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This study's first objective was to summarize the factors that affect the viability of the 

respiratory and enteric viruses in aerosols in wastewater treatment plants (WWTPs). Al-

so, to determine the health hazards for workers in WWTPs and their contacts, and how to 

protect them and control viral spreading through their activities. The third objective was 

to analyze the efficiency of different virus concentration methods from aerosol samples. 

The review summarized sources of viruses in wastewater, such as human excreta from 

infected individuals, animal waste, untreated hospital wastewater in some developing 

countries, and the role of runoff in transporting viral contaminants from land to sewage 

systems. Also, the effect of environmental factors in treatment plants, such as relative 

humidity, temperature, wind speed, and the effect of natural ultraviolet (UV), were em-

phasized as a crucial determinants in the viability of viruses in the aerosols. The study 

also highlighted the health risks associated with aerosolized viral exposure to wastewater 

treatment workers, including respiratory and gastrointestinal diseases, and preventive 

measures such as emergency response plans (ERPs) and personal protective equipment 

(PPE) as recommended protection tools. Data about the efficiency of different sampling 

methods (active and passive) to concentrate viruses in aerosol on wastewater were sum-

marized in this review. In conclusion, the development of the concentration methods for 

viruses in aerosol is greatly needed to increase the accuracy of qualitative and quantita-

tive methods. Also, more research is needed to determine the best viral index for respira-

tory and enteric viruses in aerosols. 
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1. Introduction  

Aerosol is finely suspended liquid or solid particles in 

the air or gas that can spread for 8 meters, remain buoyant 

for hours, until falling. [1]. Another term, bioaerosol (bio-

logical aerosol), refers to aerosol particles of biological 

origin, such as microorganisms (e.g., bacteria, fungi, acti-

nomycetes, and viruses), products of microorganisms 

(e.g., toxins, mycotoxins, and organic compounds), and 

active particles (e.g., allergens like pollen, a common 

aeroallergen), as well as spores and cellular fragments 

(e.g., DNA fragments or debris from plants or animals) 

[2,3]. Bioaerosols can be divided according to their source 

into natural bioaerosols, which originate from environ-

mental origins (which have an essential role in the ecolog-

ical system), like water (e.g., seas, oceans), soil, and 

plants (e.g., leaves). On the other hand, anthropogenic 

bioaerosols originate from anthropogenic origins and may 

contain pathogens that can affect human health. They are 

generated directly through human activities such as speak-

ing, singing, laughing, coughing, breathing, or other res-

piratory activities, or through human-related processes in 

outdoor environments like water, wastewater treatment 

plants, and farms, or indoor environments, e.g., universi-

ties, prisons, health care centers,  schools, restaurants, etc. 

[4, 5]. It is very important to differentiate between bioaer-

osol particles and droplets. Droplets are larger particles so 

settle down, causing infection directly or indirectly, at a 

distance > 1 m [6]. This differentiation provides important 

insights not only into the ability of these particles to travel 

and cause infection away from their source, but also into 

the severity of the infection. While aerosol particles are 

small enough to reach and infect the deep respiratory sys-

tem, larger particles may settle in the gastrointestinal tract 

[7]. 

In our review, we focused on viruses in aerosol from 

wastewater treatment plants (WWTPs) as they are outdoor 

environments with a high risk of infection, the shortage of 

adequate techniques for sampling aerosol viruses, and the 

various strategies used to protect employees in WWPTs 

and manage viral aerosol.  

2. Search Strategy 

The materials used were previously published articles 

from various research groups working in the relevant 

field. Our methodology involved integrating and correlat-

ing the ideas presented in these studies to develop an in-

dependent perspective that effectively addresses the re-

search objectives. The results of this review-based ap-

proach are presented in the following sections of the man-

uscript. 
 

3. Key Points and discussion of integrated and corre-

lated ideas 

3.1. The transmission routes of viruses to WWTPs  

The primary source of viruses in wastewater systems is 

the excrement of infected individuals from residential 

sewage. Patients with viral gastroenteritis can excrete 

approximately 10⁵ to 10¹¹ viral particles a day per gram of 

stool, including enteric viruses, such as rotaviruses, enter-

ic adenoviruses, astroviruses, noroviruses, hepatitis A 

virus (HAV), and hepatitis E virus (HEV) [8-11]. Also, 

respiratory viruses e.g. Middle East respiratory syndrome 

coronavirus (MERS-CoV), severe acute respiratory syn-

drome coronavirus (SARS-CoV), severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), and influenza 

viruses could be detected in the sewage due to the excre-

tions such as sputum [12], saliva [13], urine [14], and 

feces [15-18]. Another source is hospital sewage, which 

sometimes shows poor treatment efficacy, especially in 

developing countries. These viruses can preserve their 

viability partially until reaching WWTPs [19]. Animal 

farms are considered an important source of viral contam-

inants in sewage through animal feces [20]. A study com-

pared the concentrations of chicken and turkey parvovi-

ruses (ChPV/TuPV) in chicken stool samples and the 

downstream urban wastewater, indicating that 

ChPV/TuPV were detected in 73% of stool samples and 

44% of downstream raw sewage samples, with a mean 

values of 9.07 × 108 genome copies (GC)/g and 2.65 × 

102 GC/ml, respectively [21]. The high concentrations of 

ChPV/TuPV may explain how these pathogens can be 

introduced into the surrounding environment and the 

wastewater. Runoff, defined as water from rain, irrigation, 

or melted snow that runs over the land surfaces without 

penetrating the soil, can act as a carrier of human and an-

imal viral pollutants. Reports indicated that SARS-CoV-2 

could be transmitted to water systems like sewage [22].  

Viruses such as enterovirus, adenovirus, and norovirus 

genogroup II (GII) have been collected from street runoff 

resulting from human excreta and represent a transport 

source of these viruses to drainage systems [23].  

 
Figure 1: Aerosol versus Droplets. The illustration shows 

the difference between aerosols and droplets. Aerosols 

are small particles that remain suspended in the air and 

can travel long distances, whereas droplets are larger 

particles that quickly settle by gravity. 

3.2. Factors affecting viruses in aerosols in 

wastewater treatment plants: 

Many factors affect the bioaerosol formation from the 

source, the viability of viral aerosol, and the environmen-

tal factors of WWTPs (considered outdoor environments) 

that can affect the infectivity of the viruses [24, 25]. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/enterovirus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/norovirus
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3.2.1. Factors affecting viral viability during surviva-

bility inside aerosol particles 

3.2.1.1. Chemical composition of the bioaerosol parti-

cles: 

Bioaerosol particles contain organic and inorganic pol-

lutants from the emission sources, which are mainly an-

thropogenic [26]. These chemical pollutants may have a 

dual effect; first, the presence of organic matter in the 

surrounding layer may protect the viruses from the impact 

of environmental factors, increasing the viral infectivity 

for a long time [27]. Also, it may improve viral infectivity 

by causing stress on the respiratory tract and affecting the 

immune system of infected persons [28]. Second, organic 

compounds may go through photochemical reactions that 

produce oxidizing radicals that, in the case of non-

enveloped viruses, cause damage to peptide bonds in sur-

rounding proteins and subsequent structural change in the 

nucleobases of the nucleic acids like guanine, which com-

promise the virions' integrity, also reactive oxidant spe-

cies react with the lipid envelope causing lipid peroxida-

tion, which reduce the survival of enveloped viruses, so, 

the common chemical pollutants in aerosol particles may 

reduce the viability of associated virus [29]. 

In conclusion, the different effects of the chemical com-

position of aerosol particles on viruses may vary depend-

ing on the type of chemicals, their concentration, their 

position related to the viruses, and the type of viruses.  

3.2.1.2. Particle size   

The particle size of aerosol is a very important physico-

chemical factor that affects the viability of the viruses on 

two axes, 

The first is the settlement rate: The smaller the particles, 

the longer they remain airborne [30], increasing the prob-

ability of being inhaled and causing viral infection [31]. It 

was reported that large aerosol particles (> 4.1μm) needed 

33 min to settle in 1 meter, while particles < 4.1 μm, 

which contain 42% of influenza A virus (IAV) RNA and 

respiratory syndrome virus (RSV) RNA, needed 8 hrs. to 

cover the same distance [32]. The second is related to 

protection: generally, larger particles provide protective 

effects and increase viral infectivity, while viruses in the 

small particles are more exposed to viral inactivation due 

to the enormous energy of the particles' surface [33]. For 

example, rhinovirus preserved longer in large particles 

than in smaller particles [34]. Another study concerned 

with three viruses, porcine epidemic diarrhea virus 

(PEDV), IAV, and porcine reproductive and respiratory 

syndrome virus (PRRSV) showed higher viability in the 

large particle size [35]. 

Although viruses prefer large particles, some studies in-

dicated that some viruses, such as adenovirus (AdV), sur-

vive better in smaller particles than the larger ones [33]. 
 

3.2.2. Environmental factors of WWTPs that affect 

the infectivity of the viral aerosol. 

The environmental factors of WWTPs (as an outdoor 

environment) are generally related to weather elements 

like temperature, relative humidity, natural UV radiation 

(sunlight), and wind speed. 

3.2.2.1. Relative humidity (RH): 

Relative humidity is a very important factor affecting 

the viability of the viruses in the bioaerosol [36, 37], the 

enveloped viruses show more stability at low RH as con-

taining high lipid contents which tend more stable at low 

relative humidity [38], it is very important to link RH with 

three physicochemical processes which are hygroscopy, 

deliquescence, and efflorescence that depend on RH and 

affect the bioaerosol particles and consequently the vitali-

ty of viruses. First, Hygroscopy occurs when particles 

absorb water from the ambient air without turning into 

solutions in moderate humidity. Second, Efflorescence, in 

which particles lose their water molecules to the atmos-

phere, so, their weight is reduced. It occurs in dry air 

when the water vapor pressure of the air is lower than the 

water vapor pressure of the bioaerosol particles. Third, 

Deliquescence occurs when particles absorb water from 

the air and form solutions at high humidity when the wa-

ter vapor pressure in the air is higher than the water vapor 

pressure of the bioaerosol particles [39]. Under hygro-

scopic conditions, enveloped viruses (e.g., influenza vi-

ruses and SARS-CoV-2) may absorb excess water, which 

perturbs their lipid bilayer envelopes and thereby increas-

es their susceptibility to environmental stressors such as 

chemical disinfectants and ultraviolet light [37]. In con-

trast, non-enveloped viruses, such as norovirus (NoV) and 

rotavirus (RoV), possess robust protein capsids that resist 

water-induced structural damage, thus conferring pro-

longed environmental survivability [40]. In Efflorescence, 

the lipid envelope in enveloped viruses disrupts in dehy-

dration and reduces their infectivity. For example, the 

viability of the influenza virus dropped significantly in 

dry air [41]. Non-enveloped viruses had less effect be-

cause of their hardy capsids. Infectivity of NoV is re-

tained even after desiccation [42]. Finally in Deliques-

cence, high humidity may dissolve the lipid in the envel-

oped viruses, causing viral inactivation. SARS-CoV-2 

stability declined in highly humid environments [36], 

while non-enveloped viruses, their capsids withstand dis-

solution; however, exposure to liquid phases may degrade 

internal genetic material over time [43]. 

Also, at the level of dispersion, high RH ≥80% can 

facilitate the dispersion of bioaerosol over long distances, 

increasing the risk of viral infection transmission [1].  

3.2.2.2. Temperature: 

Non-enveloped viruses show long-term persistence at 

low temperatures [44]. In contrast, enveloped viruses are 

more sensitive to temperature because of the presence of 

the lipid bilayer membrane (envelope) [45], for example, 

a previous study on SARS-CoV-2 (enveloped RNA virus) 

showed that a low survival period in the sewage at tem-

peratures ≥ 20 ◦C and a high survival period reached 14 

and 17 days at low temperatures of 4 °C and 20 °C respec-

tively [46]. 

A combination of more than one factor can reduce the 

viability and transmission of viruses. It was detected that 

the rise in temperature and humidity above 30 °C and 

80% by 1 °C and 1%, respectively,  together could reduce 

the number of effective reproduction (R-value) by about 

0.026 in China and 0.020 in the USA, as the high temper-

ature accelerates viral aerosol evaporation, so reduced 

viral stability and transmission efficiency [47]. The high 

humidity also leads to viral inactivation due to deliques-

cence. Although the reduction in R-value is not high 

enough to stop pandemics, it can be a control strategy in 
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areas where non-pharmaceutical interventions are not 

strictly enforced. 

3.2.2.3. Wind speed: 

Wind speed can affect the bioaerosol emission, distribu-

tion, and the elimination of biological materials from sur-

faces [48]. It was indicated that the high wind speed 

caused high aerosolization of pathogens near the surface 

layer of wastewater to the air [49]. Conversely, another 

study reported that wind speed could have a negative ef-

fect on viral dispersion due to the dilution and dispersion 

of the wind [50]. For example, Fracchia et al. [51] found 

low levels of airborne contaminants at the downwind lo-

cations due to the dilution of bioaerosols as the distance 

from the sources increased. Ranga [1] showed that wind 

which dilutes bioaerosol particles continuously minimizes 

their effect as a source of infection.  

3.2.3. Other factors can affect the viral titer in the 

aerosol particles 

3.2.3.1. The location of sampling  

Bioaerosol concentration at sites of pre-treatment, grit 

chamber, and primary treatment was higher than other 

sites such as the secondary treatment and final sedimenta-

tion sites, as the raw sewage flowed continuously to the 

pre-treatment chambers causing the generation of bioaer-

osol then dispersed by the wind, than the secondary sedi-

mentation or the disinfection units in the WWTPs, as the 

amount of pathogens decreases with the progress in the 

treatment steps [52]. 

3.2.3.2. Different treatment methods used in WWTPs 

The emission of virus-laden aerosol in the activated 

sludge treatment method is higher due to the use of air 

pumps to promote aerobic digestion, which in turn causes 

breaking in the water surface than other treatment meth-

ods, e.g., Anaerobic digesters, which have no mechanical 

aeration, so reduce aerosolization risks [53]. 
 

3.2.4. Indirect factors  

Some factors indirectly affect the viral presence in the 

aerosol. In the outbreaks, the high viral titer occurs in the 

wastewater basins compared to the regular days, increas-

ing the viral titer in aerosol [15, 54]. Also, the sampling 

time of the season may be an essential factor. An epide-

miological study has shown a higher titer of respiratory 

viruses such as influenza virus, RSV, human metapneu-

movirus, and human coronavirus in the air during winter 

[55]. This highlights that winter is a critical season in 

pathogen transmission, especially in temperate regions, 

which is associated with enhanced pathogen survival at 

lower temperatures [6]. 

All these factors affect the number of viruses in the 

wastewater units, which indirectly affects the occurrence 

of viruses in the bioaerosol. Also, each virus reacts differ-

ently to each factor or combination of factors [56]. 

3.3. Health risk from viruses in the aerosol of 

WWTPs on workers and their contacts. 

As mentioned above, WWTPs are considered a primary 

source of emissions of bioaerosol [57], as the sewage in 

the WWTPs can contain a high load of viruses, especially 

viable ones that during the process of aeration at activated 

sludge tank or any mechanical agitation, can be aeroso-

lized to the air forming viral aerosols. These viruses can 

cause viral infection to the workers by either the fecal-

inhalation way of the aerosol particles or the fecal-oral 

way after contact with contaminated surfaces. There were 

studies on the health condition of sewage workers who 

had frequent symptoms like weakness, fatigue, headache, 

fever, dizziness, and respiratory diseases, which are 

known as "sewage workers’ syndrome", compared to non-

sewage workers, and explaining it due to the pathogens in 

the aerosol [58]. Workers have a higher probability of 

being infected with several respiratory and enteric diseas-

es with viral causes such as gastroenteritis (by rotaviruses, 

astroviruses, enteric adenoviruses, and noroviruses), hepa-

titis (by hepatitis A and E viruses), myocarditis, conjunc-

tivitis, rash, and maybe diabetes (by Coxsackieviruses A 

and B and echoviruses), influenza (by different types of 

influenza viruses), SARS (by SARS-CoV and SARS-

CoV-2) in regular periods and even in pandemics [59]. 

Although persons must be exposed to minimal infectious 

doses of viruses to be infected, regular exposure (daily, 

weekly, monthly) may achieve these doses for respiratory 

diseases ( by inhalation) and even enteric diseases by oral 

route, aerosol entrance, or dealing with contaminated sur-

faces [60, 61]. It has been shown that the places surround-

ing the units in the wastewater treatment plants contained 

up 2×106 GC/m3 of AdV in the air samples [62]. The 

problem is not only workers may have an exposure rate to 

these diseases but also their families or individuals in their 

social environment may have the same exposure rate if 

they do not follow the safety instructions during their 

working time [63]. Many transmission routes from work-

ers to their contacts were reported, such as direct contact, 

contaminated clothes, food, drink, and belongings [64]. 

Another problem is that WWTPs are reservoirs for hu-

man and animal viruses, due to the transmission of viruses 

(pathogens) from animal feces to sewage via runoff. The 

problem is that the zoonotic nature of some viruses, which 

naturally infect animal species and can cross the species 

barrier from animals to humans, such as HEV-3 and 

HEV-4, and avian influenza [65, 66]. So these zoonotic 

viruses may represent an extra health risk for workers in 

addition to the risk of their exposure to human viruses.  

3.4. Protection of workers, visitors, and employees 

from viruses in aerosols in WWTPs. 

The effect of drugs to treat viruses doesn't cover all vi-

ruses; only a few drugs for a few viruses were discovered 

and approved, such as sofosbuvir (sovaldi) drug for hepa-

titis C [67] and acyclovir drug for herpes simplex virus 

(HSV) [68]. On the other hand, although vaccine technol-

ogy is very advanced now, fast mutation, emergencies, 

and new strains may limit these means of defense [69-72]. 

So let us return to the golden rule: Prevention is better 

than cure. Depending on that, WWTP workers and their 

contacts are groups exposed to high threat during their 

daily work by exposure to many enteric and respiratory 

microbes (viruses, bacteria, fungi, parasites). So, the pro-

tocols that protect workers and consequently their con-

tacts are of great concern. This may be the first barrier for 

preventing viral spreading and also goes in parallel with 

vaccination as a means of deep defense and protection. 

https://www.tandfonline.com/doi/abs/10.1586/17512433.2014.928196
https://www.tandfonline.com/doi/abs/10.1586/17512433.2014.928196
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There are multiple preventive and precautionary measures 

available to minimize the chances of contracting the viral 

infection, such as personal protective equipment (PPE), 

emergency response plans (ERPs), and construction of 

covered wastewater treatment systems [73-75], which we 

explain in some detail as follows: 

3.4.1. Construction of covered wastewater treatment 

systems 

A study was conducted on the wastewater treatment sec-

tors of three hospitals: Jinyintan Hospital, the first one 

receiving COVID-19 patients; Wuchang Cabin Hospital, a 

temporary hospital that was opened to receive COVID-19 

patients; and Huoshenshan Hospital, built emergently to 

receive COVID-19 patients, in Wuhan, China. The study 

reported that SARS-CoV-2 was found in all aerosol parti-

cles and soil surrounding the wastewater treatment tank in 

Huoshenshan Hospital and Jinyintan Hospital. At the 

same time, there were negative results for SARS-CoV-2 

in the aerosol particles or the surrounding soil in Wu-

chang Cabin Hospital because the wastewater treatment 

unit is an enclosed system that prevents aerosolization of 

aerosol containing SARS-CoV-2 from the wastewater 

[76].  

According to these results, the enclosed wastewater 

treatment system can be an effective solution, as it is de-

signed to contain an enclosed or isolated structure to pro-

tect against viral spread over long distances. However, 

applying this solution to all wastewater treatment plants 

worldwide is difficult because of the high cost and long 

duration of construction. This may represent a big chal-

lenge, especially in developing countries.  

3.5. Effect of solar radiation on viral survivability in 

aerosol of WWTPS 

Although WWTPs use physical/chemical and/or biolog-

ical processes to treat their effluents [77], it is also essen-

tial to try to reduce the possible risk of viruses in aerosol 

by different strategies. Several studies discussed the effect 

of natural ultraviolet (UV) on viruses in aerosol. Senatore 

et al. [27] reported that one of the promising strategies is 

the effect of UV-A from the sun as it requires no cost, can 

be useful in outdoor environments like WWTPs, and is 

available most days of the year, especially in tropical 

[sunny) countries or semi-arid countries with a sunny cli-

mate. Ali et al. [24] found that the survival of airborne 

pathogens, e.g., viruses, is greatly negatively affected by 

solar radiation because pathogens can be inactivated 

by ultraviolet irradiation. As a result, this causes the death 

of pathogens in bioaerosols. It was also reported that 

UVA at 513.30 J/cm2 helped in virus inactivation, reduc-

ing aerosolizing Escherichia phage T4 (T4 phages) to 

20% [78]. UV-B (λ=280–315 nm) and UV-A (λ=315–

400 nm) solar radiation could penetrate the Earth’s at-

mosphere to a certain degree, reducing the risk of viral 

transmission, especially in the Mediterranean region, as 

solar radiation is abundant [79]. From these results, we 

could conclude that countries with intense sunlight on 

most days of the year have a high opportunity to use this 

solar energy to inactivate viruses in aerosol in WWTPs. 

The recommended distance away from human activities 

must be followed by open (not covered) WWTPs.  

More studies are needed to evaluate the effect of UV-

A radiation on a wide range of viruses in correlation to the 

impact of different environmental factors such as seasonal 

variation in an open environment. 
 

3.6. Qualitative and quantitative data of viruses in 

WWTPs aerosols.  

The techniques used in viral sampling from the aerosols 

of WWTPs are considered a crucial phase in the process 

of viral investigation. The air is a biologically diluted en-

vironment, so it usually contains fewer pathogens than 

other matrices like raw wastewater in WWTPs. So it is 

essential to concentrate viruses from aerosol samples be-

fore any analysis [80]. Many studies on different sampling 

methods were performed. These studies included the ac-

tive methods, which used mechanical components 

(pumps, power requirements, and flow monitoring to 

quantify the viral concentration), and the passive methods, 

which depend on natural processes or environmental fac-

tors without using active mechanical systems to allow 

viral aerosols to accumulate or concentrate [81]. The stud-

ies conducted on viruses in the aerosol of the WWTPs in 

the last fifty years with different sampling methods are 

summarized in Table 1. 

Table 1 outlines active and passive sampling methods 

for collecting viral particles from aerosols in WWTPs. 

Active methods include impingers (e.g., Biosampler Im-

pinger or All-Glass Impinger [AGI]), cyclones, impactors 

(single-stage or multi-stage), large-volume air samplers 

(LVAS), filters (polycarbonate, gelatin, or nylon), and 

high-volume electrostatic precipitator samplers such as 

the Large Electrostatic Aerosol Precipitator (LEAP). Alt-

hough condensation samplers represent another active 

method, none have yet been applied to WWTP environ-

ments.  

Passive sampling encompasses sedimentation on open 

plates containing agar or filters as collection media. Table 

1 also summarizes the limitations inherent to methods and 

their impact on sampling efficiency. In Brenner et al.’s 

study [85], coliphages were recovered using a Bi-

osampler, whereas animal viruses were undetected. This 

failure may be due to: 

1. Unlike the abundant coliphages, insufficient animal 

virus concentrations in the influent generate detectable 

aerosols by the XM2 Biological Sampler. 

2. The sampling duration was too short to capture low-

abundance animal viruses. 

3. Particle size distributions (< 2 µm or > 12 µm) of an-

imal viruses which not retained by the XM2. 

 

Biological Sampler needs redesign of the inlet geometry 

and airflow dynamics. Moreover, air passages accommo-

dating 12 µm particles could not be sterilized. 

Another limitation involves the small air volume col-

lected by samplers, reducing sensitivity for low airborne 

virus concentrations [62]. It was estimated that the ex-

pected concentration of animal virus in aerosol is approx-

imately 6.5 × 10⁻⁵ MPN m⁻³. Therefore, at least 3.5 × 10³ 

m³ of air must be sampled to isolate animal viruses at 

rates comparable to coliphages. However, the maximal 

sampled volume by the sampler was only 1.2 × 10² m³, 

which was insufficient for such detection [83]. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-irradiation
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Table 1. Summary of viruses sampling in the aerosol of WWTPs 

Sampling  

method 
Location 

Time of Sam-

pling  

& Duration 

Virus 

Sampling 

Flow rate & 

air volume 

Pos./T

. sam-

ples 

Genome  

copies/m3 

Number of  

infectious unit (CPU/m3) 

/(PFU/m3) 

Comment 

Year of 

publi-

cation 

Ref. 

Andersen viable 

type samplers 
A spray irriga-

tion site with 

wastewater in 

Fort Huachu-

ca, Arizona 

From 19 to 31 

October 

during day and 

night periods 

Coliphage f2 

28.3l L/min 

NR NR - 

Coliphage F2 was detect-

ed in air samples collect-

ed up to 563 m. down-

wind from the spray irri-

gation source 

1975 [82] A high-volume 

electrostatic pre-

cipitator samplers  

1000L/min 

Large Volume Air 

Samplers (LVAS) 

Two 

WWTPs/south

eastern Michi-

gan. 

- 

animal viruses 
The maxi-

mum vol-

ume  

of air sam-

pled was 

1.20 x 102 

m3 

NR 

ND 

- 

The mean animal virus 

concentration per liter 

was about 3.6-3.7 logs 

lower than the mean 

coliphage level. The ex-

pected airborne animal 

virus concentration would 

be approximately 6.2 x 10 
-5 or 6.5 x 10-5 MPN m-3.  

1976 [83] 

E. coli C3000 

phages 

3.0 x 10-1 MPN 

m-3 

E. coli KI2HfrD 

phages. 

2.3 x 10-1 MPN 

m-3 

Large-volume 

scrubbers (LVS) 

The O'Hare 

Water Recla-

mation sewage 

plant/ Chica-

go, USA 

During the day 

(800 to 1959 

hrs.) and night 

(2000 to 759 

hrs.).  

Enteric viruses 

(coxsackievirus 

B-1) 
0.6 to 0.9 

m3/min. 

 

Air volume 

30-60 m3 for 

coliphage  & 

400-600 m3 

enteric vi-

ruses 

2/9 

 

 

- 

4.7 x 103 to 1.0 x 102  at 

<150 m 

EVs were detected during 

the night only within 150 

m, of the operating aera-

tion tanks. No viruses 

were detected during the 

daytime in air sample 

volumes of up to 428 m3.  

In general, the densities of 

microorganism-

containing aerosols were 

higher at night than dur-

ing the day. 

1985 [84] 

Coliphages - 

7.3 x 102 at >150 m 

4.9 x 102 at 150 to 250 m 

7.6 x 102 at >250 m 

XM2 Biological The Muskegon  Coliphages 1,050 - - From 0 to 9 PFU/m3 Coliphages were recov- 1988 [85] 
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Sam-

pler/Collector. 

County 

Wastewater 

Management 

System Num-

ber 1 spray 

irrigation site 

/Michigan, 

USA 

From May 

 to August  

 in addition to 

October  

 

Two 2-h sam-

ples were col-

lected. 

Animal viruses 

L/min. 

 

ND 

ND 

 

 

 

 

 

 

 

 

ND 

ered from Muskegon aer-

osols with this sampler, 

animal viruses were not, 

coliphages, present in 

much larger quantities in 

the wastewater than ani-

mal viruses. 

Impactor sampler 

with contact agar 

plates 

WWTPs/Pisa, 

Italy 

Twice-

monthly from 

May 1992 to 

April 1993 

Coliphages NR - - 

At 2 me-

ters 

At 20 

meters 

At 30 

meters 
The sample volume was 

0-9 m3 of air. 

Enteroviruses were de-

tected in 25% of the aero-

sol samples, and positive 

were only from August to 

November. And detection 

only at a height of 2 me-

ters. 

1995 [86] 

8-13 

pfu/m3, 

summer 

& 

 0-3 

pfu/m3, 

winter 

1-4 

pfu/m3, 

summer  

&  

1-4 

pfu/m3 

October 

only 

ND 

Sedimentation on 

open Petri dishes 

method (30 min 

exposure, about 

50 cm from 

ground level) 

Three 

WWTPs/ in 

the City of 

Leghorn, Li-

vorno, Italy 

Monthly aero-

sol sam-

ples were col-

lected from 

January to 

November 

1996 

Enterovirus 

- 

9% 

- - 

The virological analysis 

has been only qualitative. 

  Enterovirus is always in 

conjunction with reovirus. 

 

1999 [87] 
Reovirus 46% 

Bio Sampler liq-

uid Impinger 

Seven Finnish 

wastewater 
A nine-month 

Somatic 

coliphages 
12.5 L/min 

- - Max. Conc. 380 pfu/m3 

- 2009 [88] 
F-specific 

coliphages 
- - Max. Conc. 70 pfu/m3 

Inhalable GSP 

samplers with 

polycarbonate 

filters 

WWTP in / 

Copenhagen, 

Denmark 

27 May 2010 

NoV-GI 

 

For 242 min 

 

1/1 1,420  

- 

The GSP samplers used in 

the study have not been 

applied for the collection 

of airborne viruses but 

have a high sampling ef-

ficiency for particles with 

aerodynamic diameters 

<50 µm at both high and 

low wind speeds 

2011 [89] 

NoV-GII 0/1 ND 

AdV 0/1 ND 
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Gelatin filters em-

bedded in standard 

cassettes 

The 79 

WWTPs in the 

Canton of Zur-

ich/ Switzer-

land 

Once in winter 

and once in 

summer 

AdV 

4 L/min 

104/12

3 
2.27x106 

- 

NoV levels are lower than 

those to AdV 

 because NoV is known to 

survive very well in ad-

verse environments. 

HEV was found in very 

low concentrations (not 

quantifiable) in 

wastewater compared to 

the waterborne concentra-

tions of AdV and NoV, 

and therefore aerosoliza-

tion was less probable, 

also be explained by the 

small collected volume of 

air which limits the prob-

ability of detecting low 

airborne virus concentra-

tions. 

2014 [62] 

NoV-GII 3/123 6.55x102 

HEV 0/123 ND 

An impinger 

(AGI-4) 
3 sites 

1- Clermont-

Ferrand 

WWTP, 2- 

Agricultural 

area irrigated 

with WW and, 

3- Puy de 

Dôme Moun-

tain summit 

(15 km south-

west of the 

WWTP)/ 

France 

3/7/2014, 

26–27/3/2015, 

21/5/2015, 25–

26/6/2015, 

30/7/2015 

 

The sampling 

duration 

ranged from 5 

to 24 hr, de-

pending on the 

weather condi-

tions (shorter 

periods on hot 

days for re-

duced evapo-

ration) 

NoV 
4-6 L/min - 

>103 
- 

- Norovirus were the most 

abundant enteric viruses 

found in water, at a con-

centration up to 106 gc/l. 

- Other enteric viruses 

such as rotavirus or enter-

oviruses were detected in 

water but their quantities 

found were low and close 

to the detection limit. 

- HEV was detected in all 

sampled compartments 

(water, air, cloud, raw, 

treated wastewater, water 

from decantation pond, 

and the air above irrigated 

fields) 

2017 [90] 

HEV NR 

Petri dishes con-

taining different 

filters 

- - - - - 

Inhalable samplers 

with nylon filters 

The new full-

scale pilot 

WWTP at 

Herlev Hospi-

On May 27 

and June 23, 

2015. 

NoV-GII 3.5 L/min - 

At the 

wastewat

er outlet 

air 

At the 

air 

exhaust 

- 

Higher levels of aeroso-

lized NoV detected during 

sampling in May and June 

are therefore likely to 

2017 [91] 
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tal in the Capi-

tal Region of 

Denmark 

 

The average 

sampling peri-

od is 409 min. 

15.5  1.8  occur during winter when 

NoV epidemics occur in 

the population. NoV-GI - ND - 

Gelatin filters 

The sludge 

was obtained 

from the 

Christiansburg 

Wastewater 

Treatment 

Plant (WWTP) 

in Virginia. 

- 

MS2 bacterio-

phage 

2 L/min - - 

Aeration basin 
Sewer 

pipes 

Aeration basin and sewer 

pipe are lab-scale models. 

Also, MS2 and Phi6 are 

Ebola virus surrogates 

2017 [92] 
547 PFU /min 

79 PFU 

/min 

Phi6 

Bateriophage 
3.8 PFU /min 

0.3 PFU 

/min 

Liquid cyclone 4 different 

wastewater 

treatment cen-

ters /Eastern 

Canada 

During the 

summer  

Cyclone for 10 

min and 5hrs. 

for Impactor. 

 

RoV 200 L/min 

for a total of 

2 m3 of 

air/sample 

6/10 7.04x104 

- 

The genome copies were 

expressed by the mean of 

the values.  

2018 [93] 

HAV 1/10 4.7 × 103 

Cascade Impactor 

( 8 stages with 

filters as collec-

tion media) 

RoV 
2 L/min, for 

a total of 0.6 

m3 collected 

7/8 1.26x106 

- 
HAV 0/8 ND 

A mixed cellulose 

membrane in  an 

active air sampler 

 

wastewater 

treatment plant 

/Japan 

November, 

December 

2007 

January 2008 

 

NV GII 

4 L/min 

9/16 3.2 103 

- 

The active air sampler 

is capable of testing 0.7–

1.6 m3 air after 3–7 h 

sampling with a detection 

limit of 102 copies/m3 air 

in the field. 

2019 [94] 

NV GI  6/16 NR 

AdV 4/16 NR 

F-RNA bacterio-

phages GIII  
3/16 NR 

Enteroviruses  3/16 NR 

Impinger 
The west of 

Tehran/ Iran 

12 months 

(9:00 AM- 

13:00 PM) 

NoV 

4L/min - 

27 

- - 2019 [95] 
RoV 3099 

Dry Filter Contin-

uous Air Sampler 

Near open 

wastewater 

canal/ in Kan-

pur/ India 

From May to 

August 

Pan-enterovirus 

200 L/min 

with air vol-

ume 47.5 m3 

in La Paz , 

36.3 m3 in 

Kanpur and 

28.3 m3 in 

Atlanta 

0/53 - 

- - 2021 [96] 

AdV (A−F) 0/53 - 

NoV-GI 33/53 320 

NoV-GII 1/53 150 

MS2 1/53 NR 

Near open 

wastewater 

canal/ La Paz, 

Bolivia 

From Decem-

ber to March 

and from May 

to August 

Pan-enterovirus 3/75 NR 

AdV (A−F) 1/75 NR 

NoV-GI 3/75 13 

NoV-GII 3 /75 2.4 
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MS2 0/75 - 

Near open 

wastewater 

canal in Atlan-

ta, GA/ USA 

From March to 

January 
NF 0/15 - 

All-glass Imping-

ers 

Two WWTPs/ 

Isfahan, Iran 

From 4March  

to 17March, 

2020 

SARSCoV-2 

7.5–

8.5 L/min 

and air sam-

ples (3500- 

4500 L)  

6/15 Range: 5-188 - - 2021 [97] 

A cyclone-based 

Coriolis μ imping-

er 

Five different 

wastewater 

In March 

2021, 

 

10 min. for 

cyclone & 

20 min. for 

impactor 

 

HAdV 

100 L/min 

12 / 26 7.03 × 10³ 1.54 × 10³ 

- 2022 [98] 

HBOV 2 / 26 8.1 × 10² 4.73 × 10¹ 

RoVs 9 / 26 1.52 × 10⁴ 1.08 × 10³ 

NoV-GI 2 / 26 1.06 × 10³ 1.05 × 10² 

NoV-GII 6 / 26 2.22 × 10³ 3.97 × 10² 

IAV 0 / 26 BDL BDL 

SARS-CoV-2 0 / 26 BDL BDL 

SARS-CoV-2/P 8 / 26 5.32 × 10³ 2.44 × 10² 

A single-stage 

impactor 

HAdV 8 / 26 4.73 × 10³ 9.48 × 10² 

HBOV 0 / 26 BDL BDL 

RoVs 5/26 3.89 × 10³ 8.74 × 10² 

NoV-GI 0 / 26 BDL BDL 

NoV-GII 0 / 26 BDL BDL 

IAV 0 / 26 BDL BDL 

SARS-CoV-2 0 / 26 BDL BDL 

SARS-CoV-2/P 5 / 26 4.5 × 10² 6.05 × 10¹ 

Cyclone (a Corio-

lis μ) air sampler 

WWTP 

/Catalonia 

Winter and 

summer. 

Sampling was 

for 60 min. 

SARS-CoV-2 

300 L/min 

0/10 ND 

- - 2024 [59] 
HAdV 6/10 4.41x103 

Notes: Pos.: positive. T: total. AdV: adenovirus. NoV-GI: norovirus genogrouping I. NoV-GII: norovirus genogrouping II. NR: not reported. ND: not detected. HEV:  hepatitis E virus. 

WWTP: wastewater treatment plant. RoV: rotavirus. MPN: most probable number. BDL: below the detection limit. SARS-CoV-2: severe acute respiratory syndrome coronavirus 2. 

SARS-CoV-2/P: presumptive SARS-CoV-2 positive/other coronaviruses positive. HBoV: human bocavirus. HAdV: human adenovirus. IAV: Influenza A virus. PFU: plaque-forming unit. 

CPU: cytopathogenic unit. Max. Conc.: maximum concentration. 
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Sampler design and virus type further influence the re-

covery rate. Comparing cyclone (filtration) and impactor 

(impaction) systems for rotavirus aerosol capture revealed 

that both samplers have limitations when considering their 

use and induce particle loss. For impactors, the bouncing 

of particles on the surface can lead to the destruction of 

collected particles and a decrease in collection efficiency. 

In turn, the cyclonic samplers, evaporation of the sam-

pling liquid, and reaerosolization of already trapped parti-

cles may impact the sampling results. Rotavirus was de-

tectable more frequently with the impactor compared to 

the cyclone. As rotavirus is a double-stranded RNA virus, 

there is a chance that samplers with a flow rate higher 

than 200L/min tend to lead to the degradation of the RNA 

virus species during collection. [93]. On the other hand, 

when the flow rate is the same for both samplers, 100 

L/min (< 200 L/min), the recovery of viruses from aerosol 

of WWTPs using a cyclone was greater than the recovery 

using impactor. Although impactor operates at longer 

sampling times, surface “bounce” destroys the viral parti-

cles, so reducing its efficiency [98]. While passive meth-

ods are cost-effective and facile for broad site screening, 

the lack of quantitative analysis and the failure to detect 

real airborne aerosols represent limitations for these 

methods [87].  

No standard aerosol-virus collection protocol has exist-

ed since 1982 and until 2025 [99]. Current methodologies 

must be developed to improve efficiency of sampling 

methods. Future studies must address factors affecting 

viral-aerosol sampling techniques, such as optimizing 

collection media beyond empirical experiences, enhanc-

ing sampler efficiency across virus size ranges, and mini-

mizing re-aerosolization, particle bounce, and inlet/wall 

losses of the samplers aiming to establish standardized 

procedures [100]. 

On the other hand, some studies [83,101] have suggest-

ed bacteriophages as a suitable indicator of airborne ani-

mal viral contamination from WWTPs than coliform bac-

teria, as they behave similarly to the enteric viruses, are 

more resistant to environmental stresses, and are more 

stable in the air than coliforms. Relying on coliform bac-

teria as indicators of viral contamination in WWTPs may 

lead to an inaccurate assessment of the actual presence of 

viruses. This is supported by findings showing that coli-

form recovery was significantly reduced under low wind 

velocity, high ambient air temperature, and increased dis-

tance from the emission source. In contrast, coliphage 

recovery was not found to be affected by these environ-

mental conditions. Numerous studies have also demon-

strated the failure of indicator bacteria to detect viral con-

tamination in wastewater [102,103]. The presence of bac-

teriophages in aerosol samples, alongside the absence of 

animal viruses despite their confirmed presence in the 

wastewater of WWTPs [83, 85] raises questions about the 

accuracy and validity of proposing bacteriophages as reli-

able indicators of airborne animal viral contamination. 

These studies have attributed the possible failure to detect 

animal viruses in aerosol samples to the low sensitivity of 

the sampling methods. Still, the detection of only bacteri-

ophages, which were sampled with the same methods, 

may indicate the unsuitability of bacteriophages as an 

index of enteric viruses in aerosols of WWTPs. This may 

be explained by the high number of bacteriophages in the 

aerosol samples in parallel to a low number or complete 

absence of the enteric viruses in the same samples [104]. 

Moreover, some studies have detected the presence of 

enteric viruses (coxsackievirus B-1) in aerosol samples 

and the absence of bacteriophages [84]. Other studies 

have demonstrated the efficiency of bacteriophages and 

adenoviruses as indices of viral contamination in 

wastewater [105-107]. Adenoviruses have also not been 

proven to be a reliable index for viral contamination in air 

samples. Several studies have reported the non-detection 

of adenovirus despite the presence of NoV-GI, NoV-GII, 

Pan-enterovirus, and MS2 bacteriophage [89, 96], thereby 

limiting its accuracy and reliability as a biological indica-

tor for airborne viral contamination. More studies are 

needed to select a suitable index for viral pollution in the 

aerosol samples of WWTPs. 

4. Conclusion 

From this review, we could conclude that the develop-

ment of concentration methods of viruses in aerosol is a 

critical point to increase the accuracy of qualitative and 

quantitative methods and consequently to have accurate 

results about the presence/ absence of respiratory and en-

teric viruses in aerosol of WWTPs in addition to number 

of genome copies, infectious units and different viral gen-

otypes in aerosols. Also, more research is needed to de-

termine the suitable viral index for respiratory and enteric 

viruses in aerosols of WWTPs. Natural UV radiation may 

affect the viability of viruses in aerosols. Finally, protec-

tion tools for WWTP workers may decrease the spread of 

the viruses and, consequently, the spread of viral diseases 

for their contacts. 
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