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Abstract

The aerosols harboring microorganisms and viruses released from the wastewater system into the air have greatly threatened the
health and safety of human beings. The wastewater systems, including toilet and wastewater treatment plant (WWTP), are the
major locations of epidemic infections due to the extensive sources of aerosols, as well as multifarious germs and microorgan-
isms. Viruses and microorganisms may transport from both toilet and hospital into municipal pipes and subsequently into
WWTP, which accounts for the main source of bioaerosols dispersed in the air of the wastewater system. This review aims to
elaborate the generation, transmission, and diffusion processes of bioaerosols at toilet and WWTP. Moreover, the main factors
affecting bioaerosol transmission and the corresponding prevention strategies for the airborne and inhaled bioaerosols are also
discussed. Collectively, this review highlights the importance of managing bioaerosol occurrence in the wastewater system,

which has aroused increasing concern from the public.
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Introduction

Recently, the infectious virus has infected over two million peo-
ple all over the world (Holshue et al. 2020; Mohammadi et al.
2020; Xu et al. 2020). Infectious diseases have greatly threat-
ened human health and economy over the last few decades,
since infection may occur via various ways. Among them, air-
borne transmission is one of the most frequent ways, which
posts a huge challenge for effective control (Lai et al. 2018;
Nasir et al. 2016). Airborne transmission is defined as aerosol
transmission (particle diameter, < 5 pm) or transmission at a
distance of over 1 m (Fernstrom and Goldblatt 2013). Notably,
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aerosol is capable of harboring germs and viruses while
prolonging the retention time of such germs in the air due to
its own stability (Knowlton et al. 2018). For human beings who
are exposed in the air filled with inhalable bioaerosols colonized
by viruses and microorganisms, the risk of severe infection may
increase and various illnesses may be induced subsequently. It
has been confirmed that human beings are easily infected by
related bioaerosols generated mainly from two sites, namely,
toilet and wastewater treatment plant (WWTP) (Fig. 1)
(Barker and Bloomfield 2000; Heinonen-Tanski et al. 2009;
Lin and Marr 2017; Xu et al. 2018).

Bioaerosols generated during toilet flushing were first report-
ed by Jessen who detected the bacteria that seeded around the
toilet after flushing (Johnson et al. 2013b). This experiment has
thus aroused an increasing concern on the health and safety of
toilet. Feces excreted from patients represents a major source of
pathogenic bacteria in the toilet. Toilet flushing can partially
reduce the bacterial concentration, but it also generates a mass
of bioaerosols due to the turbulence and fluctuation of toilet
water, which may increase the infection risk of toilet users be-
cause of the colonization by residual bacteria in the acrosol. A
whole generation and airborne transmission process of patho-
genic bioaerosols can be divided into three sections. For in-
stance, Clostridioides difficile firstly shed from the
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Fig. 1 Diagram of bioaerosols emitted from the wastewater system and the transport route of germs and viruses

gastrointestinal tract, and enters into the bowl of toilet by the
excretion of feces. Toilet flushing with high velocity jet flow can
atomize water droplet to produce bioaerosols, accompanied by
the adsorption of Clostridioides difficile. The bioaerosols can be
expelled from the air within the bowl of toilet depending on an
upward velocity of air from flushing, and eventually be trans-
mitted by air motion of indoor (Li et al. 2020b; Wilson et al.
2020). In 2002, some flight attendants were infected with
norovirus during the flight from London to Philippines because
they used the toilet in the plane (Widdowson et al. 2005). The
toilet has been the main site of germ and virus transmission as
well as inhaled infection illnesses, and it is therefore important to
understand the process and the influencing factors of toilet
bioacrosols generation (Li et al. 2020b).

WWTP is another hotspot associated with a high infection
risk of bioaerosols. Compared with the bioaerosols of toilet,
WWTP pathogenic bacteria enter into the receiving wastewater
through municipal pipe. The main emission sources of
bioaerosols include aeration tank, sludge dewatering room,
and mechanical agitation (Karra and Katsivela 2007). The emit-
ted bioaerosols have harbored bacteria and fungi, which can
survive for weeks or even months in the water environment.
Sewage workers exposed may thereby have increased infection
risks (Grunwald et al. 2006). It was estimated, there was 10°—
10" enteric viral particles per gram stool excreted from an in-
fected person with diarrhea, which ultimately made some con-
tributions to WWTP bioaerosols. Those enteric viral particles
can be adsorbed by small droplet bubbles (Moazeni et al. 2017;
Pasalari et al. 2019). As these mixed droplet bubbles reach to the
tank surface, they can immediately burst to generate acrosolized
fine droplets carrying enteric virus, spread into the atmosphere
(Mirskaya and Agranovski 2018). The illness among sewage
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workers, which is named “sewage worker’s syndrome,” has
been reported (Zabinski et al. 2018). The risk of exposure for
sewage workers is associated with the characteristics of
bioaerosols that vary depending on the climate, the types of
WWTP and wastewater, and the aeration methods (Han et al.
2019; Zhang et al. 2020). Infection with bioaerosols can result in
respiratory and cardiovascular diseases. Generally, the microor-
ganism concentration, size distribution, and microbial popula-
tion of bioaerosols are the important characteristics related to
human health. Therefore, bioaerosols have become an increas-
ing health risk in WWTP, and more and more studies have been
reported aiming to assess the risk of exposure and determine the
control for bioaerosols (Benami et al. 2016a; Haas et al. 2017;
Uhrbrand et al. 2017).

To date, few reviews have focused on the bioaerosols from
both toilet and WWTP simultaneously. In light of the recent
outbreak of infectious diseases, the existence of airborne
bioaerosols can no longer be ignored. Thus, it is urgent to
review the risk assessment and management strategies of
bioaerosols. This review summarizes the sources of
bioaerosols from toilets and WWTP, illustrates the influenc-
ing factors for bioaerosol generation and transmission, and
discusses the corresponding recommendations and control
strategies for safe sanitation management.

Toilet bioaerosols
Generation of toilet bioaerosols

Toilet flushing may contribute to the release of bioaerosols
that persist in the indoor environment of toilet (Verani et al.
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2014). The factors affecting bioaerosol generation during the
toilet flushing involves multiple interactions between liquid
and air, the ways of flushing, and the structures of toilet.
Specifically, the flushing is initiated by triggering the flashing
valve. At that time, a portion of water enters into the bowl of
toilet along its wall while the others splash into the bowl with a
high flow velocity. The siphon phenomenon occurs within a
few seconds. This process results to the formation of fine
droplet or droplet film combined with bacteria due to drastic
turbulence, and subsequently aerosolized by bursting at the
air-liquid interface. In addition, siphon phenomenon also
gives rise to the pressure and weight of mixed liquid increas-
ing. The splashing liquid washes the wall of bowl that results
to the formation of vortices near the wall. The vortices move
continuously upward under the action of the inertia force,
which driving an upward airflow vortex within the bowl of
toilet (Fig. 2). Such upward airflow vortex can expel
bioaerosols from bowl to air above the toilet, and thus accel-
erate the spreading of bioaerosols (Li et al. 2020b). In the
1950s, Jessen et al. firstly proposed the concept that toilet
flushing might lead to the generation of bioaerosols
(Johnson et al. 2013b). In that study, Serratia marcescens
was concentrated into the toilet before flushing; meanwhile,
the sedimentation plates were placed around the toilet at dif-
ferent distances to collect the settled bioaerosols. Their results
showed that the bacterial colonies grew onto the sedimenta-
tion plates placed on the ground. Such observation forcefully
demonstrated that bacteria and microorganisms might be car-
ried by the fine liquid drops and settled onto the toilet surface.
Moreover, microorganisms were also detected in the air,
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Fig.2 The formation of airflow vortices in the toilet bowl during flushing

indicating that acrosols might assist in the prolonged retention
time of microorganisms in the air. Similarly, Darlow et al.
planted bacteria into the toilet using an s-shaped outlet sink,
and sampled the air above the toilet using a liquid impactor
and a Bourdillon impactor (Darlow and Bale 1959). Their
results indicated that bioaerosols were detected in the collect-
ed samples at 5-7 min after flushing. The abovementioned
experiments suggest that toilet flushing is the main cause of
bioaerosol generation. As presented in Table 1, most studies
are conducted by culturing various bacteria and counting.
Infections on the account of airborne transmission of
bioaerosols may easily occur, because there is a large propor-
tion of immunocompromised patients in hospital. Besides, the
nosocomial toilets have been increasingly recognized as the
important sources of bioaerosol generation. For instance,
Knowlton et al. first measured the concentrations of particu-
late matter (PM) and bioaerosols in the hospital toilets under
three different conditions (Knowlton et al. 2018), including no
waste no flushing, no waste with flushing, and fecal waste
with flushing. Moreover, the concentrations of particles and
bioaerosols were measured by a particle counter bioaerosol
sampler at the distances of 0.15, 0.50, and 1 m from the toilet
for 5, 10, 15 min before and after a toilet flushing behavior. As
discovered when compared the particle and bioaerosol con-
centrations among these three conditions, the concentrations
of both were significantly changed before and after feces
flushing. To be specific, the bioaerosol concentrations in the
case of feces flushing were greater than the background con-
centrations. Furthermore, there was no difference in
bioaerosol concentration at different time points, suggesting
that bioaerosols were able to stay in the air for a long time.
Their study highlighted that waste and flushing in hospital
toilets contributed to increasing the bioaerosol concentrations.
Further, Aithinne et al. conducted an experiment to inves-
tigate the persistence of C difficile spores on the contaminated
surfaces close to and away from the toilet (Aithinne et al.
2019). First of all, C difficile spores were seeded into the toilet
with a flushometer, and then bowl water samples were peri-
odically collected and plates were settled after flushing. Later,
the plate impactors were rotated to sample the air after each
flushing. Their results proved that the toilet contaminated by C
difficile spores was difficult to clean even after flushing for
over 24 times, and the action of toilet flushing might augment
the risks of bioaerosol generation and airborne transmission.

Toilet bioaerosols pose a threat to health

Pathogenic bacteria at high concentrations are mainly found in
the vomit and feces of patients, which can then transfer into
the toilet. Bioaerosols contain bacteria produced by toilet
flushing, suggesting that toilet can serve as the transmission
medium of pathogenic bacteria. The persistent contamination
by bacteria colonizing the surface and bowl of toilet increases
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Table 1 Bioaerosol concentrations from toilet flushing

Microorganism/inoculum Technique

Total droplets produced

Bioaerosol concentrations Reference

Staphylococcus epidermidis ~ Andersen sampler, Culture

MS2 Scanning mobility particle sizer,
Phi6 aerodynamic particle size
spectrometer, culture

Fluorescent polymer Grimm aerosol spectrometer, 10,620
microspheres fluorescence microscope 145,214

Total bacteria Culture -

C difficile spores Culture -

2.40-3.20 x 10°
1-1.70 x 10*

1.50-2.50 x 10°

270 CFU/10° bacteria input
40 CFU/10° bacteria input

20 PFU/L
0.10 PFU/L

(Knowlton et al. 2018)

(Lin and Marr 2017)

235 droplet nuclei/m®
513 droplet nuclei/m’
> 100 CFU/m’

<100 CFU/m?

(Johnson et al. 2013a)

(Verani et al. 2014)
(Aithinne et al. 2019)

the infection risk of toilet users. As a result, sanitation person-
nel and toilet users may inhale the contaminated aerosols into
their lungs or touch the microbiologically contaminated sur-
faces, thereby inducing inhaled and contact infections
(Bennett et al. 1999; Darquenne et al. 1997). Even though
toilets are strictly cleaned on a daily basis, pathogenic bacteria
and microorganisms can still be found (Giannini et al. 2009).
Most pathogenic bacteria, including Shigella, E. coli,
Clostridium difficile, severe acute respiratory syndrome
(SARY), coronavirus, and norovirus, can survive on the toilet
surface for weeks or even months (Kramer et al. 2006). In the
1950s, Hutchinson first reported the impact of toilet
bioaerosols on disease transmission, and found that Shigella
bacteria lingered on toilet seats, which possibly caused the
spread of diarrhea (Hutchinson 1956). Since then, many re-
searchers have conducted relevant studies to examine the in-
fluences of toilet bioaerosols on public health. The hazards
and transmission routes of residual microorganisms after
flushing are displayed in Table 2.

Gerba et al. investigated the hazard of bioaerosols in do-
mestic toilets (Gerba et al. 1975). In brief, E. coli and
poliovirus were seeded into the toilets, and later, agar plates
were placed to collect bacteria and viruses dropping from
aerosols in the surrounding air. As a result, lots of bacteria
and viruses were not only left in the toilet after flushing but
were also detected on the bathroom surfaces. This might be
explained by the fact that aerosols containing bacteria and

Table 2 Microbial residues and transmission routes in toilet after flushing

viruses were transmitted through the airborne way in the air,
which eventually settled down onto the entire bathroom sur-
face where people might contact with those bacteria.

Bioaerosols are more likely to transmit pathogenic micro-
organisms from person to person by the moving air during the
diarrhea of patients. For example, Barker et al. seeded the
Salmonella suspension into the toilet bowl at a concentration
of 108 CFU/mL, so as to mimic the environmental conditions
associated with acute diarrhea (Barker and Bloomfield 2000).
After inoculation, the concentration of Sa/monella in the toilet
bowl was about 10*-10° CFU/mL, which reduced to 10-40
CFU/mL after flushing. Although the flushing behavior effec-
tively decreased Sal/monella concentration in the blow of toi-
let, it also resulted in the contamination of the toilet seat, toilet
seat lid, and toilet air (Table 3). This suggested that toilet
flushing might contaminate toilet seat, toilet lid, and the sur-
roundings of toilet during the event of diarrhea; meanwhile, it
also led to airborne transmission of the contaminated bath-
room surfaces (Table 3). Therefore, the pathogens of gastro-
intestinal tract infection may be transmitted to other family
members through toilet bioaerosols during the diarrhea of a
patient, which results in considerable health risk.

In 2002, norovirus outbroke in the USA, which was mainly
attributed to the environmental pollution (Widdowson et al.
2004). The cleansing process was complicated due to the re-
sistance of norovirus to the common disinfectants and the lack
of alternatives to disinfectant compounds. Carling et al.

Types of bacteria Bacteria counts/concentrations Hazard/disease Pathway References
Toilet bathroom
Poliovirus 2802 737 Poliomyelitis Contact (Gerba et al. 1975)
E.coli bacteriophage MS-2 137,000 35,468 Diarrhea Contact
Salmonella - - Diarrhea Inhalation (Barker and Bloomfield 2000)
MS?2 bacteriophage 2420 PFU/m’ - Diarrhea Contact (Barker and Jones 2005)
Serratia 1370 CFU/m® - Diarrhea Contact
E.coli bacteriophage MS-2 10° PFU/em’ - Diarrhea Contact (Sassi et al. 2018)
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Table 3 Position and ]
concentration of residual bacteria Sites

Bacterial concentrations References

in the toilet after flushing
Walls

Floor

Seat, toilet
Rim, toilet
Flush handle
Bathtubs, sinks,

Toilet bowl water
Toilet seat (top)

Toilet seat (underside)

Toilet bowl surface
Toilet bowl water

Flush handle
Toilet back

Back wall

Floor

Toilet paper dispenser
Toilet bowl rim
Toilet seat top

Toilet seat underside

5 PFU
> 100 PFU

15 PFU

> 60 PFU
2 PFU

> 100 PFU

40 CFU/mL
0.17 CFU/ecm?

6 CFU/cm?

5% 10’ CFU/mL
2 % 10 CFU/mL

1.65 + 0.91 PFU/cm?
2.89 + 1.04 PFU/cm?

1.63 + 1.36 PFU/em?
3.44 + 1.08 PFU/cm?
1.49 + 1.41 PFU/em®
3.88 + 1.59 PFU/cm?
421 +1.26 PFU/cm?
422 +1.26 PFU/cm?

(Gerba et al. 1975)

(Barker and Bloomfield 2000)

(Barker and Jones 2005)

(Sassi et al. 2018)

discovered that cruise passengers were susceptible to infec-
tion, and they also evaluated the thoroughness of disinfection
cleaning (TDC) of public toilets among the 56 large cruise
ships (Carling et al. 2009). According to their results, only a
few of those ships were satisfactory in terms of cleanliness,
while most had a TDC score of less than 30 %. Besides, three
of those 56 cruise ships surveyed experienced norovirus out-
breaks. An assessment of the TDC scores during the first 4
months of outbreak revealed that the average TDC score of the
three ships (10.3 %) was significantly lower than that of the 40
ships not experiencing norovirus. Typically, a lower TDC
score indicated that norovirus was more likely to spread on
cruise ships during diarrhea. Furthermore, Barker et al. added
the semi-solid agar containing Serratia and MS2 bacterio-
phages into the toilet to mimic acute diarrhea, and compared
the numbers of Serratia attached onto the toilet surface before
and after flushing (Barker and Jones 2005). Their experiments
indicated that one single flushing reduced the amount of bac-
teria in the toilet, but there were still plenty of bacteria on the
toilet surface and in the toilet blow water. These bacteria fur-
ther emitted into the surrounding air by the next flushing.
Thirty minutes after toilet flushing, the surface contamination
was detected at different locations around the toilet. Such sit-
uation might cause continuous airborne diffusion and the
transfer of infection from hand to mouth.

The seat, lid, surrounding floor, and surrounding surface of
toilet were contaminated with bioaerosols after toilet flushing.
Sassi et al. added Escherichia coli bacteriophage MS?2 into the
toilet bowl to assess the degree of bioaerosol contamination on
the toilet surface after flushing (Sassi et al. 2018). Their results

proved the presence of phages on both the upper and lower
sides of toilet seats. Moreover, Mendes and Lynch seeded 130
toilets in the public areas (including shops, offices, factories,
railway sites, schools, and hospitals) to examine the microbial
populations at suspectable locations in male and female toilets
(Mendes and Lynch 1976). Their results declared that the
toilet surfaces, including wash basin, toilet seat, faucet handle,
the floor around the toilet, and toilet water, might be contam-
inated by bioaerosols. Among them, the wash basin, toilet
seat, faucet handle, and the inside handle of the entry door
were highly contaminated, whereas some surfaces (such as
cabinet door lock and handle) were rarely contaminated.
This phenomenon was possibly explained by the fact that
the surfaces of door lock and handle were usually too dry
for the bacteria to survive. By contrast, the wash basin, the
handles inside the entrance door, and the faucet were usually
touched after washing hands; thus, the moisture in the hands
might benefit bacterial survival. Barker et al. also discovered
that Salmonella was not detected in the dry places, since
Salmonella mostly existed in the wet places (Barker and
Bloomfield 2000). Therefore, dry surface was the key factor
that affected the survival of Salmonella. Such surfaces con-
taminated with bioaerosols might facilitate the cross-infection
of body and hands, thus increasing the risk of disease
transmission.

Influencing factors of toilet bioaerosols

The atomized droplets from the toilet blow water are regarded
as the precursor of bioaerosols (Lange and Finlay 2006).
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According to the existing studies, atomized droplets are asso-
ciated with three aspects, namely, the types of toilets, opening
and closing of toilet lid, and the energy of flushing. The
bioaerosol concentrations under different conditions are ex-
hibited in Table 4.

Types of toilets

Different types of toilets may generate bioaerosols at different
concentrations during toilet flushing. Of them, the straight
toilet flushing converts the gravity of water into the force of
water, thereby directly flushing out the excrement. In compar-
ison, the siphon type toilet is assembled by an S-shaped pipe,
which relies on the atmospheric pressure to push liquid from
the high place down to the lower place through the siphon, so
as to form a whirlpool that is conducive to the removal of
contaminants. Bound and Atkinson conducted experiments
on the two types of toilets, namely, direct flush and the siphon
type (Bound and Atkinson 1966). As shown by the results in
Table 4, the siphon toilet produced only 1/14 as many
bioaerosols as those of direct flush toilet flushed with the same
amount of water. This further confirmed that the types of
toilets significantly affected bioaerosol concentrations.

Opening and closing of toilet lid

The distinguishable air turbulence can be caused when the
toilet is flushed with or without lid closing, thus resulting in
the airborne transmission of bioaerosols that contaminate dif-
ferent sites of the toilet. Notably, flushing the toilet without
closing the lid will lead to severe surface contamination of the
toilet (Barker and Bloomfield 2000; Barker and Jones 2005;
Bound and Atkinson 1966). To take an example, Best et al.
inoculated C. difficile into the toilet bowl water, and measured
the bacterial concentrations and aerosolization when the lid
was opened and closed, respectively (Best et al. 2012). Their

results showed that C. difficile was detected at the height of
25 cm above the toilet bowl within 90 min when a lidless toilet
was flushed, while the bacterial concentration of the closed lid
was 12 times lower than that of the lidless toilet (Table 4).
Flushing the lidless toilet distinctly increased the risk of im-
mediate contamination with C. difficile. Typically, toilets with
lid seem to be a straightforward strategy for reducing the re-
lated airborne transmission of bioaerosols.

Flushing energy

Varying flushing energies may result in distinct concentra-
tions and sizes of bioaerosols, which in turn affect bacterial
emission. For example, Lai et al. conducted an experiment
using the two most popular flushing systems (namely, the
flushometer and cistern systems) at two different water pres-
sures (400 kPa and 200 kPa) and tank heights (46 cm and 95
cm) (Lai et al. 2018). Then, three different types of bacteria
representing large, medium, and small pathogens were tested
at two different water pressures and two tank heights, respec-
tively. Afterwards, the correlations of the release of pathogen-
ic bacteria by toilet flushing with the droplet concentration and
bacterial size were examined. Their results illustrated that the
bioaerosol concentration generated by the flushometer system
was significantly higher than that of the cistern system
(Table 4). This might be attributed to the fact that the tank
pressure was only 5% of the flusher pressure, and the droplets
of the tank system had much less atomizing energy. They also
discovered that the bioaerosol concentrations were positively
correlated with pathogen concentrations under HP, LP, and
HT conditions. Thus, it was clear that the higher energy of
flushing enabled to produce the higher concentration of path-
ogen aerosols; meanwhile, a cistern tank design was superior
to a flushometer design with regard to bioaerosol generation.

Johnson et al. evaluated bioaerosol emissions from toilet
flushing of the high efficiency, pressure-assisted high

Table 4 Bioacrosol concentration generated by toilet flushing under different conditions

Influencing factors Conditions Bioaerosol concentrations Reference
Toilet types Straight flush 37.50 colonies/100 cft (Bound and Atkinson 1966)
Siphon type 2.60 colonies/100 cft
Switch toilet lid Open 35 CFU (Best et al. 2012)
Closed 3 CFU
Flushing energy High pressure (HP) 287,400 + 32,700 droplets (Lai et al. 2018)
Low pressure (LP) 80,200 + 6900 droplets
High water tank (HT) 13,700 + 3000 droplets
Low water tank (LT) 14,500 + 2100 droplets
High efficiency toilet (HET) 10,620 droplets (Johnson et al. 2013a)

Pressure-assisted high efficiency toilet (PAT)
Flushometer toilet (FOM)

25,762 droplets
145,214 droplets
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efficiency (PAT), and flushometer (FOM) toilets using similar
bowl water and flush volumes (Johnson et al. 2013a). Among
those toilets, the FOM toilet generated the most bioaerosol
droplets, and the high-energy flushometer produced over three
times as many bioaerosol droplets as those of the lower energy
PAT (Table 4), which was consistent with the experimental
results from Lai (Lai et al. 2018). Moreover, Newsom et al.
added feces containing bacterial suspensions into the high and
low cisterns, respectively, and the identical results demonstrat-
ed that the higher flushing energy resulted in the higher
bioaerosol concentration (Newsom 1972). The above experi-
ments provide additional support for the concerns that the
energy of flushing may affect the droplet nuclei bioaerosols,
which is thus correlated with the airborne transmission of
infectious disease.

Bioaerosols in the process of wastewater
treatment

The sources of bioaerosols from WWTP

Microorganisms and viruses in wastewater can be aerosolized
by bubble bursting, mechanical motion, and water turbulence.
They are able to result in the generation of bioaerosols. The
bubbles reach the gas-liquid interface, burst, and are ejected
up to a certain height above the surface (Lv et al. 2020;
Montoya et al. 2017). Thereafter, a small portion of film drops
into the surrounding air along with microorganisms in the
form of bioaerosols. Therefore, WWTP can be a hazardous
location for WWTP workers and the surrounding residents
(Benami et al. 2016b). The microorganisms derived from
wastewater can easily escape into the surrounding air by the
airborne transmission of bioaerosols, which is ascribed to the
intensive mechanical motion. Mechanical agitation, aeration,
and sludge dewatering in the process of WWTP also

contribute to the release of microorganisms and bacteria. In
addition, varying types of germs can be observed during dif-
ferent treatment processes because of the distinct perfor-
mances of wastewater (Uhrbrand et al. 2017). The bioaerosol
concentrations in different treatment sections of WWTP are
summarized in Table 5.

Non-negligible bacterial emissions occurred in the coarse
screen and the primary settling tank, which declared the high
risk of infection when exposed in the pretreatment process,
even though in the absence of aeration and sludge (Zhang
et al. 2018). Typically, the pristine bacteria in the influent of
wastewater are the main sources of bioaerosols. Furthermore,
the rotation of grid machine and aeration of biochemical pool
also facilitate the generation of atomized droplets, which form
bioaerosols along with the microorganisms and are subse-
quently emitted into the air of WWTP. Consequently, the
bacterial numbers in the aeration tank were much higher than
those during the pretreatment process (Table 5). Moreover,
when the sludge moisture content is reduced to within the
sludge disposal requirements by the filter press, the microor-
ganisms contained in the sludge can easily escape into the air
during this process. More seriously, sludge dewatering facili-
ties are generally installed indoors, which facilitates
bioaerosol accumulation in the air of sludge dewatering room
due to the relatively closed space and poor ventilation (Amha
et al. 2017). To sum up, the coarse grid, aeration sedimenta-
tion tank, biochemical tank, and sludge dewatering room rep-
resent the major sources of bioaerosols within WWTP.

The hazards of bioaerosols of WWTP
The characteristics of bioaerosols of WWTP
The toxicity of bioaerosols is closely related to their concen-

trations, particle size distributions, and compositions.
Proliferation occurs after bioaerosols entering the human body

Table 5 Bioaerosol concentrations in different process sections of WWTP. Units: CFU/m’

Different process sections ~ Coarse screen  Primary settling ~ Aeration tanks ~ Secondary Sludge References
CFU/m* tanks settling tanks  dewatering room

Total bacterial count 1988 2800 4726 - 5565 (Lietal. 2011)

Total fungal count 212 1,590 583 - 830

Total bacterial count 80 - 2005 - 3,807 (Yang et al. 2019b)

Total fungal count 255 - 678 - 1,254

Staphylococcus 70 - 141 - 283

Pseudomonas aeruginosa 5 - 9 - 22

Total bacterial count 469 289 684 49 69 (Malakootian et al. 2013)

Total bacterial count 2144 2093 4878 60 74 (Yang et al. 2019a)

Total bacterial count 749 575 1373 296 944 (Fathi. et al. 2017)

Total fungal count 720 985 1384 388 497
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(Haas et al. 2017). Particulates less than 10 um in diameter are
referred to the respirable particulates (PM 10 and PM 2.5);
they tend to reach into the lungs and blood via the respiratory
tract, causing severe lung diseases (Gorny 2020). Bioaerosols
with a size range of 0.03—4 um can be formed by the aggre-
gation of bacterial and fungal species (Hsiao et al. 2020; Li
etal. 2011). These smaller particles are able to enter the deeper
parts of human body that cause higher risks to human body.

The bioaerosols of WWTP contain various pathogenic and
non-pathogenic substances dispersed in the air (Liu et al.
2020). Most bacteria, fungi, and viruses can be detected in
bioaerosols of WWTP (Han et al. 2019; Li et al. 2020a;
Uhrbrand et al. 2017). Additionally, chemicals such as CI,
NH*, Ca®*, as well as carcinogenic substance (As, Cd, and
Co) also existed from bioaerosols (Han et al. 2020a; Yang
et al. 2019b).

The potential risks of bioaerosols

Inhalation and direct contact are the two principal pathways
that lead to bioaerosol-induced disease occurrence (Table 6).
It is reported that the incidences of respiratory and intestinal
diseases increase among the WWTP employees, which may
be ascribed to the exposure to bioaerosols (Benami et al.
2016a; Heinonen-Tanski et al. 2009; Li et al. 2016).
Additionally, the microorganism types play an important role
in affecting the health of WWTP workers and the residents
nearby (Table 6). Different types of microorganisms emitted
during the wastewater treatment processes are listed in
Table 6, which can lead to various hazards and diseases.
Furthermore, the emerging contaminants, which contain the
bacteria resistant to antibiotics (such as erythromycin-H,0),
methamphetamine, and ketamine, have been detected in
WWTP, thereby enriching the types of bioaerosols (Caucci
et al. 2016; Hsiao et al. 2020). Although the concentrations
of those emerging contaminants in the air of WWTP are much

lower than those in the wastewater, the corresponding values
are comparable to those of liquid when converted to a per-
airborne PM basis (Hsiao et al. 2020). The airborne transmis-
sion of bioaerosols is mainly ascribed to the gas-liquid ex-
change and gas-gas exchange at the air-wastewater interface.
Noteworthily, the transmission displays the three-dimensional
characteristics and is also affected by the environmental fac-
tors (Bauer et al. 2002).

Influencing factors of bioaerosols

The aeration systems, treatment sections, and natural condi-
tions may affect the different specialties of bioaerosols.
Firstly, the aeration systems are supported by two drivers of
aeration and mechanical agitation, which result to the
distinguishing driving force and flow state of liquid.
Because the bacteria are susceptible to external conditions,
natural conditions of solar radiation, wind speed, rainfall, rel-
ative humidity, and temperature affect the characteristics and
concentrations of bioaerosols in WWTP. A few examples of
bioaerosol concentrations under different conditions in
WWTP are presented in Table 7.

Aeration methods

Splashing and bubble bursting occur in aeration system as a
result of forced aeration in activated sludge processes, which
produce large amount of bioaerosols (Fracchia et al. 2006).
Various bubble sizes govern by different types of aeration
greatly affect the number of airborne microorganisms. MA
et al. monitored six different WWTP to determine the main
source of bioaerosols and to evaluate the influences of diverse
biological treatment acration systems (air diffusion, horizontal
rotors, and surface turbine aerators) on the exposure to air
microbial levels (Sanchez-Monedero et al. 2008). In this
study, the aeration systems of different wastewater mechanical

Table 6 Concentrations and hazards of bioaerosols at different sites in WWTP

Sites Bioaerosol Bacteria/microorganism Pathway Hazard/diseases References
concentrations
(CFUMm’)
Coarse screen 2200 Penicillium, Aspergillus, Candida ~ Inhalation High carcinogenic (Lietal. 2011)
Primary settling 2093 Micrococcus, Bacteroides, Inhalation, Allergic reactions, (Yang et al. 2019a)
tanks Pseudomonas, Acinetobacter skin contact toxic responses
Aeration tanks 2833 Fecal coliforms, Staphylococcus, Inhalation High carcinogenic (Karra and Katsivela 2007)
Pseudomonas aeruginosa
Secondary 1537 Total coliforms, fecal coliforms, Inhalation Fatigue, dizziness, eye  (Malakootian et al. 2013)
settling tanks fecal streptococci irritation, and
abdominal pain
Sludge 6395 Enterobacteriaceae, Inhalation High carcinogenic (Yang et al. 2019b)
dewatering Staphylococcus aureus,
room Pseudomonas aeruginosa
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Table 7 Bioaerosol

concentrations in WWTP in the Influencing factors Total Total Staphylococci  Total References
presence of different bacterial fungal coliforms
environmental influencing factors count count
Mechanical agitation 483.30 541.60 25.90 75.20 (Brandi et al.
Bubble diffused air 11.10 38.80 20.80 - 2000)
system
Winter 904 781 - - (Niazi et al. 2015)
Summer 1882 1063 - -
spring 1857 1553 - - (Fathi et al. 2017)
Summer 889 1215 - -
Rainy season 400-2800 840-4520 - - (Park et al. 2017)
Dry 100-200 240-380 - -

season

Units: CFU/m®

agitations were compared to each other. The results indicated
that the amount of bioaerosols (450-4,580 CFU/m’ ) generat-
ed from the horizontal rotor and surface turbine was much
greater than that of the diffuser aerator (2257 CF U/m’ ).
Additionally, the amount of bacteria produced by the air dif-
fuser was quite similar to that registered in the background
location (< 50 CFU/m?), and it was not affected by the activ-
ities in WWTP. The impacts of aeration systems on the release
of bioaerosols followed the order of air diffuser < surface
turbine < horizontal rotor. Besides, using the air diffuser as a
biological treatment aeration system can greatly reduce the
potential biological hazards.

Han et al. selected the same wastewater treatment plants as
the objects of study to investigate the wastewater discharge,
particle size distribution, microorganisms, and chemical com-
position by horizontal rotor aeration and fine bubble aeration
(Han et al. 2020b). Compared with fine bubble aeration, hor-
izontal rotor aeration generated a more coarse fraction (> 7 pm
in size) and a comparable inhalable part (< 3.30 um in size).
Moreover, numerous types of potential pathogens were gen-
erated by horizontal rotor aeration. Trichosporon and
Mycobacterium, the most easily aerosolized genera, were gen-
erated by horizontal rotor aeration and fine bubble aeration,
with the corresponding relevant bioaerosol factors of 633.70
and 192.56, respectively. This can be explained by the fact
that horizontal rotor aeration is able to absorb part of the air
into the rear side by the negative pressure zone based on the
rotation of the horizontal rotors. This phenomenon causes
water jump and vigorous stirring at the liquid level, and thus
facilitated the aerosolization of microorganisms.

Han et al. also investigated the characteristics of submicron
bioaerosols generated from the aeration system (Han et al.
2019). In their study, a laboratory simulation bioaerosol gen-
erator was employed to generate bioaerosols. They analyzed
key characteristics of bioaerosols including the particle num-
ber size distributions, bioaerosol liquid water content, and
chemical and microbial compositions. In conclusion, the size

distributions of submicron bioaerosols ranged from 68 to 350
nm; besides, larger proportions of bacteria, archaea, and fungi,
whereas a lower proportion of viruses, were detected. Those
significant findings suggested that increasing attention should
be paid to the non-negligible health risk resulting from sub-
micron bioaerosols generated from aeration system.

Niazi et al. calculated the bioaerosol concentrations of the
largest urban WWTP in the Middle East. According to their
findings, the bioaerosol concentration was 1973 CFU/m’® in
summer and 1016 CFU/m® in winter, which greatly affected
by aeration tank (Niazi et al. 2015). Moreover, bacteria and
fungi made dominating contributions to bioaerosols, which
were at hazard levels of bioaerosols. To determine the poten-
tial health risks among workers in WWTP, the concentrations
and characteristics of bioaerosols generated by the aeration
systems should be determined, and the relationships of envi-
ronmental parameters with bioaerosol generation in the aera-
tion process should also be evaluated.

The treatment sections

The treatment sections of WWTP cause a wide variety of
mechanical motions, and thus significantly exert an influence
on the generation of bubble and fine droplet. Karra et al. mea-
sured the bioaerosol concentrations during the different treat-
ment sections of urban wastewater treatment plants (Karra and
Katsivela 2007). In their study, the air sampler MAS 100 and
cultivation methods were employed for air sampling and mi-
croorganism detection, respectively. As a result, the highest
concentrations of airborne microorganisms were detected at
the pretreatment site, where the aerated PM of wastewater was
removed. However, the amount of released bioaerosols grad-
ually decreased from pretreatment to primary, secondary, and
tertiary treatments during the advanced wastewater treatment
process. Such unexpected result might be ascribed to the treat-
ment efficiency and different mechanical motions.
Pretreatment possesses had the highest concentration
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microorganism due to their low removal efficiency, which
increased the adsorbed content of microorganism in bubble.
Grating, grit chamber, and grease interceptor increased the
amount of atomized fine droplet because of the intensive me-
chanical motion.

Species diversity of bioaerosols can be affected by different
treatment sections because of the characteristics of wastewa-
ter/sludge. For instance, Orbal oxidation ditch (OD) is linked
with the aeration part of horizontal rotors and surface turbines,
as a result, it can easily generate bioaerosols that contain a
variety of microbial pathogens and toxic compositions (Li
et al. 2013). Li et al. employed impaction and polymerase
chain reaction (PCR) to monitor the concentrations, size dis-
tributions, and species diversity of bioaerosols from WWTP in
the OD process (Li et al. 2011). As demonstrated by their
results, the concentrations of culturable bacteria and fungi in
WWTP varied widely, which ranged from 459 + 88 to 5565 +
571 CFU/m® and 141 + 41 to 1590 + 152 CFU/m3, respec-
tively. Furthermore, the closed sludge dewatering room facil-
itated to cultivate the highest bacterial concentrations, and fine
sand tank cultivated the highest fungi concentrations, indicat-
ing the difference of bioaerosols from different sections.
Meanwhile, the bioaerosols generated from adjacent treatment
section exhibited a closed genetic evolutionary relationship,
suggesting the interaction among different treatment sections.
Yang et al. assessed the composition characteristics, source
allocation, and exposure risk of bioaerosols of WWTP by
the OD process, and found the difference of the constitution
of bioaerosols in different treatment sections (Yang et al.
2019b). The highest concentrations of bioaerosols and the
respiratory fractions (RF) of bacteria were observed in the
aeration section of OD. Indoor bioaerosols with the highest
non-carcinogenic risk mainly contributed to the sludge treat-
ment processes, such as sludge dehydration chamber (SDR).
However, fine grid was the main section with carcinogenic
risk. All results suggested that different sections can give rise
to specific bioaerosols.

Environmental conditions

The population structure, concentration distribution character-
istics of bioaerosols are affected by the environment (Park
et al. 2017). For instance, Pasalari et al. employed the real-
time polymerase chain reaction (RT-PCR) technology to de-
termine the concentrations of Rotavirus (RoV) and Norovirus
(NoV) discharged from the Ekbatan wastewater treatment
plant throughout the year (Pasalari et al. 2019). As suggested
by their significant results, the highest concentrations of virus-
es were detected in winter, whereas the lowest concentrations
were observed in summer, and the high loads of two con-
cerned pathogens occurred in autumn season. Therefore, the
bioaerosol concentrations were strongly affected by the
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surrounding temperature among the various meteorological
parameters.

Han et al. conducted a 3-year survey on the 9 large
WWTPs in different seasons (Han et al. 2020a). Kocuria,
Vibrionimonas, and Arcobacter were discriminative across
different regions, and the discriminative taxa of fungi in
bioaerosols were associated with regions and seasons but not
with the processes. Additionally, the release of bioaerosols
was positively correlated with environmental conditions, but
negatively correlated with the wind speed. Typically, micro-
bial populations of bioaerosols in WWTP are found to show
significant regional, seasonal, and process specificities
(Heinonen-Tanski et al. 2009). Of them, meteorological fac-
tors have greater impacts than chemical composition on the
changes of microorganisms in the bioaerosols of wastewater
treatment plant.

Michalkiewicz et al. compared the microbial pollutions of
air across 11 WWTPs (Michalkiewicz 2018), investigated the
effects of air temperature, relative humidity, wind speed, and
direction on bioaerosols at each research station, and statisti-
cally analyzed the climatic parameters. The results revealed
that the highest concentrations of microorganisms ranged
from 0 to 1,148,530 CFU/m’> in the wastewater treatment
plant area, among which, psychrophilic bacteria (40—
225,000 CFU/m3) and mesophilic bacteria (0-195,000 CFU/
m®) ranked the first and second places, respectively. Through
analyzing the abundances of the interested microorganisms in
a specific season, it was determined that the highest median
values of most microorganisms (such as mesophilic bacteria,
psychrophilic bacteria, Actinobacteria, and fungi) occurred in
summer and autumn, whereas the lowest median values (like
psychrophilic bacteria and microscopic fungi) were observed
in winter. Besides, microscopic fungi were the most closely
correlated with air temperature. Among those environmental
conditions, temperature was the most tightly related to
bioaerosol concentration. Collectively, climatic factors play
an indispensable role in varying the concentrations and com-
positions of bioaerosols.

Conclusions and recommendations

Inhalable bioaerosols, which harbor various germs, microor-
ganisms, and viruses, have posed a threat to human beings.
This paper briefly reviews the bioaerosols generated from toi-
lets and the treatment sections of WWTP, the corresponding
generation ways and influencing factors, and other factors
involved in health hazard assessment. As discovered from
our results, the bioaerosols of toilet are significantly affected
by the types of toilets, the energy of flushing, and the sur-
roundings of toilet. Generally, the bioaerosols of WWTP are
mainly generated from grating, aerobic pool, and sludge
dewatering plant. Consequently, the bioaerosol-related
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airborne infectious diseases may frequently occur when hu-
man beings are exposed in such high-risk locations. Through
this review, we aim to arouse more concern on the manage-
ment of bioaerosols and to develop more effective control
strategies for the aerosol-induced infections.

Based on the generation, diffusion, and infection processes
of bioaerosols, effective strategies may be developed to pre-
vent the transmission of germs, microorganisms, and viruses.
The airborne transmission of toilet bioaerosols is associated
with multiple factors. First of all, the pathogenic bacteria and
viruses should be isolated from the healthy toilet. Reducing
the production of germs or viruses in toilet is the primary
strategy to control the infection risk of bioaerosols. Besides,
separately collecting the feces and vomitus of patients to avoid
flowing into the toilet and the pipeline of wastewater helps to
reduce the generation of viral bioaerosols. Moreover, isolating
the diseased populations by specific toilets may also lower the
risk of cross infection with germs from vomitus or feces of
patients. Typically, it has been proved that the disinfection of
toilet prior to flushing is an effective way that can decrease the
bacterial concentrations in the air of the toilet (Zabinski et al.
2018). In addition, wiping the mat and doorknob of toilet with
disinfector before use is also important to reduce the contact
probability of germs. Moreover, the moving air can dilute the
concentrations of bioaerosols, thus maximally decreasing the
concentrations of bioaerosols by intensifying the ventilating
device. Bacteria and viruses are prone to survive in the wet
environment, and dehumidification seems to be an unexpected
method for lowering the concentrations of residual
bioaerosols on the toilet surface. Finally, cleaning staff should
be trained to enhance the effectiveness of disinfection and to
lessen the infection risk of individuals.

Bacteria and viruses in wastewater are partly stemmed
from the residual bacteria and viruses of toilet and the waste-
water system. In the meantime, the bioaerosols of WWTP
with complicated population structure and toxicity lead to
the occurrence of various infection diseases among the
WWTP workers. Weakening the atomization of bacteria and
viruses in the wastewater treatment process can greatly reduce
the bioaerosol concentrations. Source control can serve as a
primary method and is worthy of being advocated. Besides,
efforts should be made to reinforce the management of pollut-
ant source, and to control the wastewater containing viruses
and germs into municipal pipe. Also, the accident pool should
be legitimately utilized to store the hazardous wastewater in
the case of an epidemic outbreak. Most WWTP bioaerosols
are derived from mechanical agitation; therefore, the waste-
water treatment process and parameters of the operating facil-
ities should be optimized, and advanced technologies and ma-
chines should be utilized to reduce the occurrence of waste-
water interface turbulence, thus lessening the generation of
bioaerosols. Inevitable infection usually occurs under the
long-term exposure to the air of enriched bioaerosols, so the

automation equipment should be intensely used to decrease
the exposure duration of sewage workers who are exposed to
the surroundings of microbial bioaerosols. Further, a Bayesian
belief network model, which can assess the risks under several
different scenarios of worker exposure to wastewater and es-
timate the infection risk in advance, should be developed to
decrease the infection risk through occupational exposure to
wastewater (Zabinski et al. 2018).
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