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A B S T R A C T   

The world is presently infected by the biological fever of COVID-19 caused by SARS-CoV-2 virus. The present 
study is mainly related to the airborne transmission of novel coronavirus through airway. Similarly, our mother 
planet is suffering from drastic effects of air pollution. There are sufficient probabilities or evidences proven for 
contagious virus transmission through polluted airborne-pathway in formed aerosol molecules. The pathways 
and sources of spread are detailed along with the best possible green control technologies or ideas to hinder 
further transmission. The combined effects of such root causes and unwanted outcomes are similar in nature 
leading to acute cardiac arrest of our planet. To maintain environmental sustainability, the prior future of such 
emerging unknown biological hazardous air emissions is to be thoroughly researched. So it is high time to deal 
with the future of hazardous air pollution and work on its preventive measures. The lifetime of such an airborne 
virus continues for several hours, thus imposing severe threat even during post-lockdown phase. The world waits 
eagerly for the development of successful vaccination or medication but the possible outcome is quite uncertain 
in terms of equivalent economy distribution and biomedical availability. Thus, risk assessments are to be carried 
out even during the post-vaccination period with proper environmental surveillance and monitoring. The skilled 
techniques of disinfection, sanitization, and other viable wayouts are to be modified with time, place, and 
prevailing climatic conditions, handling the pandemic efficiently. A healthy atmosphere makes the earth a better 
place to dwell, ensuring its future lifecycle.   
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1. Introduction 

Coronavirus disease, 2019 (COVID-19) is presently one of the main 
growing concerns over mankind for the last few months of 2020. The 
effects of coronavirus are highly devastating with time over the human 
environment and ecology, resulting in a huge global environmental 
transition. The spread of COVID-19 by SARS-CoV-2 (severe acute res-
piratory syndrome coronavirus 2) virus was initially originated from a 
specific city of China named Wuhan. Gradually, due to human inter-
vention and contact, the disease started transmitting in the global 
platform from one nation to another. At present times, it is one of the 
main causes of the global pandemic thus changing the environmental 
scenario in different geographical and climatic conditions. As it is 
referred to the severe acute respiratory syndrome, it is directly associ-
ated with airborne transmission. Previously, it is proved that such viral 
transmission is prone to several acute respiratory problems when it is 
present in the aerosol form [1]. According to WHO (World Health Or-
ganization) guidelines, there are various modes of viral transmission 
related to SARS-CoV-2. The modes of viral transmission are generally 
categorized into 3 types, which are stated as airborne transmission, 
direct contact transmission (i.e., that generally gets directly transferred 
via direct contact with the contaminated surface), which is also referred 
to as fomite transmission, and droplet transmission (i.e. transmits in 
form of large respiratory droplets) [2]. Droplet transmission occurs 
when two persons are in close contact with each other (within 1 m), and 
the respiratory droplets accordingly get transferred in the form of an 
aerosol. The infectious droplet can transmit to human eyes, nose, and 
mouth when they are exposed to such contagious respiratory droplets 
[3]. This particular respiratory syndrome is associated or results in the 
development of several chronic or acute disorders like fever, dry cough, 
breathing problems, pneumonia, dyspnea which may finally lead to 
respiratory failure or death [4]. Ambient air pollution caused due to 
PM2.5 is a global environmental issue because it is categorized under one 
of the primary atmospheric hazards leading to vascular inflammation, 
oxidative stress, severity in cardiovascular conditions, improper vaso-
motor responses, etc [5]. Continuous exposure to PM2.5 has a dangerous 
impact on the fast progression of cancer, fibrotic diseases having in vivo, 
and in vitro effects on various pulmonary cells [6]. Fine particulate 
aerosol matter in the ambient atmosphere is an indirect means of 
respiration which involves the pro-inflammation and oxidation mecha-
nism within the human body [7]. According to a particular study done in 
the United States, it is being found that 63% of air samples were tested 
positive. Moreover, the air in several patient rooms, hospital lawns as 
well as the ambient atmosphere near hospital arenas in Nebraska, USA 
contains a viral load of 2.9 copies/L [8]. New Delhi, Mumbai in India as 
well as several cities of India and China are some of the most polluted 
cities in the world. It is found those population and pollution indexes are 
connected equivalently which combinedly poses a severe threat over the 
present pandemic situation in the world [9]. In terms of PM2.5 and NOX, 
New Delhi is the second most polluted city in the world. At the same 
point of time, it is a leading city in terms of COVID-19 infection [9]. 
These toxic contaminants are two primary outdoor pollutants respon-
sible for drastic health impacts on mankind [10]. It is being found that 
hazardous air pollutants like sulfur, nitrogen dioxide, particulate matter 
lead to significant health impacts over human biology through 
socio-economic pathways thus affecting the anthropogenic ecosystem. 
Prolonged exposure to particulate dust actually harms the climate sce-
nario globally [11]. In general, it is always to be kept in mind that all 
kinds of severe respiratory cardiovascular diseases are combined effects 
of viral infections and air hazards [12]. Considering the health point of 
view, the earth has undergone a huge transformation thus changing the 
human lifestyle accordingly. 

1.1. What is SARS-CoV-2 or novel coronavirus? 

Coronavirus (CoV) is an enveloped, single-stranded, positive-sense 

RNA virus (Fig. 1(A)), where a long polycistronic mRNA is produced, 
that codes for several proteins [13]. It is named for its solar-corona-like 
appearance due to its surface spikes of 9–12 nm long [14]. The virus was 
called 2019 novel coronavirus (2019-nCoV), that was first found in a 
sample of broncho-alveolar lavage fluid of a patient, later identified as a 
new RNA virus strain from the family Coronaviridae, and was confirmed 
as the cause of a novel coronavirus infected pneumonia (NCIP) [15], 
occurred in Wuhan, Hubei province, China [16]. Due to the close genetic 
similarity (89.1% nucleotide similarity) of its viral genome (29,903 
nucleotides) [17] with SARS-like CoVs, that has previously been found 
in BatCov RaTG13, isolated from bats [18], it was changed to 
SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) by the 
Coronavirus Study Group (CSG) of International Committee on Taxon-
omy of Viruses (ICTV) [19,20]. Shortly, thereafter, WHO named this 
disease caused by coronavirus COVID-19 (coronavirus disease, 2019) 
[21]. Taxonomically, SARS-CoV-2 or novel coronavirus belongs to the 
order Nidovirales, suborder Cornidovirineae, family Coronaviridae, sub-
family Orthocoronavirinae, genus Betacoronavirus (lineage B), subgenus 
Sarbecovirus, and the species severe acute respiratory syndrome-related 
coronavirus [22]. SARS-CoV-2 expresses four major protein on its en-
velope (Fig. 1(A)), one of which is the spike protein (S), that binds to 
human angiotensin-converting enzyme 2 (ACE2) receptors and mediates 
subsequent viral entry into the host cell [23,24]. A membrane 

Fig. 1. SARS-CoV-2 virus and its effect of transmission through aerosol par-
ticulates over human biology. (A) Biological structure and schematic diagram of 
SARS-CoV-2 virus. (B) Viral load adhered to the surface of aerosol particulates 
severely affecting human respiratory tract and system. 
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glycoprotein, named ACE2, is usually expressed within the kidney, 
endothelium, lungs, and heart; and plays a vital role in the cardiovas-
cular and immune systems [25,26]. The SARS-CoV-2 binds to its host 
cell, especially the alveolar epithelial cells, via the ACE-2 receptors, 
infects the lower respiratory tract (Fig. 1(B)), and thereby induces the 
secretion of inflammatory cytokines into the epithelial cells, resulting in 
the disruption of the epithelial-endothelial barrier and leading to 
multi-organ damage [27,28]. 

While the entire science community is focusing on airborne trans-
mission of the COVID virus, it is also quite necessary to locate the 
probable hotspot zones for atmospheric pollution and the ways to con-
trol it. Air pollution due to gaseous matter/particulate emission can 
occur in our environment on an indoor as well as outdoor scale. Past 
literature survey accordingly shows the fact that several viruses related 
to respiratory syndromes like SARS-CoV, MERS-CoV (Middle-East Res-
piratory Syndrome coronavirus), influenza virus, respiratory syncytial 
virus (causes bronchitis in infants) are all air-borne in nature having 
both short-range and long-range transmission possibilities [29]. Due to 
the effect of continuous exposure to air pollution and particulate emis-
sion, it is clearly understood that the diseases associated with serious 
respiratory trouble like asthma, respiratory inflammation, bronchitis, 
pneumonia, lung impairment, ischemic heart disorder, etc. can further 
lead to death or rapid increase of mortality rate [30]. It is being reported 
that the USA, India, China, Chile, Brazil, Mexico, European countries are 
some of the leading countries that are hugely affected by particulate 
matter and gaseous pollutants like NO2, SO2, CO2, etc. Several pieces of 
evidence have been found that Washington DC is being severely affected 
by particulate matter which further leads to infection due to the influ-
enza virus and other airborne diseases [31]. The United States urban 
areas turn out to be one of the prime areas for high particulate pollution 
(PM2.5) leading to severe cardiovascular or respiratory diseases thus 
increasing the cases of the rate of mortality [32,33]. New York City in 
the United States is prone to high exposure to PM2.5, O3, and SO2 which 
leads to a dangerous respiratory disorder like Asthma [34,35]. Similarly, 
from the above evidences, it is quite clear that the infection of COVID-19 
is someway directly associated with the contamination of the ambient 
atmosphere through air pollution. It is being observed that important 
populous metropolitan cities in the world get simultaneously affected 
associated with a coronavirus and airborne transmission of particulate 
matter or aerosol. The rate of mortality and the rate of positive COVID 
cases are also associated and linked with the above-discussed factors at 
the same point of time. 

This specific review research paper is mainly dealing with the 
connection between ambient air pollution or particulate emission and 
the spread of the SARS-CoV-2 virus through air medium in a global way. 
In addition to that, the paper also focuses on the preventive measures 
and technologies that can be implemented to reduce the aerosol or solid 
particulate emission to further control the pandemic efficiently for both 
indoor as well as outdoor environment context. On the other hand, this 
manuscript uniquely notifies a thorough discussion relating to the future 
risk of COVID-19 during the post-COVID period even after vaccination. 

1.2. Root cause and source of ambient air pollution 

Ambient air pollution is one of the important growing concerns in the 
present scenario. Industrial revolution and globalization have impacted 
hugely over the present civilization for the last few decades. The world 
health organization (WHO) states that the primary air pollutants include 
SOX, NOX, CO2, CO, ozone, particulate matter like PM2.5, PM10. Exposure 
of humans and animals to particulate matter leads to several diseases 
related to respiratory syndromes. Particulate matter mainly comprises 
PM2.5 and PM10. Now the path or the trajectory of airborne transmission 
can be classified into indoor and outdoor forms of transmission [30]. 
According to a particular study done in China, it is proved that meteo-
rological conditions are prone to air pollution during the winter months 
as the dilution in pollution effects is minimum due to the fact of 

dispersion, compared to the other seasonal months [36]. So, it is quite 
well understood from the fact that indoor, as well as outdoor habitats, 
are equally affected during the winter months due to airborne trans-
mission. Moreover, according to several scientific communities, 
anthropogenic emission also leads to severe particulate emission or 
transmission of air pollutants via atmospheric pathways [37]. A com-
plete connection or link between atmospheric hazards (SO2, CO, NO2, 
O2, O3, PM2.5, and PM10) and novel coronavirus have been reported by 
some of the Chinese group of scientists [38]. A report by WHO defines 
that in 2015 almost 92% of the entire world population is dwelling over 
the air quality guidelines which should be restricted beyond 10 μg/m3. It 
is also being observed that densely populated cities in any part of the 
world are getting prone to such a high level of particulate emission with 
time. It is being keenly observed and studied that almost 86% of the 
population in one of the most densely populated zones of southeastern 
nations of Asia (i.e. India, China, Bangladesh, Pakistan, etc.) are severely 
affected by PM2.5 emission all ranging above 75 μg/m3. Air pollution 
counts to be one of the main causes of mortality on our planet [39–41]. 
Several previous studies proved that industries like cement industries, 
fly ash generating plants, sponge iron plants, steel plants, and hydro-
carbon industries agricultural biomass burning (stubble burning), 
transportation or traffic system, power generation plants (Fig. 2) are one 
of the primary source of pollutants like SO2, CO2, CO, NOX, etc. since the 
last two decades or so [32,42]. The main contribution of outdoor 
pollution, which is one of the transmission pathways for airborne 
transmission, turns out to be one of the fatal causes of doubling pre-
mature mortality by 2050. The carbonaceous compounds emitted from 
the particulate emissions are one of the vital causes of toxicity in the 
ambient atmosphere of the outdoor environment of the USA, Russia, 
South-Eastern Asia [32]. The process of burning fossil fuel also resulted 
in huge emissions of NO2 in the atmosphere thus reducing the air quality 
[43]. It is been observed that due to the effect of prolonged monsoon in 
sub-tropical countries, humidity is one of the governing parameters that 
decide the fate of prevailing climatic conditions [44]. The presence of 
moisture in the ambient atmosphere or humid air is directly associated 
with aerosol formation [45]. As shown in (Fig. 1(B)), a humid climate 
increases an added probability of particulate aerosol formation with the 
SARS-CoV-2 virus adhered to its surface due to viral dispersion, thus 
resulting in human mortality related to acute respiratory failure. So, 
these facts accordingly state that subtropical countries like India, China, 
Bangladesh, and other parts of south-eastern Asia may face possible risks 
associated with the fatal infection of the novel coronavirus. Some of the 
primary health outcomes related to household or outdoor air pollution 
are ischemic heart disease (IHD), acute lower respiratory infections 
(ALRI), chronic obstructive pulmonary disorder (COPD), lung cancer, 
etc. [46]. 

As an effect of all these above discussed sources and causes, the air 
quality is degrading day by day thus resulting in more and more mor-
tality due to human intervention. Accordingly, it has been scientifically 
documented that due to the hazardous effect of particulate emission or 
gaseous pollution, the death rate is almost double that due to the effect 
of other casualties or accidents [47,48]. It is also one of the nodal causes 
leading to several comorbidities, respiratory syndromes [49]. Presently, 
we are going to discuss more the modes of air pollution that will be 
affecting the ecology and environment, thus hampering sustainability in 
the following two ways. 

1.2.1. Interior domestic scenario (associated with indoor airborne 
particulate)/indoor transmission 

The form of airborne transmission mainly occurred via viral- 
contaminated particulate aerosol. The emission of the transmission is 
primarily composed of human expiration and speech-related matters, 
thus degrading the atmospheric ecology. The possibilities of viral 
transmission are mainly through respiratory pathways [50]. There are 
variable contributions from each route which are quite difficult to pre-
dict. The above discussion can be classified into direct and indirect 
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contact for further spread of infection. Direct contact occurs between the 
infection host and the individual prone to infection whereas the indirect 
way of transmission can be imparted by means of an object or surface 
that get contaminated by viral load, known as a fomite [7]. Without the 
need for direct contact, there are two distinct ways of transmission via 
airborne pathways. The first mode is via large (> 5 µm in diameter) 
virus-laden droplets released by infected individuals via a cough or 

sneeze; the second mode is when a susceptible individual inhales small 
virus-laden aerosol (< 5 µm in diameter) released during respiration or 
vocalism [51]. The spread of large droplets is rapidly hindered because 
of air resistivity and they are eliminated due to a dry form of deposition 
via the settling effect of gravitation [52]. The small virus-laden particles 
are somewhat connected with human respiratory discards which could 
sustain in an ambient atmosphere for several hours [53]. In general, the 

Fig. 2. Sources and pathways of transmission of novel coronavirus through several routes of air medium containing solid particulate matters, gaseous hazards in 
form of aerosol leading to indoor in-house air pollution and outdoor ambient air pollution are depicted. 
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size of any virus-laden aerosol, as well as the virus itself, accounts to 
< 5 µm diameter. The indoor air containing inhalable fine particulate 
matter (< 2.5 µm in diameter) imposes higher or greater risk of infection 
within confined space like hallways, rooms, restaurants, classroom 
complexes, etc [54]. Since the size of the coronavirus is small in diam-
eter (having an average size of 0.1 µm), it can easily adhere to the fine 
dust particles (PM2.5) leading to chronic as well as acute respiratory 
disorder or syndrome [55]. Moreover, the higher presence of inhalable 
fine or ultrafine particles in the indoor environment can easily pass 
through the nostrils or mouth interface finally affecting the lungs or 
deep respiratory tract. PM2.5 is hugely generated thus diminishing the 
indoor air quality due to several human activities or interventions such 
as smoking, fireplace, burning incenses, cooking, fuel combustion on 
heating, outdoor penetration or ventilation, within confined space of 
transport vehicles, etc [56]. Although PM10 is also present in the indoor 
environment, the risk or the probability of infection via PM2.5 is 
comparatively at a higher level because of its higher surface area within 
a particular control volume. The winds or turbulent eddies can be one of 
the primary mediums for transportation and dispersion of such infected 
respiratory emissions [57]. 

Other important factors that are needed to be considered are the in- 
effect aerosol concentration, and the virus-laden aerosol of various sizes 
within the air medium, the biochemical property of aerosol, the sus-
tainability of the virus within the aerosol, and the lowest concentration 
of effective viral particles required for possible infection due to inspi-
ration. In a laboratory environment, the half-life of SARS-CoV-2 in 
aerosol form counts to be 1 h [58,59]. In a different context, such as 
variable meteorological factors (temperature, ultraviolet radiation, 
relative humidity) related to outdoor environmental conditions, the 
half-life of the virus can be accordingly degraded [60,61]. 

The particular concentration of air particulate matter is varying be-
tween 108 particles/m3 and 1011 particles/m3 in hugely populated and 
domestic polluted places by considering the specific air volume during 
the process of respiration (0.5–1.5 m3/h) [62]. The aerodynamics 
aerosolization of COVID-19 is quite well justified in closed domestic 
pathways like hospital premises, medical isolation homes, etc [63,64]. 
Another important indoor arena that needs to be considered is the school 
and classroom premises. Several adverse health effects are noticed 
among the children and adults within the education hub due to various 
air hazards [65]. As a result of these consequences, during the 
post-lockdown phase, all educational institutions including schools and 
colleges need to adopt several preventive measures against such health 
hazards. All such preventive measures are discussed in detail in the latter 

part of the review. Thus, the above data prove that the indoor form of 
viral transmission is quite significant in terms of population and 
pollution. 

As discussed earlier, the inside atmosphere of the hospital premises 
counts to be one of the prime zones representing poor air quality 
including improper air conditioning-cum-mechanical ventilation, 
insufficient exchange of available oxygen within the indoor arena, as 
shown in (Fig. 2). Some of the important parameters that govern indoor 
air pollution are discussed as follows. The most possible activities 
related to the spread of coronavirus through air emissions are smoking, 
cooking, activities associated with religious spots inside the domestic 
hub, gaseous emissions from toilet complexes and fireplaces, etc. They 
mainly include the infection source is restricted and confined places, 
subsequent dispersion of the formed aerosol molecules caused due to air 
turbulence and maximized dilution, the climatic condition which makes 
the virus stable, and the best favorable domain for its future existence. 
The isolation rooms, safe home, home quarantine units, or patient’s self- 
care unit show the enormous presence of infected viral RNA in the 
contagious indoor environments [66]. 

The above fact proves that the biological virus adhered over the 
particulate surface can easily transmit through an indoor airborne 
pathway, also quite clearly depicted in (Fig. 2). The sample of aerosol 
shows a massive concentration of SARS-CoV-2 virus inside patient care 
units having toilet facilities of 19 copies/m3 and 18–42 copies/m3 in 
medical staff areas containing personal protective equipment composed 
of discard stuff within two specific hospital arenas of Wuhan, China 
[64]. The size of the fine particles ranges between (0.2–1) µm which is 
quite stable in air for several hours as compared to the coarser fractions 
that impose a direct threat for indirect transmission of viral load through 
the airway. The fomite way of transmission bears an enhanced risk as the 
particles get deposited over the surface in the indoor environment [7]. 
The risk of the contagious spread of virus-bearing aerosol molecules is 
even more as compared to the outdoor environment in some contexts 
[32]. A broader spectrum of research is still left to be investigated 
related to the phenomenon of aerosolization of coronavirus and virus of 
its kind during regular activities of inspiration or expiration (i.e. respi-
ration), sneezing, coughing, speech in the indoor or outdoor environ-
ment [51,52,67]. The biological or the physicochemical properties of 
the virus, the specific rate of infectivity as well as the lifetime of such 
bioaerosol needs to be properly studied. 

The risk associated with the mass spread of infection can be quite 
efficiently handled by periodic atmospheric ventilation, surface decon-
tamination by advanced techniques of disinfection and sanitization. 

Table 1 
List of pollutants responsible for airborne transmission of SAR-CoV-2.  

Name of the 
pollutant 

Source Effects Refs. 

Large virus-laden 
aerosol (> 5 µm) 

Coughing/sneezing They remain a shorter time in the air and mostly deposited on 
gravitational settling 

[51] 

Small virus-laden 
aerosol (< 5 µm) 

Respiration/speech They remain in the air for a longer time and eventually dispersed 
by winds 

[51] 

They are quickly dispersed and re-circulated in restricted places 
with poor ventilation (hospitals, quarantine zones, dining area, 
kitchen area, washroom) 

[8] 

VOCs (xylene, 
toluene) 

Oil industry, Fuel-based vehicles Causes long-term health effects like asthma, nasal tumors, tracheal, 
bronchial and lung cancer, leukemia 

[72,73, 
239] 

Particulate matters 
(PM2.5 & PM10) 

Industries, stubble burning, transportation, power plants, construction 
sites, coke oven battery, fly ash and cement dust 

Causes carcinogenic effect to human lungs and respiratory system 
by penetrating the alveolar epithelium 

[111, 
145,240] 

CO Automobile and transport exhaust Toxicity leads to the reduction of hemoglobin in human blood [111, 
145] 

CO2 Household and greenhouse gaseous emission Related to particulate emission (PM10, PM2.5) and causes 
respiratory system imbalance 

[11,42, 
80,241] SOX, H2S Acid production plant, primary industrial hazard 

NOX, NH3 Burning of agricultural wastes, incineration of municipal solid waste, 
research laboratory usage, gaseous emission from anaerobic digestor, 
septic tank, toilet complex 

Causes respiratory tract infection and red blood cell deformability [11,43, 
111,242]  
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Thus, future research should not only focus on the investigation of 
airborne transmission, both indoors and outdoors but also on the 
physical/chemical/biological/toxicological/virological properties of 
virus-laden bioaerosol particles. All of these factors properly adjusted for 
a wide number of potential confounders for infection mediated by SARS- 
CoV-2, as listed in Table 1. 

1.2.2. Exterior hotspot zones (associated with ambient atmospheric 
particulate or gaseous emissions)/outdoor transmission 

The universe is suffering from outdoor air pollution for the last 
century. The deadly effects of particulate emission are majorly affecting 
the urban lands with very high population density for the last few de-
cades. In this particular global study, we are going to review several 
pathways of outdoor airborne transmission which is further related to 
the fast spread of SARS-CoV-2 in form of aerosol or particulate trans-
mission. Here we will be focusing on the real-time source of outdoor air 
particulate emissions. 

Countries like China, India, and some other parts of South-Eastern 
Asia are some of the prime hotspots related to the industrial sources of 
pollution. The fatal effects of long term exposure of specific particulates 
emitted from several industries, traffic, or vehicular transportation lead 
to several medical disorders [68]. The hydrocarbon industries are one of 
the major hotspots for atmospheric outdoor pollution emitting a 20% or 
even higher fraction of volatile organic compounds (VOCs) into our 
open environment. VOCs are generally classified as carcinogens, irri-
tants having toxic effects on human health in various outdoor, as well as 
indoor conditions. Exposure to inhalable VOCs leads to fatal lung dis-
order causing pulmonary dysfunction like asthma, in several climatic 
conditions [69–71]. Emission of aromatic hydrocarbon fractions in-
cludes xylene, toluene, etc. from several anthropogenic sources like the 
oil industry, fuel-based automobiles, crude oil extraction units, vehicles, 
etc. It is experimentally found out that the emission sources vary on 
basis of location, sources, and concentration of the pollutants [72–75]. 
Particulate matters are directly associated with the aerosol and they 
mainly originated in the outdoor environment where they get linked up 
with the atmospheric cloud formation (Fig. 2). Accordingly, the partic-
ulates in the form of an aerosol, improve their lifecycle by diminishing 
the global air quality and exhibiting the process of precipitation, light-
ning, cloud formation, etc. thus creating a global impact on the envi-
ronment [76–78]. It is also found that even in coke production in coal 
industries, cove oven batteries of the steel industries turn out to be one 
of the primary sources of unknown particulate matters. Coke oven 
gaseous outlets have vast toxic and carcinogenic effects over life forms. 
These particular zones are demarcated as hotspot zone for air pollution 
as local residents face lots of issues related to the unpleasant smell, 
fumes, odor, smoke, SO2, and dust emissions [79]. The percentage of 
carbon accounts for 34% of the entire composition of the particulate 
matter within the automobile exhaust. Carbon-containing aerosol is also 
present in air pollution sources like industrial emissions, aircraft 
exhaust, tire dust, automobile exhaust, diesel exhaust, etc. in form of 
particulate matter [80], as depicted in (Fig. 2) particular study was done 
in 1982 showcases the fact that some of the primary emission sources are 
directly connected to the combustion of fuel, coal, oil and refuse. At the 
same point in time, they are even associated with marine aerosol, soil 
dust, motor vehicle emission, etc. [81]. Burning of the agricultural 
wastes or stubble burning also counts as one of the significant sources of 
primary gaseous pollutants. This mainly leads to be the important fac-
tors playing for global climate change in terms of temperature rise, 
global warming, etc. causing overall environmental change [46]. 

A remarkable study has pointed out the direct association between 
the spread of the COVID virus and particulate emission [38], showing a 
direct correlation between how air pressure and wind speed are directly 
connected with the dispersion of atmospheric pollutants in form of 
aerosol emitted from various sources. So, it is clearly and scientifically 
proven from the above fact that outdoor air transmission is directly 
associated with several key factors affecting our mother earth like wind 

speed, relative humidity, temperature, and air pressure. A distributed 
lag non-linear model helps in finding a complete linkup between people 
getting hospitalized due to respiratory syndrome and the spread of PM2.5 
or PM10 [82]. The primary cause of fear lies in one of the studies done by 
[59] which shows that COVID-19 is one kind of respiratory syndrome 
and the SARS-COV-2 remains stable in outdoor atmospheric air for 
several hours. Moreover, as we know the spread of the disease or 
infection can occur in an indirect manner, where the atmosphere acts as 
a medium for transmission. 

In the outdoor scenario, the transmission of infection occurs via 
droplets or aerosol routes where the aerosol adhering fine particulates 
can disperse in the ambient atmosphere and accordingly can sustain for 
several hours or distances. In the later part of the transmission, it is 
noted the inhaled virus now affects the human being having comorbidity 
or respiration problem from beforehand causing the dry cough, high 
fever, etc. [83]. It is scientifically shown that the settling velocity of such 
airborne particles is very low in any prevailing atmospheric condition 
which accounts for (2.8 × 10− 5 m/s–1.4 × 10− 4 m/s). In outdoor at-
mospheric conditions, the typical velocity of the wind or air is about ~ 
1 m/s horizontally and ~ 0.1 m/s vertically. As a result of prolonged 
mixing in the air due to the effect of viral dispersion and presence of 
moisture in the ambient air, the residence time of virus bearing aerosol 
or particulate matter bound aerosol accounts for several hours to settle 
down, in accordance with the prevailing climatic conditions [75,84,85]. 

Population mobility and density of population are also one of the 
significant reasons for the regular spread and infection of such a novel 
virus in the outdoor environment [86]. Emissions from traffic and ve-
hicles account for about 31% of the entire primary level of organic 
particulate matter. Wood burning, coal combustion for cooking, thermal 
industry primary input contributes to about 10% of entire PM emissions 
in the globe (Fig. 2), which is even more effective during the winter 
months [75,87,88]. It is being keenly observed that in the troposphere, 
due to the effect of aerosol nucleation and diverse climatic condition, 
new particle formation takes place accounting for about 50% of total 
aerosol production in the outdoor environment. The major part of 
research related to environmental study reveals that a huge fraction of 
particulate matter is originated from the new particle formation [89,90]. 

Another important area which can also be denoted as a prime source 
of virus spread in outdoor context is burning or incineration of 
biomedical waste hazard as shown in (Fig. 2). This actually leads to a 
huge spread of viral load via air medium during the incomplete process 
of combustion or incineration of biomedical waste. One of the main 
concerns is the mass generation of COVID waste from hospital arenas, 
quarantine houses, or isolation wards to the outdoor environment in 
form of medical waste or miscellaneous or other waste which is even 
hazardous in nature [91]. The previous evidences have been found that 
incineration of municipal solid waste or biomedical waste leads to the 
large production of particulate dust matters associated with toxic or-
ganics like dioxin ash compounds or furan thus further degrading the 
endocrine system or immune system of the human lifecycle [91–93]. In 
general, the byproduct formed due to the incineration of municipal solid 
waste which may even contain biomedical wastes leads to the large 
production of hazardous pollutants. This accordingly relates to a higher 
release of hazardous or toxic air pollutants degrading the human life 
form [94]. 

The scientific community should give more and more focus on the 
source of outdoor environment pollution which is directly associated 
with the widespread of the COVID-19 virus. The ultrafine or fine par-
ticulates referred to as PM2.5, bearing particle diameter less than 2.5 µm, 
holds higher surface area which is quite capable of damaging the cellular 
DNA of the human lifecycle. Moreover, it is studied over the years that 
the finer particles are prone to greater damage over the environment as 
compared to the larger particles [95–97]. A report by the World Health 
Organization showed that over 8 lakh death were encountered by 2005 
due to the worst outdoor air quality [98]. A list of possible pollutants 
that are responsible for airborne transmission of SARS-CoV-2 is entered 
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in Table 1. 

1.3. Pathways/routes of leading airborne transmission of particulate 
matter and SARS-CoV-2 virus in the natural environment (indoor cum 
outdoor) 

In this specific section, we are about to discuss the routes of airborne 
transmission of air pollutants cum COVID-19 virus. (Fig. 2) details us 
about all possible pathways of transmission related to the specified virus 
spread in various routes including indoor as well as outdoor modes of 
transmission. This figure makes us aware that even after proper trial and 
vaccination of COVID-19 or after its availability in the open market, we 
should be quite aware of the consequences during the post-COVID sce-
nario. We should ensure that the post-COVID effect should not hamper 
the human lifecycle. (Fig. 2) shows all the possible ways or modes of 
transmission for both airborne particulates as well as the potentially 
dangerous coronavirus in both the outdoor and indoor contexts. The 
outdoor mode and source of transmission tell us the most probable 
pathways of the spread of the virus which imposes a threat to the human 
life forms. They include densely populated places of mass or social 
gathering, hospital premises, slum areas, market places, hallways, in-
dustrial zones, massive effects transportation or vehicular pollution, 
household pollution, forest fires (natural/artificial), natural volcanoes, 
burning of agricultural (stubble burning) wastes, burning of bio-medical 
wastes, etc. (Fig. 2). On the other hand, the indoor pathways or source of 
transmission includes inside pollution domestic household premises like 
cooking, smoking, infectious gas emitted in form of aerosol from the 
bathroom complexes or sanitary areas, normal breathing or respiration 
(inspiration or expiration), dining/drawing room areas, inside hospital 
premises (more number of people in confined spaces), etc. (Fig. 2). 

As mentioned in brief, we have already discussed in detail all 
possible pathways in the previous section on basis of the indoor house 
and outdoor airborne pollution in several entities relating to coronavirus 
spread. A particular model development shows that the amount of 
greenhouse gas emissions including higher fractions of CO2 release due 
to land conversion or agricultural expansion which could dramatically 
change the global environmental conditions [99]. It is being predicted 
that the CO2 emissions will increase 5 times than the present times by 
2100 [100]. This might be one of the primary causes of the additional 
spread of any virus through the airway thus infecting human sustain-
ability gradually. 

It is well known that pathways of transmission are occurred by both 
nose and mouth (Fig. 1(B)). It can also be occurred by man to man 
transmission (Fig. 2). The spike protein (S) present on the surface of 
SARS-CoV-2 mainly characterizes the virus, which primarily binds with 
the ACE2 receptor contained in the cells. By the conversion of angio-
tensin 2, an anti-inflammatory molecule, into angiotensin 1–7, ACE2 
helps in the regulation of blood pressure [101]. Age is one of the prime 
factors that lead to imbalance and instability in blood pressure. 
Accordingly, ACE2 receptors are expressed at a greater amount in the 
human biological system which is directly associated with the aging 
effect. This increased expression of these receptors leads to an increase 
in the targets that allow access to the SARS-CoV-2 virus [102]. To reduce 
the severity caused due to the damage of the lung having root cause as 
hyperoxia, ACE2 needs to be activated. Several scientific pieces of evi-
dence have been notified where the previous result of respiratory organ 
damage is occurred by further inhibition of oxidative stress and in-
flammatory response. The pathway of the inflammatory response can be 
inhibited by ACE2, thus inhibiting the intracellular signal of NFKB 
(nuclear factor kappa-light-chain-enhancer of activated B cells). The 
pathway of the anti-inflammatory response can be further activated by 
NRF2 (nuclear factor erythroid 2-related factor 2) which acts as a pro-
tective protocol to combat ROS (reactive oxygen species) [103]. As a 
result of all these physiological processes, there is an increase in the 
number of ACE2 receptors which further leads to the possibility of 
infection via SARS-CoV-2 and its related virus. In addition to it, when 

SARS-CoV-2 is bound to ACE2, the activity of the receptor gets blocked 
accordingly. This results in destroying the immune system of human 
physiology due to inflammation and further progressing towards pre-
mature deaths caused by SARS-CoV-2. Polluted air contains high levels 
of different particulate matter and gaseous pollutants. Prolonged expo-
sure to particulate emission by PM2.5, PM10 results in triggering of 
inflammation, oxidative stress. In addition to that, particulate emission 
also exaggerates the bimodal pathways related to the responses of NRF2 
and NFKB [104]. 

The significance of ACE2 is mainly related to the activation of NRF2 
(anti-inflammatory pathway) and the deactivation of NFKB (inflamma-
tory pathway). This is done to ignore the response of deregulated 
inflammation. On binding with ACE2, SARS-CoV-2 changes the mech-
anism. In accordance with the exposure to PM2.5, over-expression of 
ACE2 is observed, which finally increases the probability of SARS-CoV-2 
infection. Thus, ACE2 is the key receptor molecule for virus entry [102]. 

1.4. Combined effects and risk factors related to air pollution and SARS- 
CoV-2 over the global environment 

Acute respiratory syndrome can be occurred by both air pollution 
and SARS-CoV-2. Exposure to particulate matter induces various acute 
and chronic lung infections, thus leading to an inflammation risk along 
with an increase in the high level of cytokine [105,106]. After attacking 
ACE2 receptors, SARS-CoV-2 further increases the inflammation, lead-
ing to multi-organ damage, causing death. 

There is a correlation in a positive way between PM exposure and 
virus infections in the respiratory tract infection due to viral load. Due to 
the smaller dimensions of PMs, they can be inhaled easily. A large 
number of PMs can be inhaled due to repeated inhalation, causing 
damage to the lung. The PM exposure for the long term induces com-
plete systematic damage [107]. At the same point of time, it is also very 
much necessary to address the synergistic effect of both virus-laden PM 
and virus-laden gaseous pollutants. Particular research carried out by a 
group of scientists in China, shows clearly that the combined effect of 
both virus-laden PM and gaseous pollutants can be even more drastic on 
basis of toxicity, and its hazardous effect. Influenza virus and other vi-
ruses of its kind can easily combine with PM and SO2 gas, PM and NOx, 
PM and O3 through aerosol mode, which accordingly results in several 
acute diseases like influenza virus diseases, COVID-19, tuberculosis, 
ischemic heart disease, stroke, etc [108]. In fact, the synergistic effect of 
both PM and gaseous pollutants singly is only harmful, so it is well 
understood that when the viral infection factor gets associated with it, it 
is even more lethal and prone to infection. It is quite important to bridge 
the gap between air pollution and the spread of viral infection which is 
mainly being studied and reviewed in this paper. The high-end exposure 
to prolonged air pollution and the spread of novel corona combinedly 
increases the rate of mortality due to its root cause. The regions with 
high air pollution index (API) showed double the chances of death as 
compared to the areas with a low API index [109]. The compromised 
cells will be invaded by respiratory viruses, pathogens when the subjects 
to infection are exposed to PM for a prolonged time. It is being observed 
that both in humans as well as experimental models, PM exposure 
affecting the lungs occurs via two mechanisms. Firstly, pollutant expo-
sure induces the generation of free radicals inducing oxidative stress, 
causing damage to the cells. Secondly, the immune cell activation is due 
to PM induction and thus leading to further inflammation [110]. 

COVID-19 is already a fatal disease, plus, based on 2019–20 data 
provided by the World Health Organization and World Air Quality 
Report in (Fig. 3), the current status of air pollution is dreadful. The 
higher limits of atmospheric pollution for the last few decades have 
made the issue of the human population prone to COVID-19 (long-term 
exposition) and the virus sensitivity, which is connected to the high level 
of particulate emission in the period during the time of virus origination 
(short-term exposition). The chronic or the acute effect related to par-
ticulate emission includes frequent hospitalizations and rate of 
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mortality. This accordingly affects the cardiovascular and respiratory 
systems, leading to various issues, pathological infections including 
carcinoma [111]. Acute respiratory diseases are the main effect of the 
ambient air pollutants thus leading to premature deaths over the level of 
two million annually worldwide [112]. This is high time for all of us to 
be aware of the present scenario and be extra careful; otherwise, the 
situation will worsen. 

To decrease the number of new infections and fatalities during the 
COVID-19 pandemic, a strict lockdown had been imposed. A particular 
study by the reputed publication house of Cell Press shows the shivering 
probability of an increased rate of COVID-19 fatalities or mortalities in 
the United States due to the root cause of air pollution [113]. Since the 

USA has been one of the leading nations for CO2 emissions in the world 
for the last few decades, so it is quite necessary to address the combined 
risks related to hazardous gaseous pollutants adhered to corona mole-
cules immediately [114]. On 19 March 2020, an interim report has been 
issued by the World Health Organization stating when and how to 
proceed with the lifting of the deconfinement policies [115,116]. But, in 
the post-lockdown scenario, re-allowing the mobility of a large number 
of populations might increase the risks of new infections and fatalities 
[117]. In the absence of a vaccine or effective antiviral treatments, 
recurring epidemic waves may occur and lockdown with longer times 
may lead to more delay of returning waves. Consequently, the rate of air 
pollution will again be triggered to its previous condition. Therefore, the 

Fig. 3. Global overview of the spread of SARS-CoV-2 infection and ambient air pollution. (A) Map depicts the number of confirmed COVID-19 cases by country. (B) 
Map represents country-wise average PM2.5 exposure (µg/m3), as calculated from available city data and weighted by population. The data is shown here as of Oct. 
15th, 2020 from the WHO [244] and World Air Quality Index (AQI) report of 2019–20 [245,246]. 
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situation might worsen, since the infection scenario of COVID-19 is 
getting worse day by day. Since the genetic variants and high genetic 
mutations of SARS-CoV-2 isolated from different regions and population 
densities are different, therefore its potential impact is unknown to be 
estimated. The countries like India, the USA, Brazil, South Africa, and 
Russia, the number of cases is increasing, as shown in (Fig. 3). As of 
October 15, 2020, the total number of confirmed cases is 38.4 million, 
out of which 1.09 million people are deceased [118]. This indicates that 
the novel virus-like corona can sustain even future times. 

The effect of the corona is the highest in India, due to its population 
density, which is already mentioned in (Fig. 2). Also, from both the maps 
shown in (Fig. 3), it has been observed that the highly populated areas 
are affected the most. Due to the population, a huge number of aerosols 
are formed as a result of inhalation and exhalation. From the effect of 
pollution, a large number of particulate matter or gaseous pollutants are 
formed. Together, population and pollution generate a huge number of 
particulate matters covered by aerosol. Additionally, SARS-CoV-2 
combines with aerosols and particulate matter, and a large number of 
this combination are inhaled. Therefore, population, air pollution, and 
COVID-19 – the combined effects will be dangerous and lead to a greater 
number of fatalities in near future. 

1.5. Future of novel coronavirus or possible risk and danger associated 
with the post-COVID-19 scenario (till or even after vaccination) 

It is quite important to study matters related to the future posing 
threat during the post-COVID time. It has to be taken under full 
consideration that what all factors might play a significant role during 
after effect of the COVID-19 virus. Moreover, several groups of scientists 
and researchers have deeply studied the fact that the COVID-19 virus has 
drastically mutated over the past few months and will be changing its 
characteristics more in this due course of time. 

This particular virus or pandemic is quite unique from the past form 
of diseases because the initial stage of the virus was very weak in nature. 
Accordingly, with time, this specific virus has genetically mutated itself 
and can survive in any critical atmospheric condition or extreme envi-
ronment. This particular genetic drift helps the virus to spread quickly 
over time and on the other hand, and the much-awaited vaccination also 
depends on several trials which would take a lot of time to normalize the 
situation. In addition to that, the vaccine should be developed or 
implemented on basis of the current modified and genetically mutated 
virus rather not the initial one which might fail the vaccination [119, 
120]. The development of vaccination is a time-consuming process as it 
is based on several human clinical trials [119]. Medical history proves 
that for the last few months several patients were re-infected by the 
acute respiratory syndrome of COVID-19 for a consecutive time which 
proves that the virus gets reactivated in the same biological system thus 
degrading the immune system of an individual [121]. Moreover, it is 
quite difficult to predict the complete clearance of second-time reoc-
currence or re-infection possibilities within human biology. It mainly 
depends on several cell-mediated factors associated with the new surge 
of the COVID-19 virus. It is medically proven that the remaining of the 
viral RNA (ribonucleic acid) is detected in the respiratory samples even 
after 6 weeks of cure [122]. It is also clinically proven that due to pro-
longed use of antibiotics or drugs, the immune system of that particular 
individual degrades with time, which triggers the reactivation of the 
COVID virus rather than working over its complete clearance or 
impairment [123,124]. It is being observed that a specific study on 
COCOREC (Collaborative Study COVID Recurrence) says that there is a 
huge probability of the COVID-19 patient getting affected for a second 
time even after 21 days of the first onset. It is also noticed that the 
reactivation or recurrence of the virus including all kinds of clinical data 
and virological history of the patient. The reactivated virus acts as 
asymptomatic in nature posing more risk to the human environment 
thus making it more unpredictable. The rate of reactivation of the novel 
COVID-19 virus depends upon factors like virological factors, the status 

of host and variants, or the level of suppression of the immune system of 
an individual [125]. 

A particular re-infection study was done and implemented over a 
group of rhesus monkeys. Initially, four of them got infected with SARS- 
CoV-2. All of them confirmed recovery but two out of them got re- 
infected with the virus after confirmed recovery. They didn’t even 
showcase any kind of sign or symptoms of the recurrence of the disease 
[126]. There are several medical evidences published in the general 
bulletin that proved that recurrence or second wave of coronavirus has 
already started. This will actually impose huge prolonged health effects 
on mankind having devastated outcomes of virus outbreak for another 
few years to come [127]. In the present as well as in the future scenario, 
it is found that the generation of biomedical waste related to infectious 
COVID-19 biohazards will be a huge problem to handle. There are 
several techniques to control or reduce the volume of such solid waste 
such as incineration using an advanced associated technique of high 
temperate pyrolysis or microwave heating [91]. On the other hand, it is 
observed that these devices produce highly toxic organic fractions of 
dioxin particulates or unburnt viral load in the ambient atmosphere thus 
leading to further airborne-transmission of toxic particulate dust cum 
infection [92]. To handle such a nuisance, several air pollution control 
devices are being proposed to monitor and reduce the drastic effect of 
pollution. The proposed devices which may operate efficiently and 
critical limits of gaseous emissions are dry, semi-dry, or wet scrubber, 
fabric filters, bag filters, electrostatic precipitators, cyclone separators, 
etc. [93]. These devices are discussed in detail in the latter part of the 
study in the controlling or prevention section of airborne transmission. 
Particular research in Portugal details us that this kind of RNA virus is 
very difficult to be completely eradicated. Due to the capability of the 
high rate of mutation and compatibility at extreme climatic conditions, 
it holds the characteristics of antigenic variability thus weakening the 
immune system of an individual making him or her prone to infection. In 
the case of transmission of this virus, it mainly transmits through 
mucosal membranes and accordingly causes multiple infections in 
several individuals of a specific community. In addition to the 
above-discussed hypothesis and clinical evidences, a huge amount of 
genetic diversity is found in such novel viruses which can even lead to 
carcinogenic effects over human organs due to the further cause of in-
fections [128]. It is also studied that if the viral load of infection is too 
high or if the diverse variety of the virus is present, then accordingly it 
results in reactivation of the dangerous virus despite the implementation 
of various antiviral therapy [125,129]. One important research study 
says that the pandemic situation can continue until the end of 2024–25 
in various modes. The resurgence of novel coronavirus is possible and 
can transform into the form of an influenza pandemic thus leading to 
enter the regular circulation stage among humans. It can transmit in the 
form of betacoronavirus in accordance with the annual, biennial, or oc-
casional cum periodic outbreaks [130]. Moreover, a recent study and 
analysis done by the scientific community of Spain also published in the 
ELPAIS Society Reports have shown that even maintaining the social 
distancing norms, avoiding public gatherings, wearing masks will not be 
enough to prevent us from the risk of contagion or spread of infection. In 
addition to that in the upcoming winter months, the continuous venti-
lation will be quite uncomfortable leading to the high risk of infection 
within confined spaces. The prolonged exposure to such a highly in-
fectious virus can be even more dangerous and cannot be prevented by 
basic control measures [54]. In the present or the future post-lockdown 
period, the world is and will be encountering a higher risk of getting 
infected because of the reopening of bars, restaurants, cinema halls, 
theater complexes, educational hubs containing confined classroom 
complexes, etc. As because the deadly virus can easily transmit in form 
of aerosol or particulate matter even due to the common human activ-
ities of breathing, speaking, and shouting, the immediate resumption of 
such confined indoor hall complexes should be avoided, proper venti-
lation cum air circulation avoiding recirculation should be adopted, etc. 
[54]. 
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We are completely unaware of the future of seasonal and environ-
mental factors playing an important role in the spread of novel corona. 
So, it becomes too difficult standing on the present times to predict the 
post-recovery and the immune system development in the entire globe. 
The above discussion proves that the future spread and existence of 
coronavirus as a post-pandemic depends on the effect of seasonal 
change, short to the long verse of immunity, and amount of cross- 
immunity factor [130]. In order to handle the cases of COVID in a 
much more efficient way, the social distancing norms and regulations 
including contact tracing and quarantine modules should be followed 
until proper health care services with critical care units are properly 
developed in all parts of the world by 2022 [131]. Moreover, the 
development of vaccines will be a prolonged process as the process 
imposes several challenges because it will take almost 8 months to 1 year 
to successfully accomplish all stages of clinical trials like 1st, 2nd, 3rd 
stages [132,133]. It will be really difficult to get the appropriate 
full-length protein, which might be responsible for some medical 
adverse effects causing further lung complications. In addition to that, 
the period of potential immunity after vaccination is also not clear 
[133]. In addition to these above documentations, there is some news 
bulletin published by WHO and some other news reports which clearly 
state that no vaccine for COVID-19 will work properly in the upcoming 
future [134]. A fair process of global vaccination should be implemented 
to prevent mal piracy of vaccines. We have to keep in mind that initially, 
the developed vaccine will not reach equivalently to every individual of 
the world at the same point in time. The vaccination may affect different 
biological systems differently staying in different parts of the planet. At 
the same point of time, we have to remember that the mass production 
of vaccines has never been done before for the entire globe at the same 
time [133]. Therefore, failure of clinical trials and implementation of 
successful vaccines, scaling up for mass production or commercializa-
tion, or equivalent distribution throughout every part of the globe will 
be a huge problem at the initial phase, which is quite expected. On the 
other hand, some of the reputed journals have also reported full ambi-
guity about the success and efficiency of first vaccine implementation. 
So accordingly, it is suggested to have mass production of doses of 
vaccination for complete eradication of the pandemic situation [135]. 
One of the important guidelines for decreasing the timeline of successful 
vaccine production for emerging infectious disease (EID) is to quickly 
find out the route or pathway of transmission (air or water) of 
SARS-CoV-2 [136]. 

So here in this specific research model or review article, we have 
tried our level best to make every individual aware of the most probable 
way outs and the danger related to the transmission pathways of the 
COVID-19 virus. 

2. Probable engineered technologies for control of aerosol cum 
particulate matter & gaseous emissions from ambient 
atmosphere 

The implementation of several engineered devices for control of air 
pollution will be most effective for the eradication of such COVID-19 
virus from the ambient atmosphere. Various methodologies have been 
used to date for reducing the effect of particulate emissions. We have 
classified the control mechanism on basis of outdoor and indoor trans-
mission of the target virus and fine particulate matter (PM2.5). The 
proposed devices related to the control of SARS-CoV-2 based on indoor 
and outdoor transmission are discussed below. 

2.1. Control mechanisms for indoor transmission 

Indoor house air pollution is also one of the main concerns of the 21st 
century. The particular section of the study mainly deals with the control 
mechanisms associated with the control of indoor particulate or aerosol 
emission in the in-house domestic environment. The kitchen or cooking 
space within a house is considered as one of the prime hotspots for 

carbon emission due to the cause of the burning of several materials or 
edible oils. Moreover, during the winter months or in cold countries, the 
household fireplace also counts to be a prime source of pollution. 
Several activities of human beings like smoking, coughing, air pollution 
inside the bathroom complex, etc. are considered as the main source of 
aerosol formation or generation of smoke dust and harmful gaseous 
components. Thus, there is an urgent necessity to curtail down the air 
pollution level to reduce the aerosol formation which finally leads to a 
high chance of spread of SARS-CoV-2 adhering to the surface of aerosol 
and particulate matter. The probable or possible solutions to such 
problems are listed below. 

2.1.1. Household air purifier 
The present era is seeing a huge application of indoor air purifying 

system. There are several types of indoor air purifiers. The ionization air 
purifier is mainly applicable for the mass removal of aerosol from the 
indoor atmospheric condition. It is being observed that it has a specific 
capability of removing aerosol particulate matter related to respiration 
ranging less than 2.5 µm or ultrafine particles having a size less than 
0.1 µm. This specific kind of air purifier works in association with the 
ventilation system and helps in removing the unsaturated format of 
volatile organic compound (VOC) [137]. The real-time indoor air 
monitoring within the human breathing zone, as well as the reduction of 
respirable aerosol, leads to minimal exposure to dust particles, aero-
allergens, airborne viruses, and bacteria (microorganisms) due to mass 
usage of various ionic air purifiers. This advanced model of indoor air 
purification device is considered as one of the best technologies for 
collecting almost 100% of air particulate matter having a size of 
(0.3–3) μm within residence time of 10–12 h, whereas 90% removal 
within 5–6 h only [138]. The emerging threats of bioterrorism lead to 
several outbreaks of such pandemics in the present century which rises 
the present need for proper indoor air cleaning or maintaining pure air 
quality by using several air monitoring and cleaning system like the 
domestic air purifier [138]. As it is clearly and scientifically proven that 
coronavirus can live in aerosol particles for multiple hours [59]. More-
over, several pieces of evidence have been found that this kind of novel 
virus can be widely spread through air medium up to 4 m in the hospital 
premises [64,139]. This kind of virus can vastly distribute via 
bio-aerosol coming out from human exhalation [140]. So keeping the 
above facts in mind, household indoor air purifiers are really important 
to be installed to minimize the risk of infection due to exposure to 
particulate matter and virus-laden aerosol as shown in (Fig. 4). These 
kinds of air purifiers generally help in the process of disinfection, 
filtration of exhaust particles, and local pollutants for further combating 
the novel virus during the crisis period of such a pandemic. The air 
purifier is one of the most efficient green technology for household air 
purification within the confinements of the house arena [141]. 

2.1.2. Ventilator & ventilation system 
The ventilation unit or system is mainly applicable for maintaining 

clean air circulation within the indoor house from the outdoor envi-
ronment mechanically [2]. When humidity or the presence of moisture 
is there inside the indoor environment, it leads to fungal growth or 
particulate house dust thus leading to respiratory problems in humans. 
Domestic ventilation is somewhat different from a hospital or artificial 
ventilation. The ventilation system reduces respiratory hazards by 
increasing the rate of ventilation [142]. The process of house ventilation 
also helps in controlling the dangerous disease of asthma and allergies 
caused due to home dust particulates. This specific mechanical heat 
recovery ventilation system is capable of reducing the in-house relative 
humidity [143]. An advanced indoor ventilation system was designed 
containing a dielectric barrier discharge methodology and a UV-photo 
catalyst filter for advanced removal of gaseous pollutants and particu-
late dust. Almost ~ 80% of average removal was achieved within 5 h 
[144]. We already know that one of the prime issues of a high-rise 
building is improper air circulation and due to stack emission i.e. 
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gaseous pollutants or particulate dust exposure, it provides an unhealthy 
atmosphere to the indoor air quality [144]. The in-house ventilation is 
required because of several household activities in our daily lives like 
cooking, smoking, etc. (Fig. 4). The harmful gas of carbon monoxide 
(CO) is generated inside the house environment due to the burning of 
cigarettes and smoke generated out of it, leading to particulate matter 
ranging between (0.05–1) μm. So it is very important to monitor and 
control indoor air quality cum pollution by increasing the rate of 
ventilation thus decreasing the rate of smoke generation [145,146]. 
Some of the significant precautionary measures related to airborne 

transmission of infectious COVID-19 virus related to natural ventilation 
are maximizing the rate of ventilation, giving enough provision to nat-
ural ventilation, reducing recirculation of indoor air [147]. The hospital 
ventilation is also category indoor house ventilation which is extensively 
used to provide life support to serious patients suffering from the acute 
respiratory syndrome, used in hospital emergency, general ward, clin-
ical areas [148–151]. The turbulent air ventilation system is applied in 
the operating theater of the surgical area of the hospital premises to 
reduce bacterial contamination mainly affecting the patient’s skin, 
mucous membranes, etc. [152]. Since it is being scientifically proven, 

Fig. 4. Preventive control measures to combat airborne transmission of novel coronavirus through air medium. Environmentally sustainable green technologies to 
fight against outdoor and indoor mode of particulate aerosol transmission are shown. Conventional cum modified wayouts for particulate matter (aerosol) collection 
are depicted. 

S. Mukherjee et al.                                                                                                                                                                                                                              



Journal of Environmental Chemical Engineering 9 (2021) 104973

12

that COVID-19 has a half-life of more than an hour and even several days 
or in general any of the airborne pathogens can remain stable in ambient 
atmosphere, so it is very essential to bar the spread of this specific in-
fectious disease [2,59,153,154]. The artificial or mechanical ventilation 
constitutes mechanically providing the ventilated air via several oper-
ations of heating, ventilating, and air conditioning which is also referred 
to as the HVAC system. This system is dedicated to controlling the 
temperature factors, airflow, or distribution factors, and the vital factor 
of relative humidity which allows the ventilation system to operate in 
extreme climatic conditions. The recirculation mode makes the system 
more energy efficient but it is to be kept in mind that recirculation of air 
should be always associated with the disinfection process to eradicate 
each and every chance of airborne infection [2]. So, from the above 
evidence, it is being quite efficiently proved that ventilation (both 
mechanical/natural) support along with the disinfection process is very 
much required to control the indoor air quality and save the community 
from the spread of such an infectious novel virus. 

The discussions in the above section detail us about the probable 
control technologies available for reducing the airborne emission of 
aerosol particulates along with the novel coronavirus within a short and 
confined environment of human living or survival, which is clearly 
depicted in (Fig. 4). When our home or interior or domestic atmosphere 
gets protected first from severe exposure of infections, then only it is 
possible to prevent the exterior environment from contamination in a 
slow and gradual process. 

2.2. Control mechanisms for outdoor transmission 

In this particular section, we will be mainly focusing on the exterior 
environment pollution controlling devices that have been benefitting 
mankind for the last few decades. These devices are considered as one of 
the prime devices for reducing the limits of ambient air pollution due to 
particulate, aerosol and gaseous emissions. The proposed devices dis-
cussed below can be implemented for controlling the aerosol emission 
primarily, further reducing the risk associated with viral transmission. 
They are detailed as follows. 

2.2.1. Scrubbing technology 
Scrubbers are one of the basic devices used for controlling air 

pollution limits shown in (Fig. 4). This is also a conventional mechanism 
used for removing fine dust particulate matter ranging from PM2.5 to 
PM10. Scientists have observed that highly efficient removal of fly ash 
particles accounting for 99.91% in an aqueous medium is achieved. The 
mechanism of the self-primed venturi scrubber also proves to be low cost 
and can be used for the target compound removal within a short 
retention time. This particular device is quite compatible with human 
use and at the same point of time, it works quite energy-efficiently than 
the conventional system [155]. This has been experimentally proved 
almost two decades ago that self-primed venturi scrubber works quite 
efficiently for aerosol collection [156]. This kind of mechanism is most 
ideal for separating the aerosol or fine dust particles from the cleaner 
gas. The device works in a self-regulatory mode as a variant of a wet 
scrubber when connected in series. It superbly removes the particulate 
matter adhered to aerosol from the industrial outlet. All kinds of filtered 
containment venting systems (FCVS) are applicable for quick control of 
aerosol matter from the polluted gas stream. In the year 2012, it has 
been said that the venturi system out any FCVS is the most advanced 
device for controlling dust particulates and aerosol ranging from 
(0.1–300) μm [157]. The dust removal efficiency of 99.5% is achieved at 
a high airflow rate or gas velocity of 220 m/s having an initial dust 
concentration of (0.1–1) g/m3 [158]. The absorption of gaseous pol-
lutants and dust particulates at a comparatively lower pressure drop 
proves that the venturi scrubber reduces the work or energy duty of the 
device accordingly [159]. One investigation in 2020 shows that out of 
all the wet scrubbing technology, venturi scrubbing technology turns 
out to be one of the best cleaning devices. This category of a device 

generally works over the elimination of aerosol in the range of 
(0.1–100) μm including gaseous matters like CO2, SO2, CO, I2, acid va-
pors, PM2.5, PM10, etc. [160]. The above technological mechanisms also 
prove that this kind of device will be quite useful for the removal of 
viruses adhering aerosol particulates at the same point of time in a much 
efficient way out. 

2.2.2. Cyclone separation technology 
The cyclone separator or hydro-cyclones are also quite efficient de-

vices for solid particle removal (Fig. 4). A present study two years back 
reveals that while the cyclone separator is combined with a cartridge 
filter, it helps in maximum dust collection in minimal time. The swirling 
motion within a hydro-cyclone helps the particles to attach to the 
minute surface of the cartridge filter and accordingly makes the device 
highly efficient for 99.11% removal [161]. Fu et al. [162] show that 
hydro-cyclone technology makes a mark of 98.3% removal of dust 
particulate by reducing the air pollution level to a higher fraction as 
compared to the conventional cyclone systems. This novel inter-particle 
cyclone removes fine particles of size 15.7 µm and inlet concentration of 
2000 mg/L which proves it to be quite a smart device for the removal of 
ultra-fine particles thus maintaining the environmental norms and 
regulation. Axial flow cyclone separator is also capable of collecting and 
segregating ultra-fine particles in a relatively better way in a specified 
vacuum condition [163]. The radial velocity and the centripetal force 
help the particles to rotate at a particular rpm, swirls over the inner 
trajectory, and separates the entrained fine particulate matter producing 
a cleaner stream of gas [164]. Several decades ago, it has been estab-
lished that hydro-cyclones count to be one of the finest technologies for 
controlling, collecting, and separating dust particulate matter, and 
aerosol from the ambient atmosphere. Moreover, some of the primary or 
basic mechanisms involved in solid particulate removal are defined as 
inertial impaction, atomization, gravity settling, diffusion, electro-
statics, interception, sieving, etc. [165]. Due to the induced inertia force 
acting inside the cyclone separator, the particle collection efficiency 
increases which make it capable of removing the diesel suite particulate 
matter from the automobile or transportation sector i.e. outdoor trans-
mission [166]. Several US patents have also been filed in respect of cycle 
separator or hydro-cyclones for removal of several dust particulates and 
efficient aerosol removal from the ambient outdoor atmosphere via 
low-cost methodologies. 

2.2.3. Electrostatic precipitator 
The process of precipitation of particulates in terms of electrostatics 

or within a highly developed electrical charge field for enhanced 
collection of foreign particles [167], as shown in (Fig. 4). In the indus-
trial sectors and power plants, wet electrostatic precipitator has been 
used for decades for control of particulate emission (sub-micron parti-
cles) of PM2.5 and PM10 [168]. Electrostatic precipitation follows the 
following mechanism and science behind the phenomenon [169];  

• Electrical discharge occurs at a high voltage for the collection of 
highly electrically charged fine dust particles.  

• Due to the opposite charge of attraction, the particulates attach to 
each other and finally get separated on basis of gravitational force.  

• The electrostatic force of attraction also helps to clean the surface of 
the electrodes stacked with dust matters. 

We know that the process of coal combustion in any steel plant or 
thermal power plant is one of the main sources of air pollution due to 
carbon sources. An electrostatic precipitator is used in such plants to 
remove almost 99% of coal fly ash emitted into the ambient air in Japan 
[170]. Wet precipitators are enormously used for collecting the fine 
solid particulate matters, acid aerosols, and re-entrained particles. A 
novel approach has been made by the University of Ohio to develop a 
membrane to address the problem of corrosion in metal plates, to ach-
ieve a better removal percentage in electrostatic precipitators [171]. It is 
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well experimentally proven that hydrocarbon particulates likely the 
diesel particulate matter (20–50 nm) causing adverse effect over the 
respiratory system, imposing carcinogenic compound of human biology 
was quite easily removed to > 90% in an energy-efficient way out [172]. 
In 2017, a particular study has shown that an electrostatic precipitator 
working at a high-temperature condition is highly capable of collecting 
the re-entrainment particles associated with high carbon fly ash to about 
99.2%, using the conditioning medium as CaCO3 powder [173]. 

2.2.4. Baghouse filter 
This particular type of filter contains minimal mechanical parts 

consisting of various kinds of collectors made of metallic or fiber ma-
terials. Blended fibers are used to design the filters containing minute 
pore size for advanced filtering of fine dust matters thus allowing the 
clean stream of gas to pass down the bag meteorology (Fig. 4). The 
simple mechanism of vigorous shaking and due to the effect of gravi-
tation, pulse jet, sonic, or passing reverse air, accordingly allows the dust 
effluent particles to stay back within the interiors of the bag [174]. The 
gas cleaning efficiency of the baghouse filter in a coal-fired power plant, 
which is mainly made of a fabric filter, is also over 99% as mentioned by 
[174]. A particular study over air pollution controlling devices was 
undergone to keenly observe the pollution index or emission status over 
Asian countries. The experimental study shows that the baghouse filter 
quite efficiently removes 99.3% of average particulate matter (fly ash or 
other particulates) from the effluent flue gas. The bag filter performed 
much better than the wet scrubber having a clean outlet gas stream 
concentration of only 0.55 ± 1.28 mg/Nm3 (inlet concentration of 
76.6 ± 32.7 mg/Nm3) having a filtration speed of 2 m/min at 108 ◦C 
[175]. The fibrous technology including the use of nanofiber materials 
inside the baghouse filter increases the removal efficiency and makes the 
system compatible for sustainable for human use. The fibrous filter 
model also inherits the antimicrobial property for fighting against any 
aerosol transmitted virus like swine flu, SARS, influenza, other acute 
respiratory syndromes, etc. present in the ambient atmosphere [174, 
176]. According to the Environmental Protection Agency (EPA), on basis 
of verification testing protocol used by the American Society for Testing 
and Materials (ASTM)-Method D6830-02 and International organization 
of Standardization (ISO)-Method 11057, the pulse jet baghouse filter 
was approved and tested successfully for the removal of PM2.5. Ac-
cording to the norms and regulations were given by EPA and National 
Ambient Air Quality Standard (NAAQS) for particulate emissions, the 
fabric filter baghouse could successfully achieve and pass through all the 
verification standard testing protocols for filtration of particulate 
emissions (PM2.5, SO2, NOX, etc.) and control performances [177]. A 
dual baghouse filter system along with adsorbent injection is capable of 
removing several toxic compounds like dioxin from flue gas effluent 
having the highest removal of 99.8% to date [178]. 

2.2.5. Mist separator/spray mechanism/aerosol separator 
Mist Separators or aerosol separators are one of the prime devices for 

particulate matter separation from different phases shown in (Fig. 4). 
The oil mist or other format of aerosol components leading to high 
gaseous emissions or air pollution from the outlet of the automobile 
engine section is mainly controlled by mist separator unit accounting to 
> 80% [179]. Mist eliminators are used extensively for the separation of 
liquid molecules from gaseous bulk. This technology indirectly helps in 
aerosol separation from gaseous matter. Wave plate mist eliminator is 
another category of aerosol separation system which works efficiently 
for this specified purpose [180]. Electrostatic mist eliminator is another 
variant of conventional mist eliminator where removal of particulate 
matter above 5 µm accounted for > 80% whereas the PM10 removal 
accounts for about 60% using the flow rate of 4 m/s. It consists of a 
discharge plate/electrode, collection plate, aerosol spectrometer, etc as 
its main components which increase the collection efficiency of partic-
ulate matters resembling the design prospect of an electrostatic precip-
itator [181]. The mist eliminators have extensive implications and 

implementations in any of the acid regulation or acid production plants 
namely sulfuric acid plants. The mist eliminators work in collaboration 
with the electrostatic precipitator. The mist eliminators are generally 
installed in the units like drying tower, SO2 purification unit, absorption 
towers, etc. [182–184]. Giffin et al. [185] investigated that 
high-efficiency mist eliminators (HEME) are mainly used for the 
removal of solid and liquid aerosols, humid fractions of particle sizes 
from 20 nm to 20 µm. 

The spray mechanisms are generally used or associated with particle 
removal methodology to get an enhanced removal rate in a short period. 
All the above-mentioned devices are directly or indirectly associated 
with the spray system. Moreover, spray units are being installed within a 
prilled tower or wet scrubber to reduce the emissions of urea or PM2.5 
[186]. The application of electro-spray in a spay tower helps in 
removing the particulate matter < 5 µm having a ratio of liquid to the 
gas flow rate of 41–84% for an average particle diameter of 0.3 µm 
[187]. One of the scientific research articles shows that by adopting the 
spray mechanism, the rain shower model is developed for sustainable 
and low-cost removal of CO2 and PM2.5 [188]. Thus, this technology is 
quite well efficient in removing the associated greenhouse gases from 
the ambient atmosphere. A specific kind of desulphurization wash tower 
was installed for absorbing NO and NO2 in the desulphurization mech-
anism for achieving > 95% removal having 50 min of experimental 
residence time [189]. The spay tower has high thermal stability up to 
370 ◦C having nanofiber air filters which result in the highest removal of 
PM2.5 [190]. 

2.2.6. Air pollution monitoring unit 
In the present times, real-time monitoring of particulate aerosol data 

is very much required to keep the environment under complete sus-
tainability as portrayed in (Fig. 4). The particulate matters are directly 
associated with health hazards and acute respiratory syndrome thus 
causing respiratory mortality or morbidity [191]. Air monitoring sta-
tions are present in several parts of the planet, in the main metropolis to 
keep a track of the air quality standards. Several low-cost sensors or 
portable devices are incorporated to study and observe the mass of the 
particulate matter of varying sizes. To study the characteristics of data of 
the aerosol particle measurements, the particle assessment provides the 
spatial resolution and temporal data [192]. In order to develop different 
kinds of pollution monitoring devices, a machine algorithm along with a 
case sensitive artificial neural network (ANN) and two variants of the 
model are mainly used namely univariate and multivariate. This specific 
model efficiently can monitor data related to SO2, O3, NO2, PM, etc in 
high air pollution zones [193]. The Shinyei PPD42NS is an efficient 
device doped with aerosol particle seizer mainly used for particle 
counting. This particular device is modeled specifically for monitoring 
and measuring the concentration of PM2.5 having an upper concentra-
tion measuring limit of 800 μg/m3 and a lower measuring limit of 
1 μg/m3 [194]. The everyday living of human beings is generally 
controlled in many ways via a wireless sensory network system. Several 
internet platforms using WiFi modules work via a novel technique 
developed by the Internet of Things (IoT). This is a specific smart and 
portable device that gives alarms or warnings when the air quality is 
very poor by using the sensory signaling systems. Accordingly, the sys-
tem also allows us to determine and predict the future data of air quality, 
the pollution route, or pathway on basis of air quality index [195]. A 
highly sensitive air particulate matter PM2.5 detector was designed 
specifically for monitoring the everyday exposure to PM2.5 in the 
ambient air of an industrial park or densely populated zone. This 
particular device is highly capable of capturing and detecting particulate 
matter PM2.5 ranging between 6.64 and 55.12 μg/m3 having the output 
frequency between 0.63 and 4.03 MHz with a sensitivity of 
70.287 kHz/(μg/m3) [196]. The air pollution monitoring process is 
quite important or significant to understand the health of our ambient 
atmosphere, which makes the human civilization much compatible with 
the understanding of the system and its easy use along with sustainable 
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living. 

2.3. Post purification or best possible associated disinfection process 

It is very important to associate a feasible process of disinfection 
either as a post purification technology or as a technology which can be 
associated along with the different control mechanism discussed in the 
above sections in details. It is always to be kept in mind that whether it is 
an outdoor or indoor control process, a particular disinfection method-
ology should be associated with it to assure zero percentage of pathogen 
discharge to certain our environmental sustainability. Several forms of 
disinfectant dosing or treatment processes can be preferred as a post- 
treatment mechanism. 

All the above-mentioned devices primarily remove particulate 
aerosol, which at the first stage reduces the high probability of spread of 
airborne particulate matters or gaseous pollutants from the ambient 
atmosphere. Then accordingly it if some fractions of viral aerosol still 
remain, then an associated disinfectant dosing or technique is self- 
sufficient for the complete removal of pathogenic or viral aerosol. 
Several technologies like wet scrubbers, cyclone separators, electrostatic 
precipitators, etc, can be used as pretreatment mechanisms for 
maximum removal of particulates or gaseous effluents. For example, if 
we consider any of the wet scrubbing technologies, then the scrubbing 
liquid used there can be thoroughly mixed with some fractions of 
disinfectant dosing leading to complete removal of pathogenic aerosol 
or virus. On the other hand, a separate disinfection technique can also be 
installed as a feasible post-treatment option. Similarly, some of the other 
removal methods can also be associated with disinfection methods for 
the efficient removal of virus-laden air pollutants. 

Here we are discussing some feasible or best possible associated 
disinfection technologies which can fit best to the above-discussed 
control prototypes. A unique localized ultraviolet waveband C effi-
ciently removes some selected virus or bacterial load or a pathogen- 
laden aerosol like deadly Coronavirus, Ebola virus, Avian influenza 
virus, etc [197]. Some of the researches prove that in the case of indoor 
air pollution control, air purifiers should be installed with separate or 
self-associated disinfection to combat local viruses within confined 
spaces to prevent further secondary contamination [141]. The contin-
uous ultraviolet germicidal irradiation (UVGI) or the pulsed UVGI can be 
used for controlling infectious bioaerosol or virus-laden airstreams to a 
higher extent. Moreover, the documentation also shows that pulsed 
UVGI can further treat the remaining viral load from cyclone samplers or 
membrane filters and completely eradicate it with no further environ-
mental disposal [198]. Vacuum-based ultraviolet photocatalysis is 

associated with an indoor air purifier which efficiently removes airborne 
pathogens or viruses accounting for 90% having short retention time 
[199]. The plasma air sterilizer can be installed within or associated 
with any air monitoring device or air pollution controlling device to 
sterilize the effect of any virus-laden aerosol as well as a sampling of 
specific SARS-CoV-2 virus within hospital arenas [200]. The combined 
effect of chemical disinfection (using sodium hypochlorite, hydrogen 
peroxide, and peracetic acid in proper proportions) and ultraviolet 
irradiation are capable of complete inactivation of harmful virus, bac-
terial or microbial reduction, etc [201]. The conventional disinfection 
using combined effects of free chlorine, chlorine dioxide, peracetic acid 
dosing were used to prevent cross-contamination of pathogenic load in 
any wash water streams [202]. 

Above conventional or modified disinfection processes discussed in 
this particular section are considered quite cost-effective and efficient in 
terms of complete deactivation of pathogens, viruses, bacterial or mi-
crobial loads of all kinds. This kind of disinfection technique can be 
associated with any of the probable control mechanisms, which can 
address the complete handling of virus-laden aerosol and its related is-
sues with zero disposal to maintain environmental sustainability. 

All the devices mentioned in the above section shown in (Fig. 4) 
contribute immensely to controlling and monitoring the air pollution or 
particulate matter in the form of aerosol throughout the entire envi-
ronment and ambient atmosphere. The above-proposed devices can 
operate successfully thus fulfilling the aim of our research. The post- 
removal of aerosol cum particulate matter will accordingly eliminate 
the target virus at the same time. All the processes should follow a 
disinfection methodology which will enact and address the minimal 
remaining viral load as a better post technology. Therefore, these con-
trolling devices will be quite effective in controlling the spread of 
coronavirus thus hindering the situation of the pandemic. As we know 
that the root cause of the spread of this deadly virus is also airborne, so it 
is quite essential to control the spread of nuisance through the air media 
in a sustainable and low-cost methodology. This actually makes our 
planet a safer place to address all the factors leading to the present 
scenario of global environmental change. A list of preventive measures 
for the control of airborne transmission of SARS-CoV-2 is summarized in  
Table 2. 

2.4. Conventional or modified wayouts for prevention of airborne 
transmission of SARS-CoV-2 or novel coronavirus 

We seldom come across such a situation of pandemic or epidemic in a 
particular century. The entire planet has already experienced such 

Table 2 
Preventive measures for the control of airborne transmission of SARS-CoV-2.  

Mode of control Probable preventive measures Proposed mechanism of prevention related to airborne transmission 
of SARS-CoV-2 

Refs. 

Indoor (followed by the process of final 
disinfection) 

Household Air Purifier Removes VOCs, aerosol particulate matter having a size of (0.3–3) μm [137,138] 
Ventilator & Ventilation System Removes home dust particulates of size (0.05–1) μm [146] 

Outdoor (followed by the process of 
final disinfection) 

Scrubbing Technology Eliminates fine dust particulate matter ranging from PM2.5 to PM10 [160] 
Cyclone Separation Technology Removes solid ultra-fine particles [162] 
Electrostatic Precipitator Precipitates PM2.5 and PM10 by applying an electric field [168] 
Baghouse Filter Removes SO2 and dust particles [177,243] 

Eliminates NOX and dust particles [177,243] 
Removes dioxin and particulates [178] 

Mist/Aerosol Separator Separates aerosol and liquid molecules from gaseous bulk [180,185] 
Air Pollution Monitoring Unit Real-time monitoring of particulate aerosol data [193] 

Conventional wayouts Vaccination & Proper Medication Boosts the immune system [203] 
Use of Masks, Face Shields, Gloves, PPE kits, 
Soaps, Sanitizers 

Reduces the probability of viral transmission through aerosol or air 
particulate matter 

[218,220, 
221] 

Systematic Societal Lockdown Controls NO2 and CO2 emissions and prevents the spread of coronavirus 
in air medium 

[228,237] 

Social Distancing Prevents the transmission of the virus to stop further infection [9,234]  
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typical conditions in the past centuries. Presently, the human civiliza-
tion is facing a drastic change in everyday lifestyle. Accordingly, it is a 
time-taking process to make the human accustomed to such a critical 
pandemic scenario. So, some conventional wayouts related to preven-
tion has been going on for the last millennium and needs to be modified 
to make life easier for mankind. In this section, we will be mainly 
throwing light on those prevention methodologies. They are listed as 
follows. 

2.4.1. Vaccination & proper medication 
This category of medical implementation is mainly one format of a 

conventional controlling mechanism developed by the human race 
several hundred years ago. Now presently, several modifications have 
been brought on basis of change in immune system factors of human 
beings and several other climatic/environmental causes. Since now the 
present century in the present year is highly suffering from the adverse 
effects of the COVID-19 virus, so it is very necessary to develop the 
vaccination for the present pandemic as depicted in (Fig. 4). One of the 
prime vaccinations that can work efficiently to combat against such a 
virus is bacillus Calmette–Guérin (BCG). A particular study shows that 
BCG vaccination is advised by the medical association which can fight 
against the severity of COVID-19. This vaccination also experimentally 
proves a 10.4% reduction in COVID mortality [203]. Over the last 
decade or century, there has been an urgent necessity for the develop-
ment of vaccination for several epidemics or pandemic disorders like the 
Zika virus, Ebola virus, Cholera, Small Pox, H1N1 Influenza virus, 
Spanish Flu, etc. Moreover, the process of vaccine development is not 
the same for every disorder or epidemic, or pandemic [133]. Another 
important prospect of a cure for such a deadly virus counts to be a proper 
drug supply and medication facility for each and every individual of the 
human race. Some of the possible remedies which could be applicable 
for fighting against coronavirus are antiviral wayouts like therapeutic 
antibiotics, the dosage of cytokines and medicines, development of 
advanced vaccination, etc. [204]. Some of the modified ways of treating 
the SARS-CoV-2 virus also includes unique technology and therapy 
related to plasma treatment. This particular virus is attenuated in nature 
and pathogenicity is difficult to understand. We are quite aware that the 
entire world is quite concerned about COVID-19 solid waste generated 
as a biomedical hazard. In order to reduce the huge mass fraction 
(almost 95% reduction in the volume of waste) of biomedical waste 
generated, local municipalities are working on the advanced mode of 
incineration followed by thermal disinfection. The two ways of thermal 
techniques applied are high-temperature pyrolysis (540–1093) ◦C, and 
medium temperature microwave heating (177–540) ◦C [91,205,206]. 
The high-temperature pyrolysis at 1093 ◦C is mainly used to overcome 
the problem of incomplete combustion and complete destruction of toxic 
substances like dioxin fly ash or viral residues [205]. At last steam 
sterilization and autoclave, techniques are preferred for the final disin-
fection of COVID waste [205]. Some other useful techniques used for the 
disinfection of COVID wastes are chemical disinfection (using vaporized 
NaOCl, ClO2, H2O2) which quite efficiently kills all forms of airborne 
virus and bacteria [91,207,208]. On the other hand, the symptoms of 
coronavirus resemble that of common influenza virus-like common 
cough and cold, respiratory problems, etc. [209]. So, it is very required 
to work on the advancement of vaccination and medication for 
COVID-19. The WHO (World Health Organization) has denoted several 
candidates for vaccination like the health workers or volunteers initially 
infecting them with infectious RNA and accordingly the process of 
protein spike technology can be implemented on basis of human safe 
trials via different phases [210,211]. The effect of clinical modification 
also resulted in productive results related to the cure of the disease. 
These included the use of glucocorticoids for developing the immune 
system of the patient. Moreover, the use of several medications 
including beta-blockers, antiplatelet, statin, insulin, oral hypoglycemic 
agents, etc. used for treating cardiovascular diseases as well as treating 
the symptoms of COVID-19 [212]. A special kind of antiviral drug to 

combat the influenza virus named Favilavir in Japan is now being 
applied for the advanced treatment of COVID-19 in China. In addition to 
that, the use of hydroxychloroquine and chloroquine was conventionally 
used for the treatment of malaria and arthritis. Presently they have been 
modified and used along with azithromycin during the pulmonary and 
inflammatory phase for the treatment of coronavirus which is under the 
study and investigation of the US Food and Drug Administration. In 
China, the use of Tocilizumab, Anakinra, Baricitinib, Eculizumab, 
Emapalumab lopinavir/ritonavir, and Heparin has been clinically 
approved for the severity of COVID-19 cases during the 
anti-inflammatory phases as a therapeutic wayout [213,214]. The 
Remdesivir is also another potential antiviral drug against SARS-CoV-2 
which has a promising in-vitro drug activity against the target virus 
[215]. The natural products derived from medicinal plants also inherit 
some special antiviral effects over COVID-19. The viral 3-chymotrypsin--
like cysteine protease also referred to as 3CLpro is a special kind of 
anti-viral phytochemical drug which enzymatically controls the further 
mutation or replication of coronavirus and finally hinders the progres-
sive life cycle [216,217]. The above literature proves the most possible 
conventional and modified treatment options which are feasible in na-
ture and can be implementable for treatment of the specific pandemic. 

2.4.2. Use of accessories (mask, face shield, gloves, soaps, sanitizers, 
disinfectant spray) against COVID-19 

The process of usage of accessories to fight against such deadly virus 
infection which is even present in the ambient atmosphere is reported as 
the usage of mask, gloves, face shield (Fig. 4). The specific usage of a 
mask or face shield reduces the probability of viral transmission through 
aerosol or air particulate matter or even in densely populated zones 
[218]. Moreover, wearing a mask or face cover will prevent an indi-
vidual from the spread of infection as well as prevent him or her from 
self-contamination via means of air in form of a respiratory droplet or 
aerosol i.e. from community transmission. At the same point of time 
number of evidences have been scientifically reported that the number 
of corona cases was reduced by the constant usage of such precautionary 
accessories [219]. According to WHO guidelines, several preventive 
measures like the use of masks or face shield, PPE kits, maintaining hand 
hygiene by using sanitizers, soaps to stop the transmission of corona-
virus in an airborne way through aerosol or direct transmission via 
direct contact [220–223]. The three main variants of masks used 
throughout the world related to protection against ambient pollution as 
well as coronavirus adhered over the aerosol surface are the N95 mask, 
cloth cum woven mask, and surgical mask. It is also studied that in 
addition to liquid disinfection or sanitization (by hand soaps/hand 
sanitizers), other forms of disinfection strategies like heat, radiation, etc. 
have been adopted as the second line of defense against infection. 
Environmental sustainability is also another important perspective that 
has to be kept in mind while designing or manufacturing the PPE 
(Personal Protection Equipment) kits including masks, face shields, 
gloves, etc. [224]. A particular study also shows that the disinfection 
technology and hand hygiene associated with infection in the hospital 
premises can be reduced to a large extent. Moreover, lots of evidences or 
proof have been found that the process of aerosolization through 
coughing or sneezing leads to the transmission of the disease in the form 
of intubation or extubation as described by the British Association of 
Urological Medicines [225]. The effective ways of sanitization are very 
much effective in reducing the aerosol transmission from a highly 
crowded area with high population density. The process of sanitization 
also includes disinfection and sterilization of toilet complexes, market 
places, hospital and medical premises, crowded public areas having 
several asymptomatic carriers, where complete evidences were found 
related to aerosol transmission. Since the aerosol matter can transmit in 
form of total suspended particles via air medium, or can even transmit 
via direct contact in form of the deposition so it is very essential to wear 
a mask, gloves, or PPE kit to prevent an individual from further infection 
[64,225,226]. The alcohol-based hand sanitizers are strongly 
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recommended by WHO for maintaining hygiene to combat the spread of 
infection. They are mainly being prepared from alcohol-based (> 60% 
alcohol) ethyl alcohol, isopropyl alcohol, glycerol, hydrogen peroxide 
(mild/low concentration < 3%) in different proportions. At the same 
point, we have to think about environmental sustainability and lethal 
toxicity concerns too [227]. On basis of regulations or norms given by 
the WHO and US Environmental Protection Agency (USEPA), the pro-
duction of alcohol-based sanitizers or disinfection sprays are to be 
mass-produced to prevent life forms in all ways. These are one kind of 
frontline defense and prevention methods to fight against any airborne 
transmission or direct contact transmission of the virus as well as air 
pollutants in the ambient atmosphere. 

2.4.3. Systematic societal lockdown and social distancing 
In 2020, we the citizens of our planet are going through a tough 

phase of our life related to the infection source and spread of the COVID 
virus. So, we have to find out some strategies which will further hinder 
the process of airborne transmission in various pathways. Since the 
process of development of vaccination or proper medication is still 
under extensive research, so systematic lockdown and social distancing 
norms are to be adopted to bar the deadly effect due to the spread of 
coronavirus in the air medium shown in (Fig. 4). The prime source and 
cause of air pollution are due to several activities due to human inter-
vention like urbanization, industrialization, burning of fossil fuel. It is 
quite well understood that the extended lockdown and rules of social 
distancing will not only stop or reduce the effects of air pollution but 
also quite effective in handling the critical airborne transmission of 
COVID-19 [228,229]. Societal lockdown is one of the modified wayouts 
to control NO2 and CO2 emissions related to ambient air pollution. 
Moreover, during the societal lockdown, except for the emergency ser-
vices all other modes of portability are completely stopped which min-
imizes human activities leading to air pollution [228]. A particular study 
in the US shows that even in presence of 15% air pollutants or fine 
particulate matter (PM2.5 & PM10), death has proportionally increased. 
In addition to that, several countries like Italy, the USA, the Philippines, 
Denmark, Chile, Brazil, Mexico, and Peru have proven the fact that 
COVID-19 infection has a direct link with air pollution or morbidity 
[229–231]. So accordingly it proves that systematic societal lockdown 
or wearing a mask or maintaining social distance etc. proves to be quite 
effective and has a positive effect on lifeforms and the environment 
[229,232]. The process of gradual or systematic lockdown till mass 
availability of vaccination leads to temporary (> 40%) reduction of CO2 
and NO2 thus enhancing the air quality and health status related to 
respiratory diseases. Due to initial prolonged lockdown or stage-wise 
lockdown, the primary source of carbon emissions from the exhaust of 
fossil fuel, industrial outlets, and vehicular air pollution [229,233] is 
reduced. Moreover, in the outer environment air pollution, social 
distancing is one of the best modes of prevention strategies to defeat the 
COVID-19 virus spread via air medium [234]. In order to prevent an 
individual from any mode of airborne transmission, it is very essential to 
maintain a safe distance of 1–2 m between the infection host and 
receiver (i.e. avoid direct contact between each other) or social 
distancing norms should be adopted or work from home during lock-
down [235]. Finally, we have to keep in mind that during the ongoing 
unlock phase or post-COVID lockdown phase, every individual should 
follow the following steps to curtail the airborne transmission of coro-
navirus or possibly spread via any other modes of transmission. The 
ongoing lockdown throughout all parts of the world is actually pre-
venting our mother earth from the curse of air pollution thus presenting 
or reviving into a sustainable environment [9,236]. In addition to that, 
systematic societal lockdown helps in stopping the further spread of 
coronavirus through air medium thus improvising the global air quality. 
Moreover, it reduces the consumption of extra duty of electricity to 
curtail the cost of running the industries or other unnecessary factory 
units, unnecessary usage of motor vehicles or transportation, or petro-
chemical oil consumption [9,237]. They are maintaining social 

distancing, self-quarantine mode, restrict all format of public gathering, 
etc. to stop the further infection risk [238]. Moreover, it is very much 
required to implement all the above preventive measures to tactically 
handle all difficult situations at various times during such a devastating 
pandemic. 

Therefore, we have to keep in mind that usages of the above acces-
sories have to be essentially used to protect mankind from further in-
fections from the deadly coronavirus. It is also to be kept in mind that the 
above mentioned advanced or modified or conventional ways should be 
implemented in an environmentally sustainable manner that should not 
create any nuisance or complexity among all life forms. The overall 
environmental transformation should be taken in a positive manner 
addressing all of its limitations for the betterment of 21st-century 
civilization. 

3. Conclusion 

The entire research paper mainly discusses and illustrates the source, 
root cause of the spread of coronavirus via an atmospheric medium. The 
above-discussed sources and root causes lead to a drastic change in 
global environmental climatic conditions. It also describes the best 
possible preventive measures to stop further transmission of the 
airborne virus through an aerosol form. At the same point of time, it too 
reminds and alerts mankind about the future threats that it may pose 
during the post-COVID times. The probability of vast and fast spread of 
infection, related health hazards through particulate matter cum aerosol 
is quite evidential through indoor as well as outdoor environmental 
routes. Several probable engineered protocols or green technology are 
demonstrated in detail to understand the mechanism of removal or 
control or systematic monitoring of air pollutants and viral loads. The 
world has been previously facing such tough times related to viral at-
tacks even in the past during the pandemic situations of the Spanish Flu, 
Small Pox, Cholera, SARS-CoV-1, and Influenza Virus. So it is very 
important to study our atmospheric routes of transmission or probable 
sites or sources of infection and accordingly look forward to stopping 
them permanently by using innovative techniques. Even after the 
installation of such advanced or modified controlling devices (wet or 
venturi scrubbers, electrostatic precipitator, baghouse filter, mist or 
spray collectors, in-house air purifier, advanced ventilation systems, 
etc.), some research gaps will still be present to address in the near 
future. The post-treatment mechanism might work much better if the 
disinfection process can be incorporated for efficiently addressing all the 
probability of further infection spread. 

So accordingly, in addition to engineered devices of control, some 
conventional and modified wayouts like self-isolation, social distancing, 
systematic societal lockdown, development of safe homes or quarantine 
centers use of medical accessories (like masks, PPE kits, gloves, face 
shield, etc.) and disinfection or proper sanitization must be continued to 
be implemented even after the post-vaccination or advanced medication 
period. It is being clearly observed that the population is directly asso-
ciated with the pollution scenario. The minimization of population load 
needs to be addressed within confinement areas using social distancing 
norms according to WHO. 

The use of the above discussed environment sustainable technologies 
or green wayouts will not only protect every individual from viral cum 
pollution threats but also gift us a better quality of living. 

3.1. Future scope of study 

We have to look forward to investigate the future prospect of the 
present study of research. It is not only the fact of the future of COVID-19 
or SARS-CoV-2, but also any other biological virus in the upcoming 
times. We have learned a lot from the present pandemic situation. We 
have to keep in mind the problems that we have faced in the present 
times. The entire science community should encourage more research 
related to virology as well as environmental air pollution research. 
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Moreover, we should be competent enough or should mainly focus on 
the detection of such an unknown virus in future times. The climatic 
condition of the entire world is changing year-wise. Due to the effect of 
global warming or the emission of greenhouse gases, the overall tem-
perature of the mother planet is increasing day by day. As a result, the 
glaciated zones including the polar belts are melting thus increasing the 
water level leading to humidification or natural evaporation. These facts 
prove the factors affecting global environmental change. As a result of 
unwanted humidification and viral dispersion, a large amount of aerosol 
formation takes place, which actually entrains all kinds of solid partic-
ulate matter or gaseous emissions due to the man-made cause of 
industrialization or other air pollution sources. On the other hand, un-
known forms of viruses, as well as bacteria, have an advanced capability 
of adaptation or genetic mutation under any circumstances or extreme 
environmental climatic conditions. The above reasons discussed in brief 
leads to several airborne viral transmissions via aerosol adhered par-
ticulate matter or gaseous pollutants. 

The entire globe is struggling to fight against novel coronavirus. The 
processes of prevention against both air pollution as well as virus attacks 
are more or less equal in nature. So we have to adapt the best possible 
advanced technologies to combat such pollutants or novel viruses. The 
development of the natural immune system should be looked over in 
detail so that human biology should be prepared in advance to fight 
against it. It takes a lot amount of time to develop a vaccination for an 
unknown virus or disease. More amount of emphasis should be given on 
the development of proper natural medication, advanced disinfection 
techniques to such critical hours quickly in the future rather than giving 
more stress over the development of artificial medication having lots of 
side effects or complexities. Modified air pollution controlling or 
monitoring devices should be installed during the pandemic situation to 
reduce the drastic effect and fatality rate on mankind. Since the diseases 
are generally contagious in nature, we have to improvise the facility of 
hospitalization, increase the number of isolation care units or self- 
quarantine or safe home units. The process of stepwise systematic 
lockdown, wearing of mask, gloves, face shields, using sanitizers, 
adopting self-distancing norms should be implemented all-time to pro-
tect any individual from the spread of such a deadly virus through the air 
medium. The pathways or routes of viral transmission through air me-
dium should be demarcated from beforehand so that the viral loads in 
aerosol form may be killed on a mass basis regionally. All modes of 
clinical trials for future vaccination have to be updated or modelled 
within a short span of time. In addition to it, the number of everyday 
testing has to be increased for the particular virus infection, so that a 
greater number of patients can be cured at a faster rate. The proper 
medication as well as the possible vaccination should be equivalently 
distributed throughout all parts of the world before any form of mal- 
piracy could take place. During any pandemic situation, everyone 
should be quite concerned about the huge production of biohazards. 
Several preventive measures should be considered for the efficient 
handling of such disease. At last, virology departments should be 
uniquely established in every hospital or nursing home along with air 
purification and ventilation units to get clean purified air throughout the 
surroundings. The scientific societies have to think in a more cost- 
effective and environmentally sustainable manner to efficiently handle 
the problems to prevent our mother earth, and its life-forms from any 
novel infections or pollution effects to hit the globe in the future times to 
come. 
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P. Havlik, F. Humpenöder, L.A. Da Silva, S. Smith, E. Stehfest, V. Bosetti, J. Eom, 
D. Gernaat, T. Masui, J. Rogelj, J. Strefler, L. Drouet, V. Krey, G. Luderer, 
M. Harmsen, K. Takahashi, L. Baumstark, J.C. Doelman, M. Kainuma, Z. Klimont, 
G. Marangoni, H. Lotze-Campen, M. Obersteiner, A. Tabeau, M. Tavoni, The 
shared socioeconomic pathways and their energy, land use, and greenhouse gas 
emissions implications: an overview, Glob. Environ. Change 42 (2017) 153–168, 
https://doi.org/10.1016/j.gloenvcha.2016.05.009. 

[101] N. Hayashi, K. Yamamoto, M. Ohishi, Y. Tatara, Y. Takeya, A. Shiota, R. Oguro, 
Y. Iwamoto, M. Takeda, H. Rakugi, The counterregulating role of ACE2 and 
ACE2-mediated angiotensin 1–7 signaling against angiotensin II stimulation in 
vascular cells, Hypertens. Res. 33 (2010) 1182–1185, https://doi.org/10.1038/ 
hr.2010.147. 

[102] S. Comunian, D. Dongo, C. Milani, P. Palestini, Air pollution and COVID-19: the 
role of particulate matter in the spread and increase of COVID-19’s morbidity and 
mortality, IJERPH 17 (2020) 4487, https://doi.org/10.3390/ijerph17124487. 

[103] Y. Fang, F. Gao, Z. Liu, Angiotensin-converting enzyme 2 attenuates inflammatory 
response and oxidative stress in hyperoxic lung injury by regulating NF-κB and 
Nrf2 pathways, QJM Int. J. Med. 112 (2019) 914–924, https://doi.org/10.1093/ 
qjmed/hcz206. 

[104] B. Leclercq, J. Kluza, S. Antherieu, J. Sotty, L.Y. Alleman, E. Perdrix, A. Loyens, 
P. Coddeville, J.-M. Lo Guidice, P. Marchetti, G. Garçon, Air pollution-derived 
PM2.5 impairs mitochondrial function in healthy and chronic obstructive 
pulmonary diseased human bronchial epithelial cells, Environ. Pollut. 243 (2018) 
1434–1449, https://doi.org/10.1016/j.envpol.2018.09.062. 

[105] F. Farina, G. Sancini, C. Battaglia, V. Tinaglia, P. Mantecca, M. Camatini, 
P. Palestini, Milano summer particulate matter (PM10) triggers lung 
inflammation and extra pulmonary adverse events in mice, PLoS One 8 (2013), 
e56636, https://doi.org/10.1371/journal.pone.0056636. 

[106] P. Palestini, Health risk assessment for air pollutants: lung inflammation and extra 
pulmonary adverse events are correlated to particulate matter size, origin and 
season of collection, Toxicol. Lett. 259 (2016) S9, https://doi.org/10.1016/j. 
toxlet.2016.07.703. 

S. Mukherjee et al.                                                                                                                                                                                                                              

https://doi.org/10.1002/alr.22661
https://doi.org/10.1038/s41586-020-2271-3
https://doi.org/10.1038/s41586-020-2271-3
https://doi.org/10.1080/10937404.2013.853609
https://doi.org/10.1080/10937404.2013.853609
https://doi.org/10.1038/s41598-020-69286-3
https://doi.org/10.1038/s41598-020-69286-3
https://doi.org/10.1097/JOM.0000000000000448
https://doi.org/10.1097/JOM.0000000000000448
https://doi.org/10.1289/ehp.1307081
https://doi.org/10.1016/j.jhazmat.2019.01.104
https://doi.org/10.1080/10937404.2015.1134371
https://doi.org/10.1080/10937404.2015.1134371
https://doi.org/10.1016/j.jece.2013.09.017
https://doi.org/10.1016/j.jece.2013.09.017
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.5194/acp-9-467-2009
https://doi.org/10.5194/acp-9-467-2009
https://doi.org/10.5194/acp-9-8247-2009
https://doi.org/10.1021/acs.chemrev.5b00067
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1029/2006JD007688
https://doi.org/10.5194/acp-11-12421-2011
https://doi.org/10.5194/acp-11-12421-2011
https://doi.org/10.1136/jech.48.3.237
https://doi.org/10.1021/es60075a005
https://doi.org/10.1021/es60075a005
https://doi.org/10.1021/es00096a005
https://doi.org/10.1016/j.scitotenv.2020.138201
https://doi.org/10.1016/j.scitotenv.2020.138201
https://doi.org/10.1073/pnas.2009637117
https://doi.org/10.1073/pnas.1900125116
https://doi.org/10.1073/pnas.1900125116
https://doi.org/10.1038/nature05132
https://doi.org/10.1126/science.abb4218
https://doi.org/10.5194/acp-9-8573-2009
https://doi.org/10.5194/acp-9-8573-2009
https://doi.org/10.1016/j.joei.2017.02.010
https://doi.org/10.1126/science.1189732
https://doi.org/10.1021/cr2001756
https://doi.org/10.1021/cr2001756
https://doi.org/10.1016/j.scitotenv.2020.141652
https://doi.org/10.1016/j.jhazmat.2004.09.009
https://doi.org/10.1016/j.wasman.2007.08.030
https://doi.org/10.1016/j.jhazmat.2010.03.016
https://doi.org/10.1089/0894268041457147
https://doi.org/10.1089/0894268041457147
https://doi.org/10.1161/CIRCRESAHA.107.164970
https://doi.org/10.1161/CIRCRESAHA.107.164970
https://doi.org/10.1080/08958370500306016
https://www.euro.who.int/__data/assets/pdf_file/0008/147851/E87950.pdf
https://www.euro.who.int/__data/assets/pdf_file/0008/147851/E87950.pdf
https://doi.org/10.1016/j.gloenvcha.2020.102100
https://doi.org/10.1016/j.gloenvcha.2020.102100
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1038/hr.2010.147
https://doi.org/10.1038/hr.2010.147
https://doi.org/10.3390/ijerph17124487
https://doi.org/10.1093/qjmed/hcz206
https://doi.org/10.1093/qjmed/hcz206
https://doi.org/10.1016/j.envpol.2018.09.062
https://doi.org/10.1371/journal.pone.0056636
https://doi.org/10.1016/j.toxlet.2016.07.703
https://doi.org/10.1016/j.toxlet.2016.07.703


Journal of Environmental Chemical Engineering 9 (2021) 104973

20

[107] J. Ciencewicki, I. Jaspers, Air pollution and respiratory viral infection, Inhal. 
Toxicol. 19 (2007) 1135–1146, https://doi.org/10.1080/08958370701665434. 

[108] Q. Ma, Y. Qi, Q. Shan, S. Liu, H. He, Understanding the knowledge gaps between 
air pollution controls and health impacts including pathogen epidemic, Environ. 
Res. 189 (2020), 109949, https://doi.org/10.1016/j.envres.2020.109949. 

[109] Y. Cui, Z.-F. Zhang, J. Froines, J. Zhao, H. Wang, S.-Z. Yu, R. Detels, Air pollution 
and case fatality of SARS in the People’s Republic of China: an ecologic study, 
Environ. Health 2 (2003) 15, https://doi.org/10.1186/1476-069X-2-15. 

[110] P. Mantecca, G. Sancini, E. Moschini, F. Farina, M. Gualtieri, A. Rohr, 
G. Miserocchi, P. Palestini, M. Camatini, Lung toxicity induced by intratracheal 
instillation of size-fractionated tire particles, Toxicol. Lett. 189 (2009) 206–214, 
https://doi.org/10.1016/j.toxlet.2009.05.023. 

[111] M. Kampa, E. Castanas, Human health effects of air pollution, Environ. Pollut. 151 
(2008) 362–367, https://doi.org/10.1016/j.envpol.2007.06.012. 

[112] Q. Di, Y. Wang, A. Zanobetti, Y. Wang, P. Koutrakis, C. Choirat, F. Dominici, J. 
D. Schwartz, Air pollution and mortality in the medicare population, N. Engl. J. 
Med. 376 (2017) 2513–2522, https://doi.org/10.1056/NEJMoa1702747. 

[113] D. Liang, L. Shi, J. Zhao, P. Liu, J.A. Sarnat, S. Gao, J. Schwartz, Y. Liu, S.T. Ebelt, 
N. Scovronick, H.H. Chang, Urban air pollution may enhance COVID-19 case- 
fatality and mortality rates in the United States, Innovation 1 (2020), 100047, 
https://doi.org/10.1016/j.xinn.2020.100047. 

[114] S. Rayner, Prospects for CO2 emissions reduction policy in the USA, Glob. 
Environ. Change 3 (1993) 12–31, https://doi.org/10.1016/0959-3780(93) 
90012-A. 

[115] H. Tian, Y. Liu, Y. Li, C.-H. Wu, B. Chen, M.U.G. Kraemer, B. Li, J. Cai, B. Xu, 
Q. Yang, B. Wang, P. Yang, Y. Cui, Y. Song, P. Zheng, Q. Wang, O.N. Bjornstad, 
R. Yang, B.T. Grenfell, O.G. Pybus, C. Dye, An investigation of transmission 
control measures during the first 50 days of the COVID-19 epidemic in China, 
Science 368 (2020) 638–642, https://doi.org/10.1126/science.abb6105 (80-.). 

[116] World Health Organization (WHO), Considerations for Quarantine of Individuals 
in the Context of Containment for Coronavirus Disease (COVID-19): Interim 
Guidance, World Health Organization, 19 March 2020. 〈https://apps.who.int/ 
iris/handle/10665/331299〉. (Accessed 15 October 2020). 
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