenes et al.,
2010). An experiment carried by Murray et al. (2008) on a series of non-

Table 2
The common microbial sterilization kinetic models.
Model Expression Parameters Applied scope
Chick-Watson  ]og % = —k-C-t Ny, N¢: the total number of colonies contained in the samples The Chick-Watson model is used under the assumption that the
model before and after the treatment; microorganisms have the same stress resistance, while the
C: the concentration of the disinfectant; logarithm of the decline of microorganisms exhibits a linear
t: the contact time; change with time.
k: the first-order disinfection rate
Hom model log ;\VT; = —k-C"-¢m n: the coefficient of dilution; This model is suitable for fitting a sterilization curve with an
m: an empirical constant; initial lag (m > 1) or a tailing curve (m < 1).
Weibull log % = - (%)p 8: time of first decimal reduction, representing the time The Weibull model can be used to describe system behavior
model required to reduce a logarithmic number of bacteria under

certain conditions.

p: the shape factor. When p < 1, the curve is concave upward,
which means that the sterilization rate increases after the

with some degree of variability. The model assumes that
resistance of microorganisms to bactericidal intensity is
different, which is expressed as a nonlinear model of various
linear and concave-convex curves.

treatment time reaches a certain value; when p > 1, the curve is
concave downward, indicating that the sterilization rate
decreases after the treatment time reaches a certain value;
whenp = 1, the curve presents a straight line.

log-logistic

A
THetolT oA
model

N, A
log §* = gt mom —

7. the time corresponding to the maximum inactivation rate.

A: the difference between the upper and lower asymptotes;
o: the maximum inactivation rate of microorganisms;

This model is established by considering the different
sensitivities of various microorganisms to the sterilization
process conditions.
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enveloped and enveloped viruses, including the PRB strain of influenza A
virus, herpes simplex virus type-1, pointed out that virus could be inacti-
vated during O3 exposure by lipid peroxidation and consequent lipid en-
velop and protein shell destroying, which made enveloped virus
extremely sensitive to O;. Recently, Martins et al. (2020) found that
SARS-CoV-2 could be disinfected by ozonated water with the destruction
of the viral envelope instead of the virus genome. As to the non-
enveloped virus, the structure of capsid proteins was firmer than that of
the enveloped virus (Kong et al., 2021). Early studies concluded that non-
enveloped virus-like Poliovirus 2 was damaged on the viral capsid by appli-
cation of Os. Relative studies indicated that Os inactivation of non-
enveloped viruses (such as poliovirus) was related to the viral genome dam-
age rather than the capsid protein destruction (Jiang et al., 2019). It was
considered that the resistance of viral components to O3 was envelope
<nucleic acid< capsid protein (Kong et al., 2021).

The infectivity of both enveloped and non-enveloped viruses depends
on functional specific binding proteins on their surfaces. Thus, exposure
of these viruses to O yields relevant information on the disinfection kinet-
ics of biological structures reacting with Os. Due to structural differences,
the O3 consumption of inactivated enveloped and non-enveloped viruses
is diverse, while the applicable kinetic models of inactivation are also dif-
ferent. The study of bactericidal kinetic model is of great significance for
understanding the inactivation mechanism of viruses. Table 2 showed the
inactivation kinetic models of diverse kinds of viruses, including enveloped
and non-enveloped virus. In general, enveloped virus (such as influenza A
virus, vesicular stomatitis virus and SARS-CoV-2) conformed to the
pseudo-first-order kinetic model, while non-enveloped virus (such as mu-
rine norovirus, infectious prions, poliovirus) was more suitable for the effi-
ciency factor Hom (EFH) model.

During the outbreak of COVID-19, disinfectants nominated by the U.S.
Environmental Protection Agency for inactivating coronaviruses were ex-
tensively tested against non-enveloped viruses, and a comprehensive eval-
uation of enveloped viruses was lacking. Moreover, among these various
disinfectants, O3 has been more studied on non-enveloped viruses than
that on enveloped viruses (Blanchard et al., 2020).

Five representative animal viruses, including three enveloped viruses
(vesicular stomatitis virus, infectious bovine rhinotracheitis virus, influenza
A virus) and two non-enveloped viruses (infectious canine hepatitis virus,
polio virus type I), were exposed under different concentrations of O3
(0.00, 0.16, 0.64 ppm) (Bolton et al., 1982). For enveloped viruses, the
05 inactivation reaction conformed to a pseudo-first-order kinetic equation,
i.e., the decreasing trend of enveloped virus was a first-order reaction under
each O3 concentration. The susceptibility of the three enveloped viruses to
O3 inactivation was different, depending on their different heat-resistant
properties. At 0.64 ppm, the inactivation curves for all three viruses had
varying degrees of lag periods (i.e., periods of little or no effect under O3 ex-
posure). Vesicular stomatitis virus had a short and negligible lag phase, in-
fluenza A virus has a 6-hour lag phase, and infectious bovine rhinotracheitis
virus has a 12 tol5 hour lag phase. While, the lag period was longer at 0.16
ppm, which were 6 h, 8 h and 54 h, respectively. By strong contrast, non-
enveloped viruses are relatively resistant to Os. Infectious canine hepa-
titis virus was only slightly inactivated after 42 h of 0.64 ppm O3 expo-
sure, and remained unaffected by 0.16 ppm O3 exposure for 66 h, while
polio virus was not affected by 0.61 ppm and 0.64 ppm O3 exposure for
60 h.

In reviewing the inactivation of surface-attached and airborne SARS-
CoV-2 by O3, Farooq and Tizaoui improved the Chick-Watson model dom-
inated by liquid-phase disinfection and extended it to gas-phase and solid
surface disinfection. The model assumed that the effective concentration
of O3 (effectively contacting the surface or virus in the air) was proportional
to the O3 gas concentration in the air around the virus cutoff, from which a
linear relationship between virus reduction and Os; CT value was derived
(Farooq and Tizaoui, 2022). According to the literature review, the inacti-
vation rate constant k, of SARS-CoV-2 is between 6.1 x 10~ % and 38.4
x 1073 m®/(mgmin), while the corresponding value range of CTyas was
also relatively large. This showed that CTg, could affect the inactivation
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process of O3, and as mentioned above, related environmental factors (rel-
ative humidity, surface properties, etc.) would also have a certain impact.

Torii et al. (2020) reported that the linear relationship between log
value of non-enveloped virus (such as coxsackievirus) inactivation and O3
CT value could only be observed at low virus inactivation rates. For most
non-enveloped virus, the linear models were not suitable for fitting the ki-
netics of O5 sterilization, while the nonlinear model could better fit the ki-
netic change of virus inactivation by O3 treatment. It can be seen from
Table 3 that the fitting effect of the Hom model was better than other
models for the kinetics of O3 inactivation of non-enveloped viruses. Al-
though the Chick-Watson model is simple and widely used, it cannot reveal
the deep connotation of virus inactivation. Nonlinear models have the ad-
vantage of illustrating inactivation dynamics including shoulders and
tails. When the inactivation trend does not fit the Chick-Watson model,
the EFH model can better explain the sterilization kinetics with nonlinear
inactivation characteristics especially when shoulder and tail effects are
considered. In the determination of poliovirus kinetics, the R? (the coeffi-
cient of determination) of the EFH model and the Chick-Watson model
were 0.999 and 0.848 with 0.08 mg/L O3 concentration, 0.996 and 0.477
with 0.25 mg/L O3 concentration, respectively (Sangsanont et al., 2020).
The EFH model could better explain the nonlinear disinfection kinetic rela-
tionship by changing the power factor of the contact time. The value of n
parameter in the model was larger than the value of m parameter, indicat-
ing that the O3 concentration had a greater impact on the virus inactivation
effect than the contact time. Meanwhile, in the comparison of O3 inactiva-
tion of infectious prions both in rendering plant dissolved air flotation
treated wastewater, and the municipal final effluent, the EFH model, with
a smaller error sum of squares (from 0.001 to 0.121) and a higher coeffi-
cient of determination (from 0.958 to 0.998), showed a higher fitness
than the Chick-Watson model (Ding et al., 2014).

4. The role of ozone-based inactivation and disinfection in COVID-19
curbing

Since WHO declared the COVID-19 pandemic as a global health crisis in
2020, to date, the cumulative number of confirmed cases of COVID-19 in
the world is 603 million, and the cumulative number of deaths was 6.4 mil-
lion (WHO, 2022). Severe forms of COVID-19 can evolve into pneumonia,
characterized by acute lung injury and acute respiratory failure caused by
acute respiratory distress syndrome. COVID-19 is caused by SARS-CoV-2,
a new virus composed of protein and RNA. The main transmission routes
of SARS-CoV-2 are believed to occur via close contact and respiratory drop-
let generated through sneezing, coughing, and other sources (Manjunath
et al., 2021). Studies indicated that SARS-CoV-2 could even persist on the
surface for up to 28 days (Riddell et al., 2020). Thus, effective disinfection
methods are imperative and necessary. It is confirmed that the penetration
of O3 is more than that of most liquids used as cleaning agents (to prevent
infection) (Manjunath et al., 2021).

Moreover, compared with other disinfection technologies, O3 inactiva-
tion can not only be utilized in water but also has a wide range of disinfec-
tion application prospects in solid and gas media. O3 technology has
potential applications for SARS-CoV-2 inactivation in water, gas, and
solid phases. O disrupts the reproductive cycle of SARS-CoV-2 by per-
oxidizing infected cells and destroying the viral capsid. At the same time,
cells that have been infected by the virus are eventually exposed to an oxi-
dative environment in the host cell and destroyed in this process
(Manjunath et al., 2021).

4.1. Cases studies of ozone based inactivation and disinfection

4.1.1. Ozone disinfection of SARS-CoV-2 in environment

Once excreted by various routes from the body of infected person,
SARS-CoV-2 contained in aerosols (droplet, sputum, etc.) remains
suspended in the air for some time without any food, which depends on
the size of the liquid or solid particles it may be attached to (Eslami and
Jalili, 2020). Due to the increasing incidence of virus-containing aerosols,
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Table 3
Kinetic models of O3 inactivation for different viruses.
Microorganism Enveloped? Kinetic model Notes Reference
Vesicular stomatitis virus Yes [Volt = [V,]O - e kot The inactivation of enveloped viruses by O3 conformed to a (Bolton et al., 1982)
Influenza A virus Yes kobsa = (ko, - [03]™) + ks7c pseudo-first-order kinetic model. The non-enveloped viruses were
Infectious bovine Yes In( N“) = —kCt relatively resistant to O inactivation compared to the enveloped
rhinotracheitis virus viruses.
Murine norovirus No In(d) = *kCn"' (1—enkt) The efficiency factor Hom model and modified Chick-Watson model ~ Lim et al., 2010
! wo fit better than the Chick-Watson model.
ln(N%) = —kC,"tm! [fiq =
MS2 phage Yes In ( N ) — kCt The delayed Chick-Watson model was the most suitable model to (Cai et al., 2014)
o describe the inactivation process of MS2 phage by Os.

In (L) =kC"t

In (1) = kc'em

No _ (NN_) - k,ct (Nzo) — koct
Infectious prions No C = Coe™ ¥t The efficiency factor Hom model fit better than other models in O3 Ding et al., 2014

log(X) = *kC» (1—e~mkt) inactivation of infectious prions both in rendering plant dissolved air

! ( ay flotation treated wastewater, and the municipal final effluent.

log(x) = —kCq "t’"[' ]
Humafl adenovirus No In ( N% ) = — ko, — vinus* jo [0s](t)dt All second-order inactivation rate constants were similar magnitude. ~ (Wolf et al., 2018)
Echovirus No
Coxsackievirus No II\\I]T — m The expand Chick-Watson model can be used to predict the reduction (Torii et al., 2021)

efficiency of viral heterogeneous consortia.
Poliovirus No log({L) = *kCn/ (1- e—k’z> The efficiency factor Hom model was better than the Chick-Watson (Sangsanont et al., 2020)
o kC - model or the modified Chick-Watson model
log(i}) = - (1—e™" t)
m

log(d) = — kG5

SARS-CoV-2 Yes 10810(W) - % CTgﬂs The modified model applied for air and surface inactivation of O, Farooq and Tizaoui, 2022

indoor ambient air may contain SARS-CoV-2, so the virus inevitably
threatens people in the process of daily activities. In addition, the virus
existing on the surface of objects may be disturbed and released into the
air again. Therefore, the disinfection of the indoor environment is particu-
larly important to human health. Gaseous O3 penetrates effectively into any
part of a room, especially those places hard to reach with ordinary
disinfecting liquids or manual cleaning methods, and it decays rapidly
into oxygen with a half-life of about 20 min, with no toxic by-products
(Alimohammadi and Naderi, 2020). O3 gas is believed to have potential
in the viral inactivation of contaminated spaces during the COVID-19 pan-
demic.

Through a comparative study of existing experiment data, Yao et al.
(2020) indicated that as the level of O concentration increased from
48.83 to 94.67 pg/m> accompanied by relative humidity and temperature
increase, the transmission of SARS-CoV-2 was reduced. Although the con-
centration of O3 gas in the atmosphere was low without inactivation effect,
it still has a certain inhibitory effect on the air transmission of SARS-CoV-2,
so as to confirm the theoretical feasibility of active air disinfection to block
the air transmission of SARS-CoV-2.

De Forni et al. (2021) assessed the disinfection effect of O; generated by
a new disinfection device—ICON3 on SARS-CoV-2 in an indoor environ-
ment with a low level to prevent the harmful risks to human/ animal health
in a high concentration of O. It was revealed that >99% of SARS-CoV-2
was inactivated with a low concentration of O3 (about 3.18 ppm) in 20
min. Meanwhile, the O3 disinfection effect of ICON3 was validated in
rooms of different volumes (15, 30, 60 m>), which showed a linear relation-
ship between the O3 concentration maintenance time and the room vol-
ume. Different sizes of the SARS-CoV-2 droplets (10, 3, 0.5 uL) were also
exposed to different concentrations of O3 (5.44-1.47 ppm) for 20 min,
which presented a significant inactivation result. Studies have shown that
severe air pollution accompanied by low wind speed could keep virus par-
ticles in the air for a more extended period (Coccia, 2020). Although out-
door disinfection is largely unregulated, its urgency has somewhat
hindered risk assessment in public health settings. Outdoor spaces that re-
quire extensive spraying must consider the possible secondary adverse ef-
fects of spraying. O3 can avoid these problems. Albert et al. (2021)
evaluated the application effect of unmanned aerial vehicle spraying of
O3 water solution. By optimizing the vehicle characteristics, 97% outdoor

surface coverage could be achieved. Atmospheric O3 concentrations were
maintained within background levels (<0.004 ppm) during spraying oper-
ations with 1 mg/L O3 water solution. Under the O3 concentration of 0.75
mg/L, two strains of SARS-CoV-2 were efficiently inactivated in only 5
min, while the O3 concentration of 0.375 mg/L achieved inactivation of
82-91.5%. These results provided an efficient way to achieve the necessary
balance between safety and virus elimination in a public health environ-
ment using aqueous Os solutions in virus-infested areas.

4.1.2. Ozone based inactivation and disinfection of SARS-CoV-2 on solid surface

Walls, furniture, and other surfaces may also be contaminated due to air
deposition or direct contact with pollution sources and disease-causing mi-
croorganisms so contact with such surfaces will be threatened by patho-
genic microorganisms. Therefore, surface disinfection is also particularly
important during the fight against COVID-19. When SARS-CoV-2 is depos-
ited on the different types of surfaces, its activity depends on the material it
is attached to, and the duration of its infection causing behaviors is still
being studied (Eslami and Jalili, 2020).

Franke et al. (2021) tested the disinfection effect of O3 on bacteriophage
@6 using an automatic room decontamination system, which was used in-
stead of SARS-CoV-2 for safety. Three kinds of different surface materials
(ceramic tile, furniture board, and stainless steel) carried of the surrogate
virus were placed at two levels. After the disinfection process with the
ozone-based technique, the mean reduction factors of ceramic tiles, stain-
less steel, and furniture board were 6.15 log, 5.31 log, and 4.29 log, respec-
tively. At the same time, Franke et al. (2021) also conducted a control
experiment with high relative humidity (90%), and the results showed
that without adding Os as a disinfectant, the virus activity decreased
slightly, which indicated that O3 extinguishing virus could only be achieved
by combining with humidity.

To elucidate the inactivation effect of O3 gas on SARS-CoV-2, Percivalle
et al. (2021) chose eight different surfaces, including stainless steel, painted
and not painted aluminum, Plexiglas, glass, plastic, FFP2 mask, and surgical
gown, spotted droplets containing SARS-CoV-2 copies, placed these sam-
ples in an environmental controlled box, exposed the samples with different
concentration of O3 gas (0.5, 1, 2 ppm) for 40 min and 60 min. Interest-
ingly, the disinfection efficiency of gaseous O3 did not proportionate with
its concentration and did not depend on the type of surface. Three
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concentrations of O3 gas effectively inactivated SARS-CoV-2 on the eight
different characters within 40 min. Additionally, control experiments on
dry surfaces have shown that a specific ratio of humidity and hydration
within droplets ensured the survival of SARS-CoV-2 on solid surfaces.

Personal protective equipment is a significant barrier to ensure the safety
and health of medical staff. In the case of a shortage of medical resources, the
reuse of personal protective equipment is a major test for inactivating SARS-
CoV-2. Clavo et al. (2020) indicated that the utilization of O3 treatment had
an excellent inactivated effect on personal protective equipment contami-
nated with SARS-CoV-2. According to his study, the virus disinfected effects
of several O3 treatments of SARS-CoV-2-contaminated protective clothing
and FFP2 masks (filtering face masks with a minimum efficiency of 92%)
were evaluated, including changes in exposure time and O3 concentration.
Meanwhile, it was also explored whether the inactivation effect of O3 on
SARS-CoV-2 was related to relative humidity. When the O3 concentration
was higher than 2000 ppm, SARS-CoV-2 on the surface of contaminated per-
sonal protective equipment could be disinfected in <10 min. When the O3
concentration reached 10,000 ppm, it could disinfect SARS-CoV-2 after only
30 s. At lower O3 concentrations (4-12 ppm), these effects depended on rela-
tive humidity conditions.

4.1.3. Ozone based inactivation and disinfection of SARS-CoV-2 in water

According to previous studies, SARS-CoV-2 RNA has been found in the
influent of WWTP in many regions of the world. There was a positive corre-
lation between the number of infected patients and the virus concentration
(Ahmed et al., 2020; Hata et al., 2021; Nemudryi et al., 2020). Similarly, as
the front line of the epidemic, the wastewater from hospitals contains many
pathogenic microorganisms. The public would be at risk of infection if
discharged the wastewater without proper treatment. Especially against
the backdrop of the COVID-19 pandemic, reducing health risks to the public
and the environment is of great importance. Through a qualitative and quan-
titative assessment from 422 relative articles, Verinda et al. (2021) concluded
that SARS-CoV-2 was still detected from several treated wastewater. There-
fore, it is necessary for domestic and hospital wastewater to be adequately
disinfected and treated before being transported or discharged. Zhang et al.
(2021) concluded that coronaviruses were slightly resistant to UV disinfection
but were quickly inactivated by O3 and chlorine.

Tran et al. (2021) indicated that SARS-CoV-2 in aquatic media was
more sensitive to water temperature, pH value, and the presence of disin-
fectant in the water. According to studies of the Water Environment Feder-
ation and the United States Environmental Protection Agency, SARS-CoV-2
has not been detected after the disinfection process both in drinking water
and wastewater (USEPA, 2020; WEF, 2020). Foladori et al. (2022) similarly
stated that through primary, secondary and tertiary treatment, the concen-
tration of SARS-CoV-2 and other viruses in the influent of WWTP could be
effectively decreased, from 20 to 3.0E + 06 GU/L (Genomic Units/L) in the
influent to 2.50E + 05 GU/L after secondary biological treatment to nega-
tive concentration in the effluent, some of which was the attribution of dis-
infection. According to Morrison et al. (2020), O3 may be a highly effective
disinfectant to inactivate SARS-CoV-2 in water. When the concentration of
O3 was 0.2-0.8 ppm in the water, SARS-CoV-2 in virus stock was signifi-
cantly reduced within 1 min with 2 log reduction (Martins et al., 2020).
The SARS-CoV-2 RNA quantification in supernatants treated by ozonated
water showed a remarkable reduction in genome copies of progeny SARS-
CoV-2 per copy of housekeeping gene RNase-P, which suggested that
ozonated water inactivated the structure of SARS-CoV-2 rather than its ge-
nome at a low concentration. Volkoff et al. (2021) tested the inactivation ef-
fect of O3 on SARS-CoV-2 sourced from municipal wastewater in USA. The
results showed that the number of SARS-CoV-2 RNA gene copy reduced 2%
and 11% at an average O3 concentration of 4.5 and 9 ppm for 60 and 90
min, respectively, which pointed out a considerable reduction of SARS-
CoV-2 RNA with the treatment by Os. These existing studies demonstrated
a significant effect of O3 treatment on the decrease of SARS-CoV-2 RNA in
the aquatic environment. A study on a WWTP using the activated sludge
process showed that the conventional process was less effective for SARS-
CoV-2 removal, while O3 oxidation could reduce the number of SARS-
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CoV-2 in the effluent (Westhaus et al., 2021). This indicated that O; can
be either used as an effective strategy for wastewater disinfection during
COVID-19 pandemic, or combined employed with other processed (Ad-
vance Oxidation Processes, AOPs). However, the feasibility of this technol-
ogy involves safety requirements, sewage volume, availability of
disinfectants, investment and service costs, post-maintenance, etc. (Wang
et al., 2020). Therefore, the prospect of O3 application needs to be further
explored.

4.2. The limitation of ozone application

4.2.1. The side-effect on the environment

Although O; inactivation presents excellent safety and effectiveness,
there are still concerns about the human health consequences of continued
exposure to Oz, with the limited and immature technological means to ac-
tually guarantee the O3 levels below the toxicity threshold as well as the
best inactivation efficiency. O3 is a toxic gas in which toxicity is mainly
manifested in the damage of the gaseous O3 molecules in the air to the
human's respiratory tract, making it one of the main components of air pol-
lution. For instance, when the O3 concentration in the air is 0.1 ppm, it will
stimulate the upper respiratory tract and urinary tract of the human body.
When it was 1.0-2.0 ppm, it could cause rhinitis, cough, nausea, retching,
and asthma. When the concentration was 2-5 ppm, inhalation for 10-20
min will cause breathing difficulties, bronchospasm, and retrosternal
pain. Furthermore, inhalation for 4 h at 10 ppm O3 could cause death,
while inhalation at 50 ppm could cause death within minutes (Zanardi
et al., 2015). Moreover, several authorities such as the U.S. Environmental
Protection Agency, the Occupational Safety and Health Administration, and
the Food and Drug Administration, have specified the O3 limitation of
human exposure of 0.08 ppm for 8 h, 0.10 ppm for 8 h, 0.05 ppm for 8 h, re-
spectively (Farooq and Tizaoui, 2022; Quevedo-ledn et al., 2020). Such low
O3 levels in a closed laboratory seem feasible. Yet, in any living or working
place, it seems to be a challenge to maintain a constant flow of O5 for an ex-
tended period of time while air exchange continuing, like hospitals, hotels,
station waiting halls, etc., where people are mixed and relatively concen-
trated. Although O3 has great application potential in the air inactivation on
SARS-CoV-2, its characteristic is not suitable to use in the crowd during nor-
mal business hours. The air inactivation could be adopted by O3 combined
with other disinfection methods when the business is closed.

4.2.2. The detrimental effects on the surfaces

Although Oj inactivation has its own advantage over other disinfection
methods in surface application as a strong oxidizing agent, the damage of
053 to surface materials is beyond doubt. Unsaturated organic compounds
adsorbed on the surface of solid materials or constituted by themselves
can react with O3 to generate oxidation byproducts, which have adverse ef-
fects on human health and air quality (Shen and Gao, 2018). Under O3 ex-
posure, the molecular chain network structure and cross-linking points of
natural rubber products will be destroyed, and the physical properties
such as tensile strength and elongation at break of the materials will be re-
duced accordingly. Thus the surface morphology, molecular structure and
mechanical properties of the materials will be significantly changed, result-
ing in the aging and deformation of natural rubber products (Zheng et al.,
2021). O3 is also capable to have irreversible chemical reactions with the
unsaturated bonds and reducing groups in the chemical structure of plastic
materials, resulting in the oxidative degradation of plastic materials and
therefore value loss (Singh and Sharma, 2008). Moreover, plastic materials
exposed to O3 would release microplastic particles after changes in surface
morphology, causing secondary pollution. As the exposure time increasing,
the release abundance of microplastic gradually raised, while the surface
crack extension and fragmentation caused by O3 exposure were the main
factors of microplastic generation (Zhang et al., 2022). High concentrations
of O3 could react with unsaturated organic matters of indoor materials,
causing material fading, generation and release of ketones, aldehydes and
other substances (Poppendieck et al., 2007).
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4.2.3. Restriction in aqueous environment

When using O5 for water disinfection, it is also important to consider the
impact of the resultant disinfection byproducts on the environment, human
health, etc. O3 can oxidize and decompose organic matters in water bodies,
generating organic byproducts including aldehydes, ketones, carboxylic
acids, lipids and others, most of which can be biodegraded and removed
(Greene et al., 2012). Most organic byproducts can be removed by biodegra-
dation, among which acids are harmless to human, but aldehydes have been
proven to be carcinogenic (Feron et al., 1991), and the drinking water quality
index specifies formaldehyde as 0.9 mg/L by WHO (Slompo and Silva, 2019).
When bromide is contained in water, O5 oxidation produces bromate and a
variety of brominated organic byproducts (Joshi et al., 2022). Bromate has
also been proven to be carcinogenic (Moore and TaoChen, 2006) and exis-
tence in drinking water with limits of 10 pg/L by European Union (Gunten,
2003). The amount of O3 should be controlled within a reasonable range.
Since excessive Os residue after disinfection is not only toxic to fish and
other aquatic animals, but also damages fish scales, gills and other body struc-
tures, destroys the immune defense barrier composed of mucus and microbial
communities on the fish body surface, resulting in a risk of fish diseases
(Jhunkeaw et al., 2021; Paller and Heidinger, 1980).

4.3. Kinetic models for SARS-CoV-2

Since most of the current studies are focused on O5 inactivation of
SARS-CoV-2 on solid surfaces, the relevant parameters selected here are de-
rived from Os inactivation experiments on solid surfaces. Studies have ver-
ified that SARS-CoV-2 is an enveloped, positive single-stranded RNA
coronavirus (Xia et al., 2021). The inactivation kinetics of O3 on enveloped
viruses conformed to the first-order kinetic model. Therefore, under the ex-
clusion of material properties (selecting stainless steel as the contact mate-
rial), the correlation between different concentrations, relative humidity
(RH), contact time and log-reduction is analyzed with data derived from
the relevant studies of Percivalle et al. (2021), Yano et al. (2020), Murata
et al. (2021). It is shown that the log; o-reduction value is significantly pos-
itively correlated with the CT value, and the Pearson correlation coefficient
is 0.800 (p < 0.01). The log;o-reduction value is not correlated with RH,
and the Pearson correlation coefficient is 0.046. Furthermore, through lin-
ear regression analysis, the following relationship could be obtained:

1g(Ny/N) = 0.62106CT @D

where, Ny and N were the number of SARS-CoV-2 units at certain time and
initial time, with a good correlation (R? = 0.89161). The specific distribu-
tion of the values is shown in Fig. 3.

The above resultant is the same as the study of Farooq and Tizaoui
(2022) which gave a similar linear formula, and the Eq. (1) of this study
is similar to the form of the Chick-Watson model in the kinetic of inactiva-
tion reaction. From the concept of CT value, it could be recognized that the
influence of the combined effect of O3 concentration and contact time on
the virus inactivation rate was greater than the effect of concentration or
time alone. There was a pseudo rate constant k in the Chick-Watson
model and Eq. (1). This parameter was affected by inactivation conditions
including RH, surface material properties, temperature, etc., which would
alter the mass transfer efficiency of Os, and finally react to the O3 concen-
tration, then influence the sterilization effect.

Fig. 4 shows the log-linear model and its fit degree of O3 inactivation of
SARS-CoV-2 at different O3 concentrations and RH. It could be seen from
Fig. 4(a) that under the same RH (80%), the k value of the fitting curve
with high O3 concentration (y;) is greater than that with lower concentration
(y2), and its R? is larger with better fitting effect. Similarly, it could be known
from Fig. 4(b) that under the same O3 concentration, the k value of the fitting
curve with high RH (y,) is greater than that with low RH (ys), and the com-
parison of y; and y3 in Fig. 4(a) could also obtain the same conclusion. The
response fitting effect with high RH is better with greater R

The O3 concentration was proportional to the inactivation reaction rate.
High concentration of O3 could provide more O3 molecules and OH: to
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Fig. 3. Relationship between 1g(No/N) and CT value for O inactivation of SARS-
CoV-2 (Murata et al., 2021; Percivalle et al., 2021; Yano et al., 2020).

react with the viral lipid envelop, increasing the reaction rate. Zucker
et al. (2021) used pseudoviruses to replace SARS-CoV-2 to test the inactiva-
tion effect of O3 on solid surface. Under the O3 exposure of 1000 ppm for 20
min, 100 ppm for 30 min and 30 ppm for 40 min, the virus inactivation rate
could reach 95%. The inactivation rates of three concentrations of O3 (30
ppm, 100 ppm, 1000 ppm) within a 30-min contact time could reach
90%, 94% and 99%, respectively. Therefore, increasing the O3 concentra-
tion can effectively reduce the virus infectivity. Similarly, Inagaki et al.
(2020) found that in the process of studying the rapid inactivation effect
of O3 water against SARS-CoV-2, when the concentration of O3 water was
1, 4, 7 and 10 mg/L, the virus inactivation rates for 5-second contact time
were 81.4%, 93.2%, 96.6% and 96.6%, respectively, whereas the virus in-
activation rates for 10-second contact time were 75.4%, 93.2%, 96.6%
and 97.5%, respectively. High concentration O3 water was very effective
for virus inactivation with a dose-dependent relationship. Although the ef-
fect of O; water on microorganisms may depend on the external conditions,
high concentrations of O water (=10 mg/L) would produce sufficient in-
activation even in the presence of inhibitors (such as proteins).
Additionally, the increase in air humidity promotes the probability of
the reaction between water molecules and O3 and the generation of OH-
with stronger oxidizing ability, which further improves the disinfection ef-
ficiency. Moreover, during gas phase disinfection, O3 needed to be trans-
ferred from the gas phase to the liquid phase before it could attack the
virus. The strong reactivity of O3 made the reaction completely take place
in the mass transfer liquid membrane during the entire mass transfer pro-
cess. Studies have shown that the combination of low concentrations of
O3 and high RH could form a powerful disinfectant with an inactivation
rate as high as 99% (Grignani et al., 2020). Clavo et al. (2020) discussed
the effect of RH on O3 treatment of personal protective equipment contam-
inated with SARS-CoV-2. At RH of 63% and O concentration of 8-12 ppm,
virus amplification was detected in both protective clothing and masks after
exposure for 30 and 50 min, while increasing RH to 99%, reducing O3 con-
centration to 4-6.5 ppm. The viruses in the protective clothing were
completely eliminated after the exposure of 30 and 50 min. Tizaoui et al.
(2022) evaluated the effect of CT and RH in synergistic inactivation of
SARS-CoV-2 and concluded that the diffusion rate of O3 on the liquid sur-
face was 100 times than that of the dry surface, i.e., in order to achieve
the same sterilization effect, the amount of O3 gas used to inactivate the
virus was 100 times than that of the liquid virus. When verifying the inac-
tivated effect of different RH (17%-70%) on drying SARS-CoV-2, the au-
thor found that with the increase of RH, the virus inactivation rate also
increased accordingly. The RH threshold was 13%-70%, and O3 could
not effectively kill the virus both below or above this range. Mazur-
Panasiuk et al. (2021) also verified that the O5 disinfection effect of
SARS-CoV-2 substitutes on solid surface was different under different RH,
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Fig. 4. (a)The log-linear model and fit degree of O3 inactivation of SARS-CoV-2 at different concentrations (Murata et al., 2021). (b) The log-linear model and fit degree of O3
inactivation of SARS-CoV-2 at different relative humidity (RH) (Percivalle et al., 2021; Yano et al., 2020).

i.e., the virus inactivation rate fluctuated between 0 and 0.9 log under low
RH, while it could rise to 0.6-2.1 log under high RH.

4.4. Influencing factors of disinfection effects

For different medium, O3 concentration and contact time are the key
factors affecting the effectiveness of O3 disinfection. Generally, in a certain
contact time, the higher the O3 concentration is, the better the disinfection
effect will be (Cordoba-Lanus et al., 2022), while in a certain O3 concentra-
tion, the longer the contact time is, the better the disinfection effect will be
(Volkoffetal., 2021). However, there is a threshold of O concentration and
contact time for the effect of inactivation on pathogenic microorganisms.
Too low O3 concentration might have no inactivation effect (Pelleu et al.,
1974), while too high concentration will result in an insignificant increase
in reaction efficiency and waste (Kowalski et al., 2003). Similarly, too short
contact time will make the reaction inadequate. While for too long contact
time, the inactivation curve will produce a tailing, i.e., the change in O5 in-
activation rate will slow down or even remain unchanged with increasing
time, while the O3 inactivation efficiency will increase rapidly with time
only during the inactivation reaction period (Huang et al., 2012).
Criscuolo et al. (2021) proposed an optimal O3 concentration (4 ppm)
and disinfection time (30 min) combination to reach an effective inactiva-
tion (>90%) of SARS-CoV-2 on almost all tested materials, while the low
concentration (0.2 ppm) that was non-toxic to humans required 4 times
as much time to achieve the same reduction rate.

RH is not only the important factor affecting the survival of SARS-CoV-2
(Noorimotlagh et al., 2021b), but also a critical factor to affect the O3 inac-
tivation. In the study of Tizaoui et al. (2022) when the RH was 99%, the in-
activation rate of protective clothing with 30 and 50 min of O3 exposure
was 100%, but SARS-CoV-2 on the mask was not effectively disinfected.
The likely reason was that the higher humidity created a higher level of
condensation on the surface of the mask, hindering the contact of O3 with
the virus. In daily disinfection occasions (such as hospitals, stations, cam-
puses, etc.), extremely high humidity (99%) is neither common nor feasi-
ble. It will both cause surface condensation affecting the inactivation
effect, and may cause rust or even damage to the equipment. Other studies
have also pointed out that extremely high RH may reduce or increase O in-
activation (Volkoff et al., 2021). Bayarri et al. (2021) reported that it was
best to control RH at 70-90% when using O3 to inactivate viruses.
Tizaoui et al. (2022) pointed out that 13-70% RH was the best threshold
for O inactivation of SARS-CoV-2. Thus, combined with the characteristics
of the sterilization kinetic models, the inactivation rate constant k with dif-
ferent RH can be given. The change rule and internal mechanism of the k
parameter influenced by RH can be clarified. Then the effective RH thresh-
old of virus inactivation can be finally determined. Therefore, the relevant
environmental factors should be effectively integrated to optimize the opti-
mal dosage of Os. The synergistic effect of CT and RH is the key to O3
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inactivation of viruses, so it is possible to explore the possible changes of
CT values at lower levels of humidity, and to formulate feasible O3 inactiva-
tion conditions through the reasonable distribution of (CT, RH).

In addition to the above main influencing factors, the O3 inactivation effi-
ciency is also influenced by temperature, environmental media, etc. Temper-
ature is the key factor of O3 stability in air (Epelle et al., 2022), as well as the
decisive factor to the solubility of O3 in water (Ziyaina and Rasco, 2021),
which can indirectly affect the inactivation efficiency of Os. Studies have
found that SARS-CoV-2 exists in different environmental media (water, ambi-
ent air, solid surfaces) and thus the O5 inactivation differs considerably in dif-
ferent media.

5. What can we learn so far from COVID-19 pandemics regarding the
role of ozone application?

5.1. Strategies for ozone application in environment

It has been demonstrated that SARS-CoV-2 could be used in various
solid surfaces, air and water environment with a certain O3 concentration
and in short time to achieve ideal effects. During the COVID-19 pandemic,
the use of this tolerated, sustained O3 exposure to protect individuals from
infection is justified.

In the laboratory environment, O3 does have a strong positive effect on the
inactivation of SARS-CoV-2, yet in practical application, the efficiency of O3
cannot be quantitatively inferred and absolutely effectively defined. The es-
sential difference between the laboratory scene and the practical environment
lies in the degree of control of variables, such as relative humidity, tempera-
ture, environmental airtightness, etc. Therefore, in specific life scenarios
close to the laboratory environment, the inactivation effectiveness of O3 on
SARS-CoV-2 is still positive. At present, O3 disinfection is mainly based on
static disinfection. High concentrations of O3 not only endanger human health
corrode building materials but also have an impact on the environment. The
longer disinfection time and the unattended disinfection method limit the ap-
plication scope of O disinfection. In addition, the static disinfection method
cannot keep the microbial concentration in the indoor air at a very low level
for a long time. At the same time, the space is inconvenient to use, which
also limits the application scope of O5 disinfection. O3 is a gas with inferior sta-
bility, so if the low O3 concentration in the space cannot be maintained accu-
rately in real-time, the so-called inactivation becomes meaningless.

Blanco et al. (2021) gave some suggestions on the application of O3 to
inactivate SARS-CoV-2 indoors. Using O3 at a concentration of 10-20
mg/m? for 10-50 min can disinfect items in small chambers, while for
large rooms, Os at a concentration of 30-50 mg/m> can be used for
20-30 min. O3 of high doses is suited in time-critical situations. If time per-
mits, low doses of 5-10 mg/m? can be uses to disinfect for 4 h. Since the
damage caused by O3 to human respiratory system, lower-dose O3 of
<0.1 mg/m? is useful to stop the spread of SARS-CoV-2 in places where
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people are present. For high-risk areas like hospital, it is recommended to
disinfect multiple times a day, and additional cleaning of high-risk environ-
mental surface in hospitals should also be considered, along with enhanced
disinfection operations for work equipment such as keyboard, phone, scan-
ner and other object surface (Seif et al., 2021).

It has been shown that O3 can be efficiently decomposed using metals
and their oxides (e.g. TiO,, SiO,, Al,03) with catalyst carriers (e.g. acti-
vated carbon) (Li et al., 2020). Huang et al. (2012) have used MnO,/
Al,03 and MnO,/AC as catalysts to test their ability on treating Os tail
gas, and the results were <10 ppb, which was lower than the O3 limitation
concentration recommended by the relevant standards. Based on this, a
degradation device containing catalysts can be used to decompose residual
O3 in the enclosed room after disinfection until it is not measurable. Mean-
while, opening windows for ventilation is also a good choice, from which
excess O3 gas indoors will be discharged outdoors with the airflow. In addi-
tion, studies have shown that SARS-CoV-2 can be transmitted through in-
door air, and improving indoor ventilation systems in high-traffic places
such as hospitals can effectively reduce the airborne transmission of the
virus (Noorimotlagh et al., 2021a).

5.2. The wiser use of ozone in the COVID-19 pandemic

The COVID-19 epidemic has had a profound impact on human society.
The experience in controlling and blocking the spread of COVID-19 has
confirmed that the existence of environmental vector pathogens has a sig-
nificant risk of secondary transmission. Ongoing studies have shown that
O3 can be effectively applied to the disinfection of pathogens on water,
air, and object surfaces and has many advantages. Therefore, in the post-
epidemic era, achieving efficient and wiser use of O3 for pathogens such
as viruses, including SARS-CoV-2 control, is still the focus of attention.

5.2.1. Synergistic techniques of ozone disinfection

In practical applications, although high concentrations of O3 have a good
inactivation effect on microorganisms, O3 concentrations exceeding the
threshold will endanger human health and corrode materials. Moreover,
the inactivation efficiency of Os is relatively expensive. Therefore, a reason-
able ozone-assisted collaborative disinfection system has been gradually
paid more attention. To improve the disinfection effect with relatively low
O3 concentration and shorten the disinfection time, the synergistic inactiva-
tion technology combing O3 disinfection with other physical (such as ultravi-
olet) or chemical disinfection methods (such as hydrogen peroxide) should be
paid more attention. The specific inactivation effect is shown in Table 4.

In the comparative experiment of the AOPs for the inactivation of Sal-
monella typhimurium on tomatoes, Fan et al. (2020) found that both O3
alone reduction (<0.6 log CFU/fruit on smooth surface and the stem scar)
and aerosolized hydrogen peroxide alone reduction (2.1 log CFU/fruit on
the smooth surface and 0.8 log CFU/fruit on stem scar) were lower than
that of the combination treatments reduction (5.2 log CFU/fruit on the
smooth surface and 4.2 log CFU/fruit on stem scar). A large number of stud-
ies demonstrated that the inactivation effect of O3 synergistic disinfection
technology on pathogens is obviously better than that of the pure O3
method in general (Azuma et al., 2022).
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The synergy between hydrogen peroxide and O3 is mainly because of
the hydroxyl radicals generated by the direct reaction of hydrogen peroxide
and O; molecules. The mechanism of its action is shown as follows
(Merenyi et al., 2010):

H,0, + 205 — 2:OH + 30,

The mechanism of action of UV synergistic O3 technology is shown as
follows (Izadifard et al., 2017):

0; + H,O0 + hv—H,0, + 0,,20;3 + H,0,—2-:0H + 30,,H,0, + hv—2-OH

The mechanism of the synergistic technology between ultrasound and
Osis shown as follows (Kang, 1998). In the formula, “(((” represents the ul-
trasonic identifier, while “O(°P)” represents the reactive oxygen species
generated after the O3 molecule is decomposed by ultrasonic excitation.

H,0 + (((— -OH + H,, 03 + (((— 0, + O(°P),0(°P) + H,0 — -OH

It can be concluded that these AOPs help to generate more hydroxyl rad-
icals in the reaction system, thereby significantly improving the inactiva-
tion effect. A variety of studies on the utilization of pure O3 technology
and Oj synergistic technology to disinfect microorganisms have been re-
ported. However, there is still a lack of studies of these AOPs on the inacti-
vation of SARS-CoV-2. In the post-epidemic era, in view of the high
transmission ability of SARS-CoV-2 and the differences in its survival char-
acteristics in different environmental media, the study on the inactivation
of SARS-CoV-2 by O synergistic technology in other places and media
can be carried out. The focus of studies is to determine the optimal combi-
nation mode of O3 synergistic technology and its applicable conditions and
concentration range. Meanwhile, the mechanism of action between O3 syn-
ergistic technology and SARS-CoV-2 in the inactivation process can also be
studied to further clarify the disinfection mechanism and ensure the effi-
ciency of disinfection on SARS-CoV-2.

5.2.2. Establishment of multivariate models

The kinetic equations of Os inactivation currently studied are based on
traditional inactivation kinetic models, such as Chick-Watson model and
EFH model, while the model parameters are estimated based on the change
of microbial concentration over time in the experiment, which consider rela-
tively simple factors. However, the model parameters will change in different
experimental environments, and the inactivation effect is also different due to
different microorganisms. Because the microbial population in the laboratory
is different from the population structure in the environment, the virus adapts
to disinfection stress through genetic selection or mutation, resulting in the
emergence of a population resistant to disinfectants (Dolan et al., 2018), so
the conclusions drawn in the laboratory (such as concentration, temperature,
RH, etc.) are not necessarily suitable for practical applications. Therefore,
viral heterogeneity and technology-specific factors can be incorporated into
kinetic parameters. Meanwhile, the uncertainties in viral tolerance stemming
from the genetic properties of virus populations should also be taken into

Table 4
Inactivation effect of ozone synergistic technologies.
Methods Pathogens Inactivated effect Experiment condition Reference
03 + Hy0, Salmonella enterica 5.2 log CFU/fruit on smooth surface; gaseous Oz with 800 and 1600 ppm; aerosolized H,O, (Fan et al., 2020)
serovar 4.2 log CFU/fruit on the stem scar generated from 2.5%, 5% and 10% H,0,; 30 min reaction
Typhimurium
03 + UV Escherichia coli 100 % killing rates in <5 min contaminated water; UV types of 15 W LP and 150 W MP; (Tawabini et al., 2013)

H,0, + UVC + Os
Ultrasound + O3
O3 + TiO,

UV + Ag-TiO, + O

Aspergillus spores
Escherichia coli
Escherichia coli
Escherichia coli

1.23 log reduction on lemon surface
99 % inactivation after 4 min

6.22 log reduction after 10 min
2.41 log reduction with 0.5 s

O3 levels of 1 and 2 ppm

H,0, 3.5%; UVC 2.1 mW/cm?; O3 2g/h

Ultrasound 100 W; O3 1 mg/L, 160 W, 10% gas flow
freshwater; TiO, 1 g/L; O3 102 mg/L

UV 6.5 mW/cm?; 03 9.84 mg/L; 20 °C; pH 8.01; water flow

(Hasani et al., 2019)
(Al-Hashimi et al., 2015)
(Rodriguez-Chueca et al., 2015)
(Wu et al., 2011)

rate 500 L/h;
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account in the kinetic model of viral inactivation, which is beneficial to adopt
effective disinfection strategies for different viruses.

After considering a number of issues including the genetic characteristics
of the virus, the influence of disinfection factors, the unpredictable virus resis-
tance to disinfectants and other factors on the disinfection kinetic model, such
as analyzing the change law of the inactivation rate, a tertiary model may be
established by integrating multiple models. The multivariate model can inte-
grate target microbial inactivation kinetic factors and disinfection
technology-dependent effects, and comprehensively describe the influencing
factors of microbial population changes and their changing laws over time.
This will provide a more scientific basis for O3 inactivation applications.

6. Conclusions

O3 based inactivation and disinfection is an efficient, broad-spectrum
and green method, owning to its characteristics of thorough sterilization
and no dead ends in disinfection with significant effects on water and air
safety. O3 has shown strong inactivation effects on pandemic viruses, in-
cluding swine flu virus, HIN1, influenza A virus, HIV, and SARS-CoV-2.
The inactivation mechanism is to diffuse O3 to the surface of microbial
membranes or capsids protein, thereby oxidatively degrading membrane
and shell structure, resulting in the loss of cytoplasm and shell matrix and
leading to genetic material destruction and co-enzyme deactivation.

The bactericidal kinetic model can quantitatively evaluate the bacteri-
cidal effect of O3. The non-enveloped virus represented by poliovirus
conformed to the EFH model, while the enveloped virus represented by
SARS-CoV-2 conformed to the pseudo-first-order kinetic model. The pseudo
rate constant in the pseudo-first-order kinetic model was affected by RH,
temperature, etc. Both RH and O3 concentrations need to be set to a reason-
able threshold for application in a safe environment. On the basis of the
existing inactivation kinetic model, the definite and uncertain factors can
be integrated to establish a tertiary model, which can take effective disin-
fection strategies for different conditions. In the view of the high transmis-
sion ability of SARS-CoV-2 and its robust survival characteristic in different
environmental media, other physical and chemical techniques can be used
to synergistically inactivate the virus in future studies.
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