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a b s t r a c t

Aeration and mechanical agitation are the main drivers of aerosol generation in wastewater treatment
plants (WWTPs). However, the effect of aeration mode on aerosol characteristics remains poorly un-
derstood. In this study, horizontal rotor aeration and fine bubble aeration in the same WWTP were
selected to identify the effect on the emission, size distribution, microbial and chemical composition. For
bacteria, fungi, Enterobacteriaceae, Staphylococcus aureus, and Pseudomonas aeruginosa in aerosols, the
horizontal rotor aeration had higher contributions to the emissions than the fine bubble aeration. Hor-
izontal rotor aeration generated a more coarse fraction (size > 7 mm) and a comparable respirable
fraction (RF; size < 3.3 mm) compared with those of fine bubble aeration. More types of potential
pathogens were generated by horizontal rotor aeration. The most easily aerosolized genera generated by
horizontal rotor aeration and fine bubble aeration, were Trichosporon and Mycobacterium, with the
aerosolization factors of 633.70 and 192.56, respectively. For Cl�, SO4

2�, NO3
�, Zn, Ba, Cd, Sc, V, Rb, Ca, K, Ca,

K, Mg, Na and Si in the aerosols, the contributions of fine bubble aeration were higher than those of
horizontal rotor aeration. Due to the aerosol specialty from the different aeration modes, targeted ma-
nipulations should be employed to reduce the exposure risks.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Aerosols originating from wastewater treatment plants
(WWTPs) have been confirmed to contain some hazardous com-
ponents, such as pathogenic bacteria (Korzeniewska et al., 2009;
Uhrbrand et al., 2017), fungi (Kowalski et al., 2017), viruses
(Masclaux et al., 2014; Uhrbrand et al., 2017), and chemicals
(Gangamma et al., 2011; Han et al., 2018). These hazardous com-
ponents have the potential to infect humans (particularly workers
at WWTPs) through inhalation, dermal contact, and ingestion
(S�anchez-Monedero et al., 2008; Stellacci et al., 2010). An illness
among workers at WWTPs, termed ‘‘sewage worker’s syndrome’‘,
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has been reported (Rylander et al., 1976). Thus, aerosol character-
istics and risk assessment fromWWTPs have attracted increasingly
more attention.

The main aerosol emission sources are the biological treatment
unit and sludge dewatering room, and aeration and mechanical
agitation play an important role in aerosol generation in WWTPs
(Kowalski et al., 2017; S�anchez-Monedero et al., 2008; Yang et al.,
2019). Studies regarding the effect of aeration systems on the
levels of culturable airborne microorganisms have been widely
conducted. Brandi et al. (2000) found that mechanical aeration
generates more aerosol bacteria and fungi than fine bubble diffusion
compared from the perspective of different WWTPs, similar results
of culturable airborne bacteria were also reported by S�anchez-
Monedero et al. (2008). Fernando and Fedorak (2005) discovered a
prominent decrease in airborne microorganism concentrations
because of a change in the aeration system from coarse to fine bubble
aeration during the process of biological nutrient removal.

Apart from airborne microorganism concentrations, size distri-
bution and microbial population are also typical characteristics of
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aerosols related to human health (Uhrbrand et al., 2017; Wang
et al., 2018a; Xu et al., 2018). It has been well known that aerosol
particle size is closely related to particle deposition in the human
respiratory tract (Pastuszka et al., 2000). For example, particles
with diameters of 5e10 mm can adhere to the surface of the upper
airway and cause disease, such as rhinitis. Particles <5 mmdiameter
are strongly accompanied by a gas stream and can easily reach the
alveoli (Nel, 2005; Nel et al., 2006). Airborne particulates with an
aerodynamic diameter of <3.3 mm have been stipulated as the
respirable fraction (RF) (Uhrbrand et al., 2017). Evenworse, specific
pathogens associated with smaller-size airborne particulates may
increase these risks (Katsivela et al., 2017). There is limited
knowledge regarding the effect of aeration mode on the microbial
population and size distribution (particularly pathogens) of aero-
sols from WWTPs. In addition, the current analysis of hazardous
components in aerosols have mainly focused on potential patho-
gens (Uhrbrand et al., 2017; Yang et al., 2019), and very few of that
have focused on hazardous chemicals. Some toxic metal (loid)s
(such as Co, Cr, Ni, and Cd) have been detected in atmospheric
aerosols (Charlesworth et al., 2011; Wu et al., 2007), stationary
diesel engine exhaust (Betha and Balasubramanian, 2011), street
dust (Zheng et al., 2010), and mining infrastructure (Kim et al.,
2002). These toxic metal (loid)s in aerosols have been proven to
be harmful to human health (Fang et al., 2010; Okuda et al., 2008;
Wei and Yang, 2010). However, the toxic metal (loid)s in WWTP
aerosols and the effect of aeration mode on their characteristics
have not been extensively studied. Therefore, a systematic and
comprehensive understanding of the effect of aeration mode on
aerosol characteristics is quite necessary.

Some studies have shown that aerosol composition is closely
related to wastewater and sludge properties (Wang et al., 2018b;
Yang et al., 2019). When a wastewater or sludge property changes,
the aerosol composition may be significantly different (Han et al.,
2018; Yang et al., 2019). Comparing the effect of aeration mode
on aerosol characteristics in different WWTPs may be disturbed by
water quality and sludge properties.

Based on the aforementioned problems, this work was con-
ducted at a practical WWTP including an oxidation ditch (OD)
process with horizontal rotor aeration and an anaerobic-anoxic-
oxic (A2/O) process with fine bubble aeration. The emission level,
particle size distribution, microbial and chemical compositions of
Fig. 1. Profile of wastewater treatment pl
aerosols from the two aeration modes were, respectively, analyzed
via field sampling. Particular attention was also paid to pathogens
and toxic metal (loid)s. The similarities of bacteria, fungi and
chemicals in aerosols from two aerationmodes to wastewater were
investigated. The contributions of the two aeration modes to the
emissions of microorganism and chemicals in aerosols, were
studied. The influence of aerationmode on aerosol characteristics is
clearly explained, providing a scientific basis for aerosol risk
assessment.
2. Materials and methods

2.1. Studied sites and aeration modes

Sampling was conducted at a municipal WWTP in Guangzhou
(114.11�E, 2.79�N). The present study was performed in summer
(June 20, 2018). There are two biological processes used at this
WWTP: the OD and A2/O processes, respectively. The influent
flowed through a coarse screenwhere larger suspended solids were
intercepted. After elevation by the boost pump room, wastewater
passed through a fine grid and aerated grit chamber. Then, the
mixed liquor was assigned to the OD and A2/O processes at the
same capacity of 2.50 � 104 m3/d. The DO concentrations of the
aeration banks were 2.37 ± 0.52 mg/L and 2.41 ± 0.90 mg/L in the
A2/O and OD processes at this WWTP, respectively. The COD, BOD5,
TN, and TP of the effluent were 33.25, 10.14, 16.36, and 0.71 mg/L in
the A2/O process and 31.95, 8.86, 15.92, and 0.68 mg/L in the OD
process, respectively, thereby indicating good treatment efficiency.
Horizontal rotors were used for aeration in the OD process with a
rotor diameter of 1000 mm, immersion depth of 200 mm, rota-
tional speed of 72.3 r/min, and motor power of 45 kW. Fine bubble
aeration was used in the oxic tank of the A2/O process with a dy-
namic electricity of 3.4 kg O2/kWh. Air diffusers for fine bubble
aeration were installed with a diameter of 500 mm, and could
produce bubbles with a diameter of 1.5e3.0 mm. During the sam-
pling period, the wind direction was east with a speed of
1.7 ± 0.8 m/s. Sampling sites were established upwind (UW) as a
control, at the airewater interfaces of the OD (0.5 m after the
rotating brushes; ODA), and at the airewater interfaces of the oxic
tank in the A2/O process (OXT) (Fig. 1). Wastewater from the ODA
and OXT were also collected during the sampling periods, the
ant and sampling sites. UW: upwind.
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quality of mixed liquor is described in Table S1.
2.2. Aerosol collection

Six-stage Andersen impactors with aerodynamic cut-size di-
ameters of 7.0, 4.7, 3.3, 2.1, 1.1, and 0.65 mm (Uhrbrand et al., 2017)
were employed to collect culturable airborne microorganisms over
a period of 2 min at a flow rate of 28.3 L/min. Bacteria and fungi
were collected using a Nutrient medium and Rose-Bengal Medium
(Oxoid Ltd., Basingstoke, UK) and cultivated at 37 ± 1 �C for 48 h
and 25e28 �C for 72 h, respectively. Apart from bacteria and fungi,
particular attention was also paid to Enterobacteriaceae, Staphylo-
coccus aureus, and Pseudomonas aeruginosa. The detection of
Enterobacteriaceae reflects the degree of aerosol pollution from the
wastewater and is an important indicator when controlling air
quality at WWTPs (Gotkowska-Płachta et al., 2013; Korzeniewska
et al., 2009). Staphylococcus aureus and Pseudomonas aeruginosa
are also important indicators of pathogenic bacteria in toxicological
and epidemiological studies (Chen et al., 2018; Landrum et al.,
2012). Enterobacteriaceae, Staphylococcus aureus, and Pseudo-
monas aeruginosa were collected using a MacConkey medium,
BairdeParker medium, and pseudomonas CN medium (Oxoid Ltd.,
Basingstoke, UK) and incubated at 30e35 �C for 18e24 h，36 ± 1 �C
for 45e48 h, and 37 ± 1 �C for 48 h, respectively. Three replicates
were repeated at each site and collection of certain microorganisms
at all sites was simultaneously conducted. A total of 45 culturable
samples ( � 6 size fractions) were collected. Positive-hole correc-
tion was used for data processing for the results of the six-stage
Andersen impactor (Andersen, 1958).

Particulate matter samplers (TH-150C, TianHong, Wuhan,
China) were utilized to assemble total suspended particulates
(TSPs) at a flow rate of 100 L/min. TSPs were enriched on a quartz
film surface (90 mm in diameter) over an 8 h period. To maintain
the microbiological activity and obtain sufficient biomass, the
enriched quartz membranes were collected every 4 h (Han et al.,
2018; Wang et al., 2018a). Sufficient attention was paid to avoid
cross-contamination during the process of preparation, collection,
and preservation (Jiang et al., 2015). A total of six TSP samples were
collected in this study. The TSP concentration at all sampling sites
was estimated by one-eighth of each enriched film under 45%
relative humidity at 20 �C (Cao et al., 2014). After 8 h of collection,
TSP concentrations of 441.67 and 335.83 mg/m3 were obtained at
the ODA and OXT. Seven-eighths of each enriched film was subse-
quently cut, shredded, rolled, and washed using sterile deionized
water. The mixtures with the small pieces of enriched film from
each sample were centrifugated at a centrifugal force of 200�g at
4 �C for 3 h (Jiang et al., 2015). After filtration using a 0.22-mmSupor
200 Polyethersulfone (PES) membrane, the enrichment of two
samples from the same sites were mixed and microbial analysis
was conducted. The filtrates that were not mixed, were subject to
chemical analysis.
AF ¼ relative abundance ðWWTP aerosolsÞ � relative abundance ðUWÞ
relative abundance ðwastewaterÞ 1
2.3. Microbial analysis

The microbial biomass in the aerosols enriched using a PES
membrane, and the corresponding wastewater (200 mL), were
subject to DNA extraction using the MO-BIO Power Soil DNA
Isolation Kit (Carlsbad, CA, USA). Quality control of the purity and
mass were completed using microspectrophotometry (NanoDrop
ND-1000, NanoDrop Technologies, Wilmington, DE). The hyper-
variable V3 and V4 regions of the 16S rRNA were amplified in
triplicate by primers 338F/806R for the bacteria (Dennis et al.,
2013). The hypervariable ITS1 regions of the 18S rRNA were
amplified in triplicate by primers 0817F/1196R for the fungi (Rousk
et al., 2010).

The purification and quantification of the polymerase chain
reaction (PCR) products were conducted using the Axyprep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and
QuantiFluorTM-ST (Promega, Wisconsin, USA), respectively. High-
throughput sequencing was completed using an Illumina Miseq
PE300 platform (Majorbio, Shanghai, China). A detailed description
of the amplification and sequencing can be found in previous
studies (Han et al., 2018; Wang et al., 2018a).
2.4. Chemical analysis

The filtrate collected after sample filtration using the PES
membrane, and the wastewater from the ODA and OXT, were used
for chemical analysis. An ion chromatograph (Dionex ICS 1000
equipped with AS23, Thermo Fisher, USA) was employed to
determine Cl�, NO3

�, and SO4
2� following the procedure detailed in

Jaiprakash et al. (2017), with the detection limits of 0.01 mg/L
(1.04E-5 mg/m3). Inductively coupled plasma mass spectrometry
(ICP-MS, NexlON 300Q, PerkinElmer SCIEX, USA) was used to
measure the metal (loid)s according to the method of Bari and
Kindzierski (2016), with the detection limits of 0.01 mg/L (1.04E-
5 mg/m3). Blank samples were subject to the same analytical pro-
cedures as the analyzed samples and the results were amended via
subtraction of the filter blanks.
2.5. Contribution of aeration mode to the aerosol emissions from
wastewater

For the culturable microorganisms and chemicals in aerosols,
the background (in terms of UW) concentrations were deducted
from the results measured at the OXT and ODA and the ratios were
defined as the concentration in the aerosols to that in the waste-
water, which were used to evaluate the contributions of different
aeration modes to emission levels.

In addition, for microbial populations, the aerosolization po-
tential of certain taxa in aerosols from different aerationmodes was
assessed using the aerosolization factor (AF) based on Eq. (1)
(Michaud et al., 2018), where if the AF is higher than 1, then the
microorganism is easy to aerosolize or is air-enriched. In contrast, if
the AF is less than 1, then this microorganism is not easy to become
aerosolized into the air from the wastewater.
2.6. Statistical analysis

The normalized abundance data of the bacterial and fungal
genera after square-root transformation, and the ratios of the
chemical concentrations to TSPs which were log10 (Xþ1)
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transformed, were used for multivariate statistical analysis. Heat-
maps were utilized to indicate the bacterial and fungal genera that
were most frequently found in the different environments. The
similarities of the chemical compositions and bacterial and fungal
populations in aerosols to wastewater, were illustrated using non-
metric multidimensional scaling ordination (NMDS) linking to
cluster overlays and dendrogram, analysis of similarity (ANOSIM)
test and similarity percentage (SIMPER) analysis. Heatmap, NMDS,
ANOSIM, and SIMPER analyses were conducted using PRIMER
version 7.0 (Clarke and Gorley, 2015).
3. Results

3.1. Emission levels and size distributions of airborne
microorganisms

Fig. 2 illustrated the concentrations of culturable airborne mi-
croorganisms associated with size-segregated airborne particulate
matter. The total concentration of bacteria and fungi (Fig. 2a and b)
in ODA aerosols was as high as 4249 and 2296 CFU/m3, more than
twice that (1941 and 1051 CFU/m3) in OXT aerosols. This result of
bacteria was similar to that of a previous study (S�anchez-Monedero
et al., 2008). Enterobacteriaceae, Staphylococcus aureus, and Pseu-
domonas aeruginosa (Fig. 2c-e) in the ODA aerosols had a total
concentration of 972, 403, and 53 CFU/m3 and in the OXT aerosols
618, 221, and 35 CFU/m3, respectively. The results indicated that the
emission level of both total microorganisms and specific pathogens
generated by the horizontal rotor aeration was higher than that by
the fine bubble aeration.

The histogram plots (Fig. S1) illustrated that the particle size
distribution of microbial aerosols generated by the two aeration
modes did not conform to the lognormal distribution. However, the
particle size distribution of the aerosols was related to the aeration
modes. As shown in Fig. 2, for the largest fraction (size > 7 mm) of
Fig. 2. Concentration of selected microorganisms associated with size-segregated airborne
aureus; (e) Pseudomonas aeruginosa. UW: upwind; ODA: 0.5 m after the rotating brushes in t
oxic process.
airborne particulate matter, a higher concentration and percentage
of the largest fraction of bacteria (1005 CFU/m3; 23.66%), fungi
(460 CFU/m3; 20.00%), Enterobacteriaceae (243 CFU/m3; 25.00%),
Staphylococcus aureus (106 CFU/m3; 26.25%), and Pseudomonas
aeruginosa (9 CFU/m3; 25.00%) were detected in the ODA aerosols.
The concentrations and percentages of the largest fraction of bac-
teria (203 CFU/m3; 10.47%), fungi (61 CFU/m3; 5.88%), Enterobac-
teriaceae (80 CFU/m3; 12.86%), Staphylococcus aureus (46 CFU/m3;
21%), and Pseudomonas aeruginosa (0 CFU/m3; 0%) were detected in
OXT aerosols. The coarse fraction of airborne particulate matter is
typically associated with other particles, which is more easily
emitted under the force of splashing than bubble bursting
(Uhrbrand et al., 2017). Coarse-fraction of aerosol particulate mat-
ter generated by horizontal rotor aeration also resulted in a higher-
degree deposition occurring in the nose and oral cavity.

The results showed that RF concentrations and proportions of
the aerosols from the two modes have different characteristics.
First, the RF proportion in aerosols from fine bubble aeration is
much higher than that from horizontal rotor aeration. RF pro-
portions of bacteria (62.46% and 38.32%), Enterobacteriaceae
(56.17% and 43.00%), Staphylococcus aureus (48.00% and 45.82%),
Pseudomonas aeruginosa (50.00% and 33.32%), and fungi (53.09%
and 40.26%) were detected in the OXT and ODA aerosols, respec-
tively. However, in terms of generation concentration, the RF con-
centrations of aerosols generated by fine bubble aeration and
horizontal rotor aeration were equivalent. RF concentrations of
bacteria (1212 and 1628 CFU/m3), Enterobacteriaceae (347 and
418 CFU/m3), Staphylococcus aureus (106 and 185 CFU/m3), and
Pseudomonas aeruginosa (18 and 18 CFU/m3) were detected in the
OXT and ODA aerosols, respectively. The RF concentrations of
detected microorganisms generated by the two aeration modes
were all higher compared to those at control site, thereby indicating
a higher risk of lower respiratory tract infections and inflammation
for ODA and OXT.
particulate matter. (a) Bacteria; (b) Fungi; (c) Enterobacteriaceae; (d) Staphylococcus
he oxidation ditch; OXT: airewater interfaces of the oxic tank in the anaerobic-anoxic-
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3.2. Microbial population

As shown in Fig. 3a, the predominant bacterial genera in the
wastewater were norank_f__Saprospiraceae in the ODA-wastewater
(8.74%) and OXT-wastewater (9.07%), while in the aerosols Geothrix
at the ODA (13.00%) and Candidatus at the OXT (9.56%) were pre-
dominant. The types of predominant fungal genera in the aerosols
and corresponding wastewater were same but with different
relative abundance. The predominant fungal genus in the waste-
water was Cladosporium in the ODA-wastewater (12.08%) and OXT-
wastewater (11.45%) as well as in the aerosols at the ODA (13.64%)
and OXT (14.25%) (Fig. 3b).

Linking NMDS plots to cluster overlays and dendrogram showed
that the microbial populations in wastewater from the ODA and
OXT were nearly the same (Fig. 4). The bacterial (Fig. 4a) and fungal
(Fig. 4b) genera in the aerosols generated by the horizontal rotor
aeration all had a higher similarity to the wastewater than those
generated by fine bubble aeration, as determined by the distance
between the two points. The ANOSIM and SIMPER analysis
(Table S2) also indicated that the similarity of the bacteria in the
Fig. 3. Top 50 of bacterial (a) and fungal (b) genera at all sampling sites. UW: upwind; ODA:
oxic tank in the anaerobic-anoxic-oxic process.
wastewater between ODA and OXT was 97.23% (global test,
P ¼ 0.01) and that of fungi was 95.55% (global test, P ¼ 0.03). As
shown in Table S3, the dissimilarity of the bacteria between the
OXT-aerosols and OXT-wastewater (30.05%; pairwise test, P ¼ 0.1)
was higher than that between the ODA-aerosols and ODA-
wastewater (26.12%; pairwise test, P ¼ 0.1), which was similar to
the fungi between the aerosols and corresponding wastewater at
the OXT (45.81%; pairwise test, P ¼ 0.33) and ODA (30.38%; pair-
wise test, P ¼ 0.1). As shown in Table S3, a significant difference of
the bacteria in aerosols was observed between the ODA and OXT
with a dissimilarity of 41.03% (pairwise test, P ¼ 0.04), and that of
the fungi was 37.25% (pairwise test, P ¼ 0.03).

3.3. Potential pathogens

In this study, 44 types of potential bacterial pathogens were
detected in all samples by referring to the database of human
pathogens (Woolhouse et al., 2012). And 39 and 31 potential bac-
terial pathogens were found in ODA and OXT aerosols with a total
relative abundance of 1.51E-02 and 7.56E-02 (Fig. 5a and b;
0.5 m after the rotating brushes in the oxidation ditch; OXT: airewater interfaces of the



Fig. 4. Analysis of NMDS linking to cluster overlays and dendrogram of bacteria (a) and fungi (b). UW: upwind; ODA: 0.5 m after the rotating brushes in the oxidation ditch; OXT:
airewater interfaces of the oxic tank in the anaerobic-anoxic-oxic process.
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Table S4), respectively. It was clear that ODA aerosols had more
types of potential bacterial pathogens than OXT aerosols but had a
lower total relative abundance. The predominant potential bacte-
rial pathogen in the aerosols was Arcobacter at the ODA (7.20E-03)
and OXT (5.60E-03). Venn diagrams (Fig. 5a and b) showed that 34/
39 and 29/31 out of the potential bacterial pathogens detected in
the ODA and OXT aerosols were shared with the corresponding
wastewater, respectively. Meanwhile, 11/34 and 11/29 out of the
shared between aerosols with corresponding wastewater at ODA
and OXT, respectively, had higher relative abundance compared to
those at control site. These indicated that the wastewater could be
regarded as important source of potential bacterial pathogens in
aerosols. However, Coxiella, Fusobacterium, Psychrobacter and
Stenotrophomonas detected in ODA aerosols, and Achromobacter
and Propionibacterium detected in OXTaerosols, were not identified
in the corresponding wastewater (Fig. 5a and b). This may be
affected by other sources, such like soil, plant material and dry
material/dust (Uhrbrand et al., 2017).

Relatively few types of potential fungal pathogens were detec-
ted in all the samples (Fig. 5c and d; Table S5). A total of 5/5 and 3/4
out of the potential fungal pathogens detected in the ODA (Fig. 5c)
and OXT (Fig. 5d) aerosols were shared with corresponding
wastewater. Among them, Aspergillus (4.49E-02 and 3.48E-02),
Cladosporium (1.36E-01 and 1.42E-01), Cryptococcus (9.15E-04 and
6.58E-04) and Pseudallescheria (1.10E-03 and 4.92E-03) detected in
ODA and OXTaerosols, and Trichosporon (3.01E-02) only detected in
ODA aerosols, all had higher relative abundance compared to those
at control site. All this indicated that the wastewater were the
important source of potential fungal pathogens in aerosols.

Different aeration modes had different effects on the richness
and abundance of emitted potential pathogens from corresponding
wastewater. Among these only shared between aerosols and cor-
responding wastewater (Fig. 5; Tables S4 and S5), Acidaminococcus
(4.23E-05), Dermatophilus (1.69E-04), Escherichia (1.06E-04), Lep-
totrichia (2.68E-04) and Cryptococcus (9.15E-04) were detected in
ODA aerosols, meawhile, Dermatophilus (1.69E-04), Escherichia
(1.83E-03) and Cryptococcus (6.58E-04) were detected in OXT
aerosols. Acidaminococcus is an important bacterial genus that can
cause periodontitis (Contreras et al., 2000) and bacterial vaginosis
(Zozaya-Hinchliffe et al., 2008). Dermatophilus, most notably
D. congolensis, can cause skin infections in humans such as pustular
dermatitis (Burd et al., 2007). Many Escherichia are human patho-
gens associated with urinary tract infections (Janne et al., 2019) and
gastrointestinal disease (Adesiyan et al., 2019). Leptotrichia species
are also associated with periodontal diseases and oral cavity ab-
scesses (Kumagai et al., 2013; Muttaiyah et al., 2007; Sassone et al.,
2007). Most species of Cryptococcus live in soil and are not injurious
to humans, but C. neoformans is a major human and animal path-
ogen (Cheng et al., 2001).
3.4. Chemical composition

A previous study has suggested that Cl� in anions in aerosols
from nine WWTPs showed a positive correlation with others



Fig. 5. Venn diagram showing the shared bacterial (a, b) and fungal (c, d) genera in aerosols from the ODA and OXT with UWand the corresponding wastewater. UW: upwind; ODA:
0.5 m after the rotating brushes in the oxidation ditch; OXT: airewater interfaces of the oxic tank in the anaerobic-anoxic-oxic process.
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dissolved in particulate matter (Han et al., 2018). The formation of
SO4

2� and NO3� increased the pollution during hazy days (Wang
et al., 2006). Thus, Cl�, SO4

2�, and NO3
� were measured in this

study (Fig. 6a). Cl�, NO3
�, and SO4

2� at concentrations of 54.11, 37.99,
and 36.54 mg/m3 in ODA aerosols and at 43.91, 42.61 and 30.46 mg/
m3 in OXT aerosols were detected, respectively. In this study, the
horizontal rotor aeration generated a higher concentration of Cl�

and SO4
2� and a lower concentration of NO3

� in the aerosols than
those of the fine bubble aeration.

24 types of metal (loid)s were detected in all airborne samples,
with the concentrations of 2.08E-05 e 5.46Eþ01 mg/m3 (Fig. 6b).
Obtained results indicated that aerosols generated by horizontal
rotor aeration had higher Fe, Al, Li, Ti, Cu, Mo, U, Mn, As, Co, Cr, Ni, K,
Na, P, and S concentrations but lower Zn, Ba, Cd, Sc, V, Rb, Ca, Mg,
and Si concentrations than those generated by fine bubble aeration.
S had the highest concentration (54.58 mg/m3) in ODA aerosols and
Na had the highest concentration (36.04 mg/m3) in OXT aerosols
among all the detected metal (loid)s.

The ratios of each chemical concentration to the TSPs after log10
(X þ 1) transformation were used for the analysis of NMDS linking
to cluster overlays and dendrograms (Fig. 6c), which illustrated the
similarity of chemicals in aerosols to corresponding wastewater.
Compared to the chemical composition in aerosols generated by
fine bubble aeration, those generated by horizontal rotor aeration
had a higher similarity to corresponding wastewater (Fig. 6c). The
ANOSIM and SIMPER analyses indicated that the chemical com-
positions in wastewater from the ODA and OXT were nearly the
same with a similarity of 99.28% (Table S2; global test at signifi-
cance level P ¼ 0.04). As shown in Table S3, the dissimilarity of the
chemical composition between the OXT-aerosols and OXT-
wastewater (48.42%; pairwise test, P ¼ 0.01) was higher than that
between the ODA-aerosols and ODA-wastewater (45.10%; pairwise



Fig. 6. Chemical compositions. (a) Anion; (b) Metal (loid)s; (c) Analysis of NMDS linking to cluster overlays and dendrogram of the chemicals. UW: upwind; ODA: 0.5 m after the
rotating brushes in the oxidation ditch; OXT: airewater interfaces of the oxic tank in the anaerobic-anoxic-oxic process.

Table 1
Contribution of different aeration modes to emission levels of microbial aerosols.

Microbial aerosol Sampling site UW (CFU/m3) Wastewater (CFU/m3) Aerosol (CFU/m3) Ratio*

Bacteria ODA 1060 8.64Eþ13 4248 3.69E-11
OXT 8.28Eþ13 1941 1.06E-11

Fungi ODA 765 3.12Eþ13 2296 4.91E-11
OXT 3.28Eþ13 1051 8.72E-12

Enterobacteriaceae ODA 327 9.14Eþ12 972 7.06E-11
OXT 8.96Eþ12 618 3.25E-11

Staphylococcus aureus ODA 124 3.12Eþ10 403 8.94E-09
OXT 3.36Eþ10 221 2.89E-09

Pseudomonas aeruginosa ODA 18 2.87Eþ09 53 1.22E-08
OXT 2.95Eþ09 36 6.10E-09

UW: upwind; ODA: 0.5 m after the rotating brushes in the oxidation ditch; OXT: airewater interfaces of the oxic tank in the anaerobic-anoxic-oxic process.
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test, P ¼ 0.01). A dissimilarity of 5.52% (Table S3; pairwise test,
P¼ 0.33) was observed in the chemicals between the ODA-aerosols
and OXT-aerosols. The dissimilarity of the chemicals (5.52%) in the
aerosols generated by the two aeration modes was lower than that
of the bacteria (41.03%) and fungi (37.25%).

3.5. Contribution of aeration mode to the aerosol emissions from
wastewater

As shown in Table 1, for both total microorganisms and specific
pathogens in WWTP aerosols, the contribution of horizontal rotor
aeration was higher than that of fine bubble aeration to the emis-
sion of microbial aerosols. For example, the ratio of bacteria
generated by the horizontal rotor aerationwas 3.69E-11, which was
higher than that generated by fine bubble aeration (1.06E-11). In
addition, the aeration (both horizontal rotor aeration and fine
bubble aeration) had higher contributions for specific pathogens
than for total microorganisms (Table 1).

For Cl�, SO4
2�, NO3

�, Zn, Ba, Cd, Sc, V, Rb, Ca, K, Ca, K, Mg, Na, and
Si in the aerosols, the contributions of fine bubble aeration were
higher than those of horizontal rotor aeration (Fig. 7). In addition,
for Si, Fe, Al, Ti, Cu, Mo, U, Mn, As, Co, Cr, Ni, P, and S, horizontal rotor



Fig. 7. Contribution of different aeration modes to emission levels of chemicals in aerosols. ODA: 0.5 m after the rotating brushes in the oxidation ditch; OXT: air-water interfaces of
the oxic tank in the anaerobic-anoxic-oxic process.
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aeration had higher contributions to their emissions. Both hori-
zontal rotor aeration and fine bubble aeration had the highest
contributions to the emission of S among all the detected chemicals
with ratios of 2.88Eþ01 and 2.01Eþ01, respectively.

Among these detected potential pathogens in the ODA and OXT
aerosols, Escherichia, Collinsella, Dermatophilus, Acidaminococcus
and Trichosporon in ODA aerosols, and Mycobacterium, Gordonia,
Escherichia, Chryseobacterium, Dermatophilus, Dermatophilus and
Pseudallescheria in OXT aerosols, could be easily aerosolized (AF
value > 1; Table S6). The most easily aerosolized genera at ODA and
OXTwere Trichosporon andMycobacteriumwith AF values of 633.70
and 192.56 (Table S6), respectively.
Fig. 8. Median diameter of activated sludge flocs from ODA and OXT. ODA: 0.5 m after
the rotating brushes in the oxidation ditch; OXT: air-water interfaces of the oxic tank in
the anaerobic-anoxic-oxic process.
4. Discussion

Driving manners (Yang et al., 2019), source properties (Han
et al., 2018), and meteorological conditions (Zhen et al., 2017)
could all effect the characteristics of aerosols from WWTPs. This
study was conducted at the same WWTP with nearly the same
wastewater properties (bacteria, fungi, and chemicals; Figs. 4 and
6c) and identical macro-meteorological conditions; thus, the dif-
ference of aeration modes may be the main reasons for the differ-
ence of aerosol characteristics. The results of this study indicated
that the bacteria, fungi, and chemicals in the aerosols generated by
the horizontal rotor aeration had a higher similarities to waste-
water than those generated by fine bubble aeration (Figs. 4 and 6c).
Meanwhile, more types of potential pathogens specific to the
wastewater were found in the aerosols generated by the horizontal
rotor aeration (Fig. 5). This is mainly due to the characteristics of the
aeration mode. Horizontal rotor aeration refers to the horizontal
rotors rotating to form a negative pressure zone on the rear side,
which can absorb part of the air, thereby causing a water jump
accompanied by vigorous stirring at the liquid level. Meanwhile, a
mixture of wastewater and sludge is directly thrown out of the
water-air interface to form aerosols. However, bubble aeration is
the transmission of air into the wastewater treatment system
through air blasting. At the same time, when the bubbles rise to the
water-air interface and burst, the particles of the wastewater-
sludge mixture are carried into the air to form aerosols
(Ochowiak andMatuszak, 2017;Wang et al., 2019). Thus, during the
process of aerosolization, wastewater/sludge had important
contribute to aerosol formation (Han et al., 2018; S�anchez-
Monedero et al., 2008), but variation in driving manner results in
a difference in aerosol characteristics.

The previous studies suggested that the size distribution and
morphology of active sludge flocs may be affected by the shear
mode and shear force of different aeration modes except the nature
of the escape source (Argyropoulos andMarkatos, 2015; Chen et al.,
2016; Liu et al., 2015; Oyegbile et al., 2016;Wang et al., 2019). In this
study, the size of activated sludge flocs from ODA and OXT were
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respectively detected. The result showed that activated sludge flocs
from ODA presented smaller median diameter than that from OXT
(Fig. 8).

From this aspect, the horizontal rotor aeration has stronger
shear force than bubble aeration. However, it is found that bubble
aeration mainly generated RF aerosols, and horizontal rotor aera-
tion mainly generated aerosols with larger particle size (>7.0 mm)
aerosols and RF. Therefore, the shearing force of aeration mode it-
self is not the final reason for the different characteristics of aerosol
particle size distribution under two aeration modes. Further in-
depth analyzing of aerosol generating process under different
aeration modes, aerosols from horizontal rotor aeration relies
mainly on the horizontal rotor to carry activated sludge particles
break through the water-air interface into air are formed, so acti-
vated sludge flocs in wastewater biological treatment unit is the
direct source of aerosol; In the process of bubble aeration, when the
bubbles carrying activated sludge flocs reach the water-air inter-
face, they burst and form smaller droplets (Wang et al., 2019). These
droplets enter the air to form aerosols. Therefore, these smaller
droplets produced by bubble burst should be the direct source of
aerosols generated by bubble aeration. This also reveals the reasons
of aerosols from fine bubble aeration are smaller in size and more
evenly distributed relative to the generation of horizontal rotor
aeration in this study. Of course, with the increase of bubbles
(coarse and medium bubbles), the aerosol particle size generated
by bubble aeration may also increase (Fernando and Fedorak et al.,
2005; S�anchez-Monedero et al., 2008).

Wastewater is the main source of aerosol pollutants in WWTPs.
And the contributions of the horizontal rotor aeration and fine
bubble aeration to the aerosol emissions from the wastewater were
different, which is governed by the specialty of the aeration devices
and the corresponding operating parameters. On the whole, aero-
sols generated by both aeration modes need control, and different
control strategies should be selected to target aerosols with
different characteristics. However, the result of this study only re-
flects the characteristics of aerosol samples at a single independent
sampling site under two aeration modes. According to the mode
characteristics of this research, the fine bubble aeration is basically
in uniform distribution throughout the whole aeration tank, while
the horizontal rotors are only in a certain position in the oxidation
ditch tank. Therefore, further research is needed on aerosol flux and
control threshold under different aeration modes. Active control
and protective strategies, such as that employees wear masks and
work clothes, covering the main emission sites, and collecting and
inactivating of aerosols, were suggested.
5. Conclusions

The characteristics of aerosols originated from horizontal rotor
aeration and fine bubble aeration in the sameWWTP were studied.
The following conclusions can be drawn from the results:

1) For both total microorganisms and specific pathogens in WWTP
aerosols, the contributions of the horizontal rotor aerationwere
higher than those of the fine bubble aeration to the emission of
microbial aerosols.

2) Bacteria, fungi and chemicals in the aerosols generated by hor-
izontal rotor aeration had higher similarities to wastewater,
than those generated by fine bubble aeration.

3) Escherichia, Collinsella, Dermatophilus, Acidaminococcus and Tri-
chosporon in aerosols generated by horizontal rotor aeration,
and Mycobacterium, Gordonia, Escherichia, Chryseobacterium,
Dermatophilus, Dermatophilus and Pseudallescheria in aerosols
generated by fine bubble aeration, could be easily aerosolized.
4) The contributions of the horizontal rotor aeration and fine
bubble aeration to the aerosol emissions (size distributions,
microorganism and chemicals) from the wastewater were
different, which were governed by the specifications of the
aeration devices. So different control strategies should be
selected to target aerosols from different aeration modes.
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