
Vol:.(1234567890)

Aerosol Science and Engineering (2021) 5:516–523
https://doi.org/10.1007/s41810-021-00118-1

1 3

ORIGINAL PAPER

Ozone Gas Inhibits SARS‑CoV‑2 Transmission and Provides Possible 
Control Measures

Junji Cao1  · Yecheng Zhang2 · Quanjiao Chen2 · Maosheng Yao3 · Rongjuan Pei2 · Yun Wang2 · Yang Yue4 · 
Yu Huang1 · Jing Wang4 · Wuxiang Guan2

Received: 17 June 2021 / Revised: 7 August 2021 / Accepted: 10 August 2021 / Published online: 20 August 2021 
© Institute of Earth Environment, Chinese Academy Sciences 2021

Abstract
The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused millions of deaths currently. Mounting 
effective responses to the pandemic have become top priorities for governments around the world. Laboratory experiments 
have confirmed for the first time that fumigation with ozone  (O3) at low  O3 doses (7500–15,000 μg  m−3·min) can inhibit 
the SARS-CoV-2 and inactivate the virus at high  O3 doses (129,000 μg  m−3·min). The RNA copy number of SARS-CoV-2 
significantly decreased (95.9–97.7% reduction) when exposed to  O3 at a low concentration of 250 μg  m−3 for 30 and 60 min. 
A significant negative relationship between the numbers of confirmed SARS-CoV-2 cases and ambient  O3 in Chinese cities 
indicated that the spread of SARS-CoV-2 may have been inhibited by high  O3. An analysis of data from Chongqing showed 
that the transmission of COVID-19 increased when the  O3 mixing ratios in the air were relatively low, and transmission 
decreased when  O3 increased. Based on these findings, we also propose a new Safety  O3 Emission (SOE) method to increase 
indoor  O3 to levels (< 160 μg  m−3) that inhibit the transmission of the SARS-CoV-2 but are not harmful for humans. This 
could serve as timely and low-cost solution for suppressing COVID-19 outbreaks throughout the world.
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1 Introduction

The outbreak of COVID-19 respiratory disease caused by 
the novel coronavirus SARS-CoV-2 (severe acute respira-
tory syndrome coronavirus 2) has aroused public health con-
cerns around the world (Hu et al. 2020). The virus has been 
found in more than 200 countries and caused widespread 
disease and death. As of June 2021, more than 170 million 
confirmed cases have been reported globally and hundreds 

of thousands of deaths have occurred (https:// news. ifeng. 
com/c/ speci al/ 7uLj4 F83Cqm? needp age= 1& webkit=1). 
The latest outbreak of the new SARS-CoV-2 in July 2021 at 
Nanjing, China (https:// mp. weixin. qq. com/s/ Uj2ip Omo71 
cr8er tLHXu Gg) indicates that new viruses are more likely 
to spread rapidly through the air and bring new disasters to 
human society. Mobilizing the resources needed to combat 
the disease has led to a variety of challenges for governments 
around the world (Atkinson 2020).

The main transmission pathways for SARS-CoV-2 are 
direct physical contact and airborne transmission (Morawska 
and Cao 2020; Hu et al. 2020). The spread of virus through 
the air usually occurs through aerosolized droplets over short 
distances and aerosol particles at medium and longer dis-
tances (Tellier et al. 2019; Morawska and Cao 2020; Moraw-
ska et al. 2021). The development of methods for inactivat-
ing viruses and curbing the spread of disease has become a 
top priority for limiting the impact of COVID-19. Currently, 
ambient temperature (Bannister-Tyrrell 2020) and ultravio-
let light are considered to be the main environmental fac-
tors that affect the spread of SARS-CoV-2. The focus of the 
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study presented here is on ozone, a ubiquitous atmospheric 
trace gas that has both natural and anthropogenic sources.

Ozone molecules  (O3) directly react with biomolecules, 
and  O3 also can decompose to form free radicals that react 
with biomolecules (Elvis and Ekta 2011).  O3 also has been 
proven to have inactivating effects on the first SARS virus 
(Zhang et al. 2004), influenza virus (Tanaka et al. 2009), and 
other viruses (Hudson et al. 2009). These studies have shown 
that on a timescale of around a minute,  O3 can affect the 
internal structure of the viruses and damage nucleic acids. 
 O3 in the air also has been shown to have a negative associa-
tion the influenza virus (Ali et al. 2018), and these authors 
proposed that there may be  O3-primed immunity against a 
variety of influenza virus types and subtypes. Therefore, 
the possibility that fumigation with  O3 could affect the sur-
vival of SARS-CoV-2 in the air and the transmission of the 
disease has attracted our attention. The main purposes of 
this paper are (1) to investigate inhibitory effects of  O3 on 
SARS-CoV-2 through laboratory experiments and statistical 
analysis and (2) to propose active control methods.

2  Materials and Methods

2.1  Virus Culture and  O3 Treatment

Vero-E6 cells (ATCC CRL-1586) were cultured in Dul-
becco’s minimal essential medium supplemented with 

10% fetal bovine serum (FBS, Thermo Fisher Scien-
tific, Thornton, Australia) with 100 units  ml−1 penicillin 
and 1 mg  ml−1 streptomycin (Invitrogen, NY, USA) in a 
humidified 37 °C incubator with 5%  CO2. An ozone gen-
erator (MAXP-ARS50, Maxell, Japan) was used as the 
source of ozone gas to investigate the survival of viruses 
when exposed to different  O3 concentrations in a 3.2 L 
chamber. 200 µl SARS-CoV-2 (4 ×  103 plaque forming 
units, pfu) were transferred onto 2 cm × 2 cm gauze cloths 
followed by  O3 treatment at different concentrations for 
30 min or 60 min as indicated in Fig. 1. The gauze cloths 
were soaked in 250 µl phosphate buffer saline (PBS) for 
5 min, and the supernatants were collected for Vero-E6 
inoculations. The inoculated cells were cultured for 24 h 
prior to RNA extraction.

2.2  RNA Extraction

The culture supernatants were harvested 24 h post inocu-
lation for RNA extraction. For this, 0.5 ml of TRIzol™ 
Reagent (Invitrogen, NY, USA) was added to 0.5 ml of 
each supernatant. The viral RNA was isolated follow-
ing a standard protocol according to the manufacturer’s 
instructions and dissolved in 20 μl of diethyl pyrocarbon-
ate (DEPC)-treated water.

Fig. 1  Flowchart of  O3 treatment experiment in this study
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2.3  Quantitative Reverse Transcription Polymerase 
Chain Reaction Methods

A quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) technique was performed using One Step 
PrimeScript™ RT-PCR kits (Perfect Real Time, Takara, 
RR064A), following the standard protocol provided by the 
manufacture. The Orf1ab primers (Orf1ab-F: 5′-CCC TGT 
GGG TTT TAC ACT TAA-3′, Orf1ab-R: 5’-ACG ATT GTG 
CAT CAG CTG A-3′) and probe (Orf1ab-P 5′-FAM-CCG 
TCT GCG GTA TGT GGA AAG GTT ATG G-BHQ1-3′) 
were used. The N gene primers (N-F: 5′-GGG GAA CTTC 
TCC TGC TAG AAT-3′, N-R: 5′- CAG ACA TTT TGC 
TCT CAA GCT G-3′) and probe (N-P 5′-FAM-TTG CTG 
CTG CTT GAC AGA TT-TAMRA-3′) were used to confirm 
the RNA samples. Viral genome copy numbers were calcu-
lated based on a standard curve generated from the in vitro 
transcribed RNAs that contained the PCR amplicon. All the 
primers were designed referring to the SARS-CoV-2 genome 
(GISAID, https:// www. gisaid. org/, accession number: EPI-
ISL-402124) (1).

2.4  Data Collection and Statistic Analysis

For the statistical analyses, confirmed cases of SARS-CoV-2 
were obtained from the IFENG News website (https:// news. 
ifeng. com/c/ speci al/ 7tPlD SzDgVk? from= singl emess age& 
isapp insta lled=0). The ambient average ground level  O3 
concentrations at 30 provincial capital cities in mainland 
China (except Wuhan) were calculated for one month from 
22 January to 21 February 2020 based on real-time obser-
vations in the Chinese Environmental Monitoring Network 
(https:// beiji ngair. sinaa pp. com). Software of Igor Pro 8 
(WaveMetrics, Inc., USA) was utilized for statistic analyses 
and plotting.

3  Results and Discussion

3.1  Inactivation of SARS‑CoV‑2 with Ambient  O3 
in Laboratory Studies

To investigate possible effects of  O3 on SARS-CoV-2, we 
studied the survival of the virus under different concentra-
tions of  O3 in combination for various exposure times in 
the Biosafety Level III laboratory (Fig. 2). For this, diluted 
virus was spotted on the gauze cloth and treated with  O3 for 
the test conditions as indicated (Fig. 2) followed by wash-
ing with the medium used for virus culture. The qRT-PCR 
targeting SARS-CoV-2 Orf1ab gene was performed to check 
the viral genomic copy number 24 h after inoculation. We 
found that the RNA copy number of SARS-CoV-2 signifi-
cantly decreased to 95.9% for 30 min and 97.7% for 60 min 

on average when the test cloths were fumigated with  O3 at 
a low concentration of 250 μg  m−3 (high hourly ambient  O3 
concentration). The RNA concentrations of SARS-CoV-2 
showed exponential decreases with  O3 dose (exposure time 
[min] multiplied by ozone concentration [μg  m−3]) (the red 
line in Fig. 2 is the fitted line for RNA variations at the low 
ozone dose), which indicates that some of the SARS-CoV-2 
was inactivated by  O3.

To further investigate possible effects of  O3 on virus, we 
fumigated SARS-CoV-2 inoculated cloths to a higher con-
centration of  O3 (4700 μg  m−3) for 30 min. Results of these 
studies showed that the RNA concentrations of SARS-CoV-2 
at the higher  O3 dose decreased to close detection limits 
compared with that of control group (Fig. 2). Indeed, almost 
all the SARS-CoV-2 was inactivated at the high ozone dose 
(129,000 μg  m−3·min). Therefore, our results showed for the 
first time that a low  O3 dose (ambient concentration level) 
in the environment can inhibit SARS-CoV-2 and a high  O3 
dose can nearly completely inactivate the virus.

3.2  Relationship Between SARS‑CoV‑2 and Ambient 
 O3 in China

Understanding the environmental factors that affect 
SARS-CoV-2 will be helpful for predicting how corona-
viruses spread. Temperature, humidity,  O3, UV light, etc. 
are all thought to possibly affect the transmission of the 
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Fig. 2  Inactivation SARS-CoV-2 effect of  O3 under different doses. 
4 ×  103 pfu SARS-CoV-2 were transferred onto gauze cloths fol-
lowed by  O3 treatment at low concentrations (250 μg  m−3) for 30 min 
and 60 min, or at high concentration (4700 μg  m−3) for 30 min in a 
simulation chamber (3.2 L). The viral genomic RNA copy number 
was quantified by qRT-PCR. The red dotted line is the exponential 
fit line under low ozone dose (under ambient  O3 concentration of 
250  μg   m−3). The shaded area shows one standard deviation of the 
experimental data. All the experiments were repeated at least three 
times (different color in the figure)

https://www.gisaid.org/
https://news.ifeng.com/c/special/7tPlDSzDgVk?from=singlemessage&isappinstalled=0
https://news.ifeng.com/c/special/7tPlDSzDgVk?from=singlemessage&isappinstalled=0
https://news.ifeng.com/c/special/7tPlDSzDgVk?from=singlemessage&isappinstalled=0
https://beijingair.sinaapp.com
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SARS-CoV-2 (Yao et al. 2020; Bannister-Tyrrell 2020), but 
there is little direct evidence for any such effects. To investi-
gate this, we conducted a statistical analysis of the relation-
ship between selected environmental factors and COVID-19 
cases when SARS-CoV-2 began to spread in major cities in 
China; that is, from 22 January to 21 February 2020.

We found that several environmental factors such as tem-
perature, humidity, solar radiation, and UV were not cor-
related with the numbers of COVID-19 cases (all R2 < 0.1); 
however,  O3 concentrations were significantly correlated 
with COVID-19 cases. This finding was consistent with the 
finding of Yao et al. (2020). Figure 3 shows the geographi-
cal distribution of the confirmed COVID-19 cases and the 
relationship between the numbers of COVID cases and  O3 
for a group of large Chinese cities during February 2020. A 
linear regression of the number of COVID-19 cases in each 
city versus  O3 mixing ratios showed a significant negative 
correlation, with R2 = 0.23 (p ≤ 0.05).

The dataset and analyses have limitations because infor-
mation on how the disease was transmitted was not avail-
able, that is, whether it was by direct contact or through the 
air. If the numbers of airborne transmission cases could be 
separated from those caused by direct contact, the relation-
ship to  O3 might become clearer. This highlights the point 
that whenever possible, it would be highly desirable for epi-
demiological data records to have an indication of how the 
disease was acquired.

Our analyses also showed that Chinese cities with rela-
tively high  O3, such as Lhasa, Xining, and Yinchuan (shown 
in Fig. 3a), had lower incidences of infection while those 
with lower  O3, such as Beijing and Chongqing, tended to 
have more cases. The  O3 concentrations in Lhasa, Hai Kou, 
and Xining were 72 µg  m−3, 71 µg  m−3, and 69 µg  m−3, 

respectively, and the corresponding cases were 1 (no sec-
ondary infection cases), 12, and 16 (Fig. 3a). The  O3 con-
centrations in Beijing and Chongqing were 50 µg  m−3 and 
36 µg  m−3, respectively, and the corresponding numbers of 
cases were 393 and 561 (Fig. 3a).

Taking Chongqing as an example of a typical city with 
a large number of SARS-CoV-2 infections, we plotted a 
time-series of the number of daily COVID-19 cases ver-
sus the  O3 concentrations from 23 January to 21 February 
2020 (Fig. 4). The  O3 data plotted are the averages for 5 
days before the case reports because COVID-19 typically 
has an incubation period of ~ 3–5 days (Guan et al. 2020; 
Zhu et al. 2020). In other words, we assumed that the  O3 
average accumulated concentrations in 5 days before the 
incidence of disease reports would be a better indicator of 
the relationship than the concurrent data because of the time 
lag between exposure and the onset of the disease. Large 
numbers of COVID-19 cases in Chongqing corresponded 
with low  O3 (Fig. 4a), and a strong negative relationship 
was found between the number of cases and  O3 concentra-
tions (R2 = 0.42, p < 0.01) (Fig. 4b). This finding implies a 
possible role of ambient  O3 in the control of transmission 
of COVID-19.

3.3  Comparison of Methods for Disinfecting Air

The airborne route of the SARS-CoV-2 is believed to be 
important means for transmission because viral particles can 
be expelled into the air with an infected person’s exhala-
tions. Furthermore, the virus can be suspended in the air 
for a considerable amount of time because the particles are 
small, ~ 100 nm in size (Morawska and Cao 2020; Liu et al. 
2020). In fact, SARS-CoV-2 has been detected in various 

Fig. 3  Confirmed cases of COVID-19 (a) and its relationship (b) with ambient  O3 concentrations in major Chinese cities. Software of Igor Pro 8 
(WaveMetrics, Inc., USA) was utilized for statistic analyses and plotting
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microenvironments near infected patients, implying that the 
virus is spread through the air and infectious particles are 
deposited onto surfaces (To et al. 2020). Until a vaccine 
becomes available, public health measures will be the most 
important means to prevent the spread of SARS-CoV-2.

Air disinfection methods, such as exposure to UV radia-
tion, have been proposed as a way to prevent the spread 
of SARS-CoV-2 (https:// www. cnbc. com/ 2020/ 05/ 10/ how- 
ultra violet- light- could- help- stop- the- spread- of- covid- 19. 
html?__ source= iosap pshare% 7Ccom. tence nt. xin. share timel 
ine). Improving ventilation is another low-cost approach for 
reducing the concentrations of respiratory viruses in the air 
(WHO 2009), and some studies have shown that improve-
ments in ventilation could effectively mitigate the spread 
of some viruses. For example, Smieszek et al. (2019) con-
cluded that upgrading ventilation could have the same miti-
gating effect as vaccinating 50–60% of the population for 
the control of influenza.

Taking these results into account, we propose an  O3 
disinfection method to help control the transmission of 
SARS-CoV-2 and other airborne viruses. Disinfection with 
 O3 is a widely accepted and mature method for prevent-
ing the spread of airborne pathogens, and it is commonly 
used in China and other countries (Tanaka et al. 2009; 
Hudson et al. 2009; Elvis and Ekta 2011). Ozone rapidly 
inactivates suspended viruses, and it disinfects by per-
meation, leaving few areas untreated. Moreover, at low 

concentrations, ozone is not harmful to humans and there 
are no toxic by-products (Guzel-Seydim et al. 2004); in 
fact,  O3 decomposes into  O2 at room temperature and pres-
sure in ~ 30 min.

Air purifiers are another option for the control of air-
borne virus. We tested a new type of air purifier with 
plasma and high filtration technology that was deployed 
in tests to see if the device could reduce the concentrations 
of SARS-CoV-2 in the air of a CT (Computed Tomogra-
phy) room at a Hospital. The results show that the concen-
tration of viral RNA copies decreased from 8.95 ×  103 to 
undetectable levels after the air purifier operated for one 
hour in the indoor environment with viral aerosols at the 
Hospital’s CT room.

Table 1 summarizes and compares four methods com-
monly used for air disinfection. Due to its practical advan-
tages and low cost, fumigation with  O3 should be consid-
ered as means for suppressing the airborne transmission 
of viruses. As noted above, high concentrations of  O3 can 
inactivate viruses in the air and decontaminate environ-
mental surfaces. Furthermore, we note that ozone already 
is being widely used for disinfecting medical equipment, 
medicines, food, water, etc. (Viebahn-Hänsler et al. 2012; 
Guzel-Seydim et al. 2004; Von Sonntag 2012). Therefore, 
ozone has potential applications for inactivating SARS-
CoV-2 in enclosed areas, especially in hospitals and public 
buildings.

Fig. 4  Time-series plot of a confirmed cases of COVID-19 and b relationship between COVID-19 and ambient  O3 concentrations in Chongqing, 
China. Software of Igor Pro 8 (WaveMetrics, Inc., USA) was utilized for statistic analyses and plotting

Table 1  Comparison of four 
methods for air disinfection

Method Approach Advantages Disadvantages Cost

Ventilation Passive Easy operation Dilutes the virus but does not inactivate it Low
UV light Active High efficacy Limited by where light can reach Middle
O3 fumigation Active High efficacy Negative impact under high concentration Low
Air purifier Active High efficacy Low flow rates High

https://www.cnbc.com/2020/05/10/how-ultraviolet-light-could-help-stop-the-spread-of-covid-19.html?__source=iosappshare%7Ccom.tencent.xin.sharetimeline
https://www.cnbc.com/2020/05/10/how-ultraviolet-light-could-help-stop-the-spread-of-covid-19.html?__source=iosappshare%7Ccom.tencent.xin.sharetimeline
https://www.cnbc.com/2020/05/10/how-ultraviolet-light-could-help-stop-the-spread-of-covid-19.html?__source=iosappshare%7Ccom.tencent.xin.sharetimeline
https://www.cnbc.com/2020/05/10/how-ultraviolet-light-could-help-stop-the-spread-of-covid-19.html?__source=iosappshare%7Ccom.tencent.xin.sharetimeline
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3.4  Active Safety  O3 Emission (SOE) Method 
for Inactivating SARS‑CoV‑2

While much of the focus of controlling the virus has been 
on finding infected persons, isolation and quarantine, social 
distancing, and hand hygiene, Morawska et al (2020) pro-
posed that a parallel reduction in airborne transmission 
would help combat the virus. This basis of that proposal 
was that engineering controls in hospitals and other public 
buildings could protect healthcare workers, patients, and the 
general public alike. Here, we propose a Safety  O3 Emis-
sion (SOE) method for inactivating SARS-CoV-2 for indoor 
microenvironments.

The concentration of ozone in the Chinese environmen-
tal (outdoor) atmospheric standard is 160 µg  m−3 accord-
ing to GB3095 2012. This concentration is the maximum 
daily average 8 h value for second-class areas, which include 
residential areas, mixed commercial and residential areas, 
cultural areas, industrial areas, and rural areas. The Chinese 
indoor air standard is also 160 µg  m−3 (hourly average, GB/T 
18883-2002). Taking these air quality standards and the  O3 
concentration required to inactivate viruses into considera-
tion, we propose that  O3 in indoor air could be increased 
to a level that would inactivate the SARS-CoV-2 without 
unwanted effects on human health. As exposure to elevated 
 O3 can be harmful for sensitive persons, we recognize that 
the use of  O3 for virus control would not be advisable for 
all situations.

The Safety  O3 Emission (SOE) method we propose would 
raise the  O3 concentration to 160 µg  m−3 to inactivate the 
SARS-CoV-2 suspended in indoor air and on contaminated 
surfaces. To estimate the costs associated with the SOE 
method, we conducted a study in a 420  m3 conference room. 
The installation cost of the purification equipment was 900 
RMB or ~ $125 USD (Fig. 5). After 30 min, the indoor  O3 
concentration in the room reached 160 µg  m−3. If the room 
air were fully exchanged once each hour in an 8 h work 
day, the cost of electricity to power the instrument would be 
inconsequential, only 0.8 RMB. Thus, the installation cost of 
ozone equipment would be ~ 2 RMB  m−3 for indoor spaces, 
and the operating electricity cost ~ 0.1 RMB  h−1. These 
results show that the implementation of the SOE could be 
an extremely cost-effective way to combat the spread of viral 
pathogens.

The cost of producing 1 g of pure  O3 gas per hour is 
50–100 RMB, using air or pure oxygen as the starting mate-
rials, and its production requires only an  O3 generator and 
electrical power. To ensure that the  O3 concentrations in the 
indoor spaces were at safe levels,  O3 microsensors could be 
installed at the same time as the  O3 generators for real-time 
monitoring and management from a cloud-based data plat-
form—this is a mature technology in China. Indeed, the SOE 
method could be applied to various enclosed/semi-enclosed 

spaces such as school, offices, conference rooms, office 
buildings, shopping malls, restaurants, elevators, railway sta-
tions, and subway stations nationwide to provide extremely 
low-cost air purification technology for the control of SARS-
CoV-2 and other viruses and prevention of the diseases they 
cause.

Another potentially important and useful application of 
the SOE technology would be for transportation, including 
airplanes, ships, and trains. These can be considered indoor 
environments where people are often confined in close quar-
ters for extended periods. Various diseases are commonly 
spread through transportation, and in this way, viruses and 
other pathogens can become rapidly dispersed over long 
distances. The final advantage of the SOE is that the  O3 
generation for both indoor environments and transportation 
can be quickly and easily turned on or off as the situation 
warrants. After the SARS-CoV-2 epidemic ends, the SOE 
methods could be used as preventive measures to protect 
against pathogens in the air and possibly adapted for the 
control of diseases that affect confined animal operations, 
such as the influenza and swine flu.

4  Conclusions

From a public health perspective, it is not known in detail 
how environmental factors affect the airborne transmission 
of SARS-CoV-2. Understanding the environmental driv-
ers of the COVID-19 disease could contribute to the timely 
intervention and development of scientific control strate-
gies for the SARS-CoV-2 virus. Our experimental results 
demonstrated for the first time that fumigation with  O3 can 
(1) inhibit the SARS-CoV-2 at a low ambient  O3 dose that 

Fig. 5  Distribution of  O3 with time in an experimental room. The 
concentration of  O3 was monitored (Model 205, 2B-tech, USA) and 
plotted with time variation after the startup of an  O3 generator
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should be safe for most persons and (2) inactive the virus at a 
higher dose. Through statistical analyses of the relationships 
between the numbers of SARS-CoV-2 cases and ambient 
 O3 concentration, we found evidence that high concentra-
tions of ambient  O3 inhibit SARS-CoV-2 transmissibility. 
From our analyses, we suggest that increases in ambient  O3 
concentrations combined with other environmental factors, 
especially temperature and UV radiative fluxes, could slow 
the spread of SARS-CoV-2 in the environment. We proposed 
a new SOE method designed to mitigate the transmission of 
coronavirus as well as limit the occurrence of superspreader 
events in indoor air by increasing  O3 concentrations. The 
method could be considered as a low-cost air purification 
solution to rapidly combat the SARS-CoV-2 epidemic.
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