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A B S T R A C T

Aerosols from wastewater treatment plants (WWTPs) are considered to be potentially hazardous to on-site
employees and surrounding residents. However, their harmful components and their effects remain poorly
understood. In this study, the characteristics, responsible factors, sources and exposure risks of potential pa-
thogens and toxic metal(loid)s in aerosols from four WWTPs were investigated. There were 21 potential pa-
thogens and 15 toxic metal(loid)s detected in the aerosols. Arcobacter and Fe were the dominant taxa responsible
for the dissimilarity of the potential pathogen population and toxic metal(loid) composition between the aerosols
and the wastewater/sludge, respectively. Both meteorological factors and sources affected pathogen and toxic
metal(loid) composition. The potential pathogens and toxic metal(loid)s in indoor aerosols mainly originated
from wastewater/sludge, while those in outdoor aerosols originated from wastewater/sludge and ambient air.
The highest respirable fraction (< 3.30 μm) concentrations and proportions were detected at the aeration units.
Non-carcinogenic and carcinogenic risks of toxic metal(loid)s for both adults and children were found within
and/or around WWTPs, and non-carcinogenic risks of bacteria for children were found at downwind, suggesting
the need for active safeguard procedures, such as that employees wear masks and work clothes, covering the
main emission sites, and collecting and destroying of aerosols.

1. Introduction

During biological treatment of wastewater, wastewater/sludge can
be aerosolized to the atmosphere under the drivers of aeration or me-
chanical agitation (Sánchez-Monedero et al., 2008; Uhrbrand et al.,
2017). These aerosols have been shown to contain some hazardous
components from wastewater/sludge (Gangamma et al., 2011;
Uhrbrand et al., 2017). Respiratory symptoms and impairment of lung
function can be related to the aerosols (Kim et al., 2017). Additionally,
some researchers have indicated that such aerosols can cause infectious
diseases (Chretien et al., 2015), allergies (Peden and Reed, 2010), acute
toxic effects (Gangamma et al., 2011; Marin et al., 2013), and cancer
(Felini et al., 2012; Gandhi et al., 2014). Thus, it is of great practical

significance for human health and environmental safety to identify
hazardous components and evaluate their risks.

Previous study has suggested that aerosol exposure occurs primarily
through inhalation or surface interception (Dueker et al., 2012). Be-
cause of the complexity of aerosol compositions, most studies have
considered the risk of microorganisms in aerosol risk assessments, and
the evaluation is based mainly on the total concentration of micro-
organisms in the aerosols (Fathi et al., 2017; Lee et al., 2016). However,
risk assessments of aerosols have been hampered slightly by the lack of
exposure standards or dose-effect relations (Douwes et al., 2003; Kim
et al., 2017). Recently, Han et al. (2019) and Yang et al. (2019) have
utilized the average daily dose (ADD) to evaluate the non-carcinogenic
risk of airborne bacteria via inhalation or dermal contact, as
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Abbreviations

Nomenclature

A2/O Anaerobic-anoxic-oxic
ABS Dermal absorption factor
ADD Average daily dose
ADDdermal Average daily dose by dermal contact
ADDinhalation Average daily dose by inhalation
AF Skin adherence factor
ANOSIM Analysis of similarity
AnoT Anoxic tank
APHA American Public Health Association
AT Average lifetime
ATn Average time
BW Body weight
C Concentration
CDIingestion Chemical daily intake by ingestion
CF Conversion factor
CR Carcinogenic risk
DADdermal Dermal absorbed dose
DW Downwind
ECinhalation Exposure concentration by inhalation
ED Exposure duration
EF Exposure frequency
ET Exposure time
FG Fine grid
GIABS Gastrointestinal absorption factor
HI Hazard index
HQ Hazard quotient
IngR Ingestion rate

IR Inhalation rate
IUR Inhalation unit risk
NH4

+-N Ammonia nitrogen
NMDS Non-metric multidimensional scaling ordination
OD Oxidation ditch
OXT Oxic tank
PES Polyethersulfone
RDA Redundancy analysis
RF Respirable fraction
RfCi Inhalation reference concentrations
RfD Reference dose
RfDo Oral reference dose
RH Relative humidity
SA Surface area of dermal contact
SBR Sequencing batch reactor
SDR Sludge dewatering room
SFo Oral slope factor
SIMPER Similarity percentage analysis
SR Solar radiation
T Temperature
TN Total nitrogen
TOC Total organic carbon
TP Total phosphorus
TSP Total suspended particulates
TSS Total suspended soils
USEPA United States Environmental Protection Agency
UW Upwind
VPA Variance partitioning analysis
WS Wind speed
WWTPs Wastewater treatment plants

Fig. 1. Distribution of sampling points at different WWTPs.
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recommended by the United States Environmental Protection Agency
(USEPA). The results suggested that inhalation was the primary mode
of exposure to airborne bacteria.

In addition to some potential pathogens (such as Enterococcus,
Kocuria, Micrococcus, Staphylococcus, and Streptomyces) (Uhrbrand
et al., 2017; Yang et al., 2019), some toxic metal(loid)s commonly
found in atmospheric aerosols, such as As, Co, Cr, Ni, and Cd, have
raised concerns (Charlesworth et al., 2011; Wu et al., 2007). These toxic
metal(loid)s have been proven to be harmful to human health (Fang
et al., 2010; Okuda et al., 2008; Wei and Yang, 2010). Therefore, the
hazardous components of aerosols from wastewater treatment plants
(WWTPs) need to be comprehensively identified and their sources
analyzed, which will aid accurate evaluation of subsequent aerosol
risks.

This study was conducted at four WWTPs in different regions using
three treatment processes: the anaerobic-anoxic-oxic (A2/O), sequen-
cing batch reactor (SBR), and oxidation ditch (OD) processes. The
characteristics of potential pathogens and toxic metal(loid)s in the
aerosols were investigated. Meanwhile, their responsible factors and
source were explored, and their risks were assessed. Our objective was
to provide a scientific basis for the control and management of aerosols
from WWTPs by ascertaining the potential harm of the aerosols to the
employees and the surrounding residents.

2. Materials and methods

2.1. Sampling points at different WWTPs

Aerosol samples were collected at four WWTPs located in Anhui
(WWTP1: 31.85°N, 117.10°E; WWTP2: 31.72°N, 117.22°E), Jiangsu
(WWTP3: 31.35°E, 119.86°E), and Guangzhou (WWTP4: 22.79°N,
114.11°E). The overviews of these WWTPs and sampling sites are pro-
vided in Fig. 1 and Table S1. All sampling sites were conducted at the
average human respiration height (1.5 m above ground level) (Niazi
et al., 2015). The sampling sites at WWTP1 with SBR process included
upwind (UW), fine grid (FG), SBR, sludge dewatering room (SDR), and
downwind (DW) sites. At WWTP2 and WWTP4 with OD process, the
sites included UW, FG, OD, SDR, and DW sites. At WWTP3 with A2/O
process, the sites included UW, FG, anoxic tank (AnoT), oxic tank
(OXT), SDR, and DW sites. Sites UW and DW were selected 200m from
the plant boundary along the direction of the wind.

During the sampling, temperature (T) and relative humidity (RH)
were monitored using a dewpoint thermohygrometer (WD-35612,
Oakton Instruments, Germany). Solar radiation (SR) and wind speed
(WS) were determined using an irradiance meter (HD2302.0, Delta
OHM, Italy) and a portable anemometer (HD2303, Delta OHM, Italy),
respectively. The data are summarized in Table S1.

2.2. Samples collection

Six-stage Andersen impactors (N6, Thermo Fisher Scientific Inc.
Waltham, MA, USA) were employed to collect culturable microorgan-
isms (Andersen, 1958). Each associated with 252 size-segregated air-
borne samples of bacteria, Enterobacteriaceae, Staphylococcus aureus
and Pseudomonas aeruginosa, were got in this study. The respirable
fraction (RF) of airborne particulates was defined as the fraction with
aerodynamic diameters< 3.30 μm in aerodynamic diameter (Uhrbrand
et al., 2017). Total suspended particulate (TSP) samples were collected
using a particulate matter sampler (TH-150C, TianHong, Wuhan,
China). A total of 21 TSP samples was collected in this study. Detailed
descriptions were provided in the Supporting Information (SI).

Seven-eighths of each film with collected particulate matter was cut
and shredded into small pieces in sequence. It was then rolled and
washed using sterile deionized water. After centrifugation at a cen-
trifugal force of 200 g at 4 °C for 3 h, the resuspension was filtered using
a 0.22 μm Supor 200 polyethersulfone (PES) membrane disc filter (Cao

et al., 2014). The enrichment and filtrate were subsequently used for
microbial and chemical analyses, respectively.

2.3. Characteristics of aerosols from WWTPs

2.3.1. Bacterial population
Film enrichments (PES filter collection) and wastewater/sludge

(200 μL) were collected for DNA extraction using a MO-BIO Power Soil
DNA Isolation Kit (USA) according to the manufacturer's instructions.
The hypervariable V3 and V4 regions of the 16S rRNA were amplified in
triplicate using primers 338F/806R (Dennis et al., 2013). DNA se-
quencing was performed using the Illumina Miseq platform at the
Shanghai Majorbio Bio-pharm Technology Co., Ltd (Majorbio,
Shanghai, China). A detailed description of this method can be found in
the study of Han et al. (2018).

2.3.2. Chemical analysis
The collected filtrate and wastewater/sludge were also used to

measure some toxic metal(loid)s. Fe, Al, Li, Ti, Cu, Zn, Mo, Ba, U, Mn,
As, Co, Cr, Ni, and Cd were determined using inductively coupled
plasma mass spectrometry (ICP-MS; NexION 300Q, PerkinElmer SCIEX,
USA). Total suspended soils (TSS), total organic carbon (TOC), total
phosphorus (TP), total nitrogen (TN), and ammonia nitrogen (NH4

+-N)
of the wastewater/sludge were determined using American Public
Health Association Standard Methods (American Public Health
Association (APHA), 1995).

2.4. Risk assessment

2.4.1. Bacteria
The non-carcinogenic risks of bacteria via inhalation and dermal

contact (Cangialosi et al., 2008; Li et al., 2013) were considered in this
study. According to United States Environmental Protection Agency
(USEPA) (1999) the average daily dose for inhalation (ADDinhalation) and
for dermal contact (ADDdermal) are as follows:

⋅ =
× × ×

×
ADD CFU kg d C IR EF ED

BW AT
[ /( )]inhalation (1)

⋅ =
× × × × ×

×
ADD CFU kg d C SA AF ABS EF ED

BW AT
[ /( )]dermal (2)

where ABS is the dermal absorption factor (m/h), 0.001 were used in
this study. The definitions and reference values of the other parameters
are listed in Table S2. There are obvious physical differences between
Chinese people and people from other regions, such as body weight and
body surface area (Li et al., 2013). Thus, the appropriate exposure
parameters for Chinese people were also referred to both Exposure
Factors Handbook of Chinese Population (adults) and the Environ-
mental Exposure-related Activity Patterns Survey of Chinese Population
(children) proposed by the Ministry of Environmental Protection of the
People's Republic of China (2013a, 2013b).

The hazard quotient (HQ) and hazard index (HI) were used to ex-
press the risk for non-carcinogenic pollutants:

=HQ ADD
RfD (3)

∑=HI HQi (4)

where RfD is the reference dose [CFU/(kg·d)] of bacteria, which has
been not stipulated to date. A threshold of 500 CFU/m3 of bacteria for
indoor office air has been suggested by the Bioaerosols Committee of
the American Conference of Governmental Industrial Hygienists
(ACGIH). Thus, the reference value of 500 CFU/m3 was used in this
study. The HI represents the integration of the HQ values for each
certain pollutant or each exposure route. When the HQ or HI < 1, non-
carcinogenic risks could be ignored. Conversely, non-carcinogenic risks
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are of concern.

2.4.2. Toxic metal(loid)s
According to the United States Environmental Protection Agency

(USEPA) (2011), the chemical daily intake (CDIingestion), dermal ab-
sorbed dose (DADdermal), and exposure concentration (ECinhalation) can be
estimated as follows:

⋅ =
× × ×

×
×CDI mg kg d

C IngR EF ED
BW AT

CF[ /( )]ingestion (5)

⋅ =
× × × × ×

×
×DAD mg kg d C SA AF ABS EF ED

BW AT
CF[ /( )]dermal (6)

=
× × ×EC μg m C ET EF ED

ATn
[ / ]inhalation

3
(7)

All of the parameters used in the calculations can be found in Table
S2.

The HQs and the carcinogenic risks (CR) posed by metal(loid)s in
the TSP via ingestion, dermal contact, and inhalation were assessed
using the following equations:

= = × = × ⋅ −HQ CDI RfDo DAD RfDo GIABS EC RfCi μg mg/ /( ) /( 1000 )1

(8)

= × = × = ×CR CDI SFo DAD SFo GIABS EC IUR( / ) (9)

The values for these parameters were obtained from the United
States Environmental Protection Agency (USEPA) (1999) and are pre-
sented in Table S2. The acceptable value of CR for protection is 1.00E-
06 and the value for tolerable risk is likely to be 1.00E-04.

2.5. Statistical analysis

The heatmap, non-metric multidimensional scaling ordination
(NMDS), analysis of similarity test (ANOSIM), and similarity percentage
analysis (SIMPER) were completed using PRIMER version 7.0 (Clarke
and Gorley, 2015). Source tracker (https://github.com/danknights/
sourcetracker/) in R was used to conduct microbial (Knights et al.,
2011) and elemental (Wang et al., 2018) source apportionment. Re-
dundancy analysis (RDA) and variance partitioning analysis (VPA) were
used to indicate the influence and the role of sources (A2/O, SBR, OD,
TSS, TOC, NH4

+-N, TN, TP, and scale) and environmental factors (RH,
T, WS, SR, and TSP) responsible for the microbial and elemental var-
iation. RDA and VPA were performed using the CANOCO 4.5 package
(Lepš; Šmilauer, 2003).

3. Results

3.1. Population of potential pathogens

The populations of the top 50 bacterial genera in the aerosols from

Fig. 2. Population and relative abundance (the top 50) (a), results of nonmetric multidimensional scaling ordination (NMDS) (b), and results of the similarity
percentage (SIMPER) analysis (c) of the potential pathogens.
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the different sampling sites are shown in Fig. S1a. As shown using the
Bray-Curtis similarity of the NMDS, the bacterial populations detected
in the various aerosol samples (UW, WWTPs, and DW) and the waste-
water/sludge clustered distinctly but with some overlap (stress= 0.08;
Fig. S1b). Based on the results of the ANOSIM and SIMPER analyses, a
significant difference was also found between the aerosols from the
WWTPs and the wastewater/sludge groups with a dissimilarity of
47.14% (pairwise test, R= 0.103, P=0.044; Fig. S1c). More sig-
nificant differences were observed between aerosols from the WWTPs
and the UW (dissimilarity= 61.77%; pairwise test, R=0.757,
P=0.001).

Compared to the bacterial pathogens summarized by Woolhouse
et al. (2012), 21 potential pathogens were detected with a relative
abundances of 10.91%, 28.87%, and 14.26% at FG, SBR, and SDR at
WWTP1; with relative abundances of 7.10%, 19.67%, and 7.94% at FG,
OD, and SDR at WWTP2; with relative abundances of 14.23%, 1.35%,
5.01% and 1.35% at FG, AnoT, OXT and SDR at WWTP3, and with
relative abundances of 6.14%, 5.02%, and 0.38% at FG, OD, and SDR at

WWTP4, respectively, as shown in Fig. 2a. The highest relative abun-
dances of the potential pathogens were found at the aeration units at
WWTP1 and WWTP2, and in the FG at WWTP3 and WWTP4. At
WWTP1, Rhodococcus was the predominant potential pathogen at the
FG and SDR, and Staphylococcus was predominant at SBR. At WWTP2,
Arcobacter was the predominant potential pathogen at FG and OD, and
Rhodococcus was predominant at SDR. At WWTP3, Rhodococcus and
Pseudomonas were the predominant potential pathogens at FG and
AnoT, respectively, and Arcobacter was predominant at OXT and SDR.
At WWTP4, Rhodococcus, Mycobacterium, and Arcobacter were the pre-
dominant potential pathogens at FG, OD, and SDR, respectively. Among
the potential pathogens, Arcobacter was the main pathogen contributing
to the difference between the aerosols from the WWTPs and the UW
with a contribution of 25.89% (Table S3), and also to the difference
between the aerosols from the WWTPs and the wastewater/sludge with
a contribution of 20.43% (Table S4). A significant difference was found
between the aerosols from the WWTPs and the wastewater/sludge
groups with a dissimilarity of 48.60% and a significant variation was

Fig. 3. Concentration variation (a), results of nonmetric multidimensional scaling ordination (NMDS) (b), and results of the similarity percentage (SIMPER) analysis
(c) of the toxic metal(loid)s.
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documented using the pairwise test (R=0.456, P=0.003; Fig. 2b and
c and Table S4). More significant differences were observed between
the aerosols from the WWTPs and the UW (dissimilarity= 58.33%;
pairwise test, R= 0.757, P=0.001; Fig. 2b and c, and Table S3).
Further analysis based on SIMPER showed that the contribution of any
single pathogen to the dissimilarity of the pathogenic bacterial popu-
lations was relatively low (SIMPER values < 25.89%; Tables S3–S5),
suggesting that the population variation, rather than the change in
abundance of any single pathogen, was responsible for high level of
dissimilarity detected between groups.

3.2. Composition of toxic metal(loid)s

Toxic metal(loid)s were detected in all of the samples. The highest
concentrations of single metal(loid)s in aerosols were found at the SDR
or aeration unit (Fig. 3a). At WWTP1, the highest concentrations of Fe,
Al, Li, Ti, Cu, Zn, Mo, Ba, U, Mn, As, Co, Cr, Ni, and Cd were detected at
the SDR, with concentrations of 1.79E+00, 1.90E+00, 1.69E-02,
7.54E-03, 3.67E-02, 8.33E-01, 1.66E-02, 1.86E-01, 3.96E-04, 7.67E-02,
2.27E-02, 6.04E-04, 8.17E-03, 5.44E-03, and 3.56E-02 μg/m3, respec-
tively. At WWTP2, WWTP3, and WWTP4, they were found at the OD,
SDR, and OD, respectively. Generally, the concentrations of these metal
(loid)s were higher at DW than at UW.

The compositions of toxic metal(loid)s in the wastewater/sludge
(Fig. 3b, Table S6) were quite similar. The ANOSIM and SIMPER results
(Fig. 3c and Table S7) indicated a significant difference between the
aerosols and the wastewater/sludge groups (average squared

distance= 1563.14; pairwise test, R=0.600, P=0.001). The dissim-
ilarity between UW and the aerosols and the dissimilarity between UW
and DW were not significant (Fig. 3c, Tables S8 and S9). Ba, Fe, and Zn
contributed 64.78%, 74.14%, and 49.66% of the average squared dis-
tance between the aerosols and UW, between the aerosols and the
wastewater/sludge, and between UW and DW (Tables S7–S9), respec-
tively. The contribution of a single metal(loid) to the dissimilarity of
selected toxic metal(loid)s composition was relatively high (SIMPER
values up to 74.14%; Tables S7–S9), suggesting that the variation in
concentration of a single metal(loid) could make a great contribution to
high level of dissimilarity detected between groups.

3.3. Concentrations and size distributions of specific pathogens

In all of the studied plants, the concentrations of bacteria,
Enterobacteriaceae, Staphylococcus aureus, and Pseudomonas aeruginosa
in WWTPs were comparable to those of UW (Fig. 4). Similar results of
bacteria were previously reported by Uhrbrand et al. (2017) and
Kowalski et al. (2017). Higher concentrations of the studied micro-
organisms were found at DW than at UW, and the higher concentrations
were influenced by aerosol particulate matter emitted from the WWTPs
(Piqueras et al., 2016). As shown in Fig. 4a, the highest concentrations
of bacteria of 2566, 2173, 2717, and 2384 CFU/m3 were found at the
aeration units (SBR, OD, and OXT) of the four WWTPs.

The presence of Enterobacteriaceae reflects the level of aerosol
pollution from the wastewater/sludge and is an important factor during
the monitoring of air quality at WWTPs (Gotkowska-Płachta et al.,

Fig. 4. Concentrations of selected microorganism associated with size-segregated airborne particulate matter: (a) Bacteria; (b) Enterobacteriaceae; (c) Staphylococcus
aureus; (d) Pseudomonas aeruginosa.
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2013; Korzeniewska et al., 2009). In the present study, SDR and aera-
tion units were the prime escape sites of Enterobacteriaceae with the
highest concentrations at each WWTP (Fig. 4b). Concentrations of 972,
1900, 1346, and 1748 CFU/m3 were detected at the SBR at WWTP1, the
SDR at WWTP2, the OXT at WWTP3, and the SDR at WWTP4, respec-
tively. Gotkowska-Płachta et al. (2013) and Korzeniewska et al. (2009)
reported the highest concentrations of Enterobacteriaceae within the
bioreactor (up to 500 CFU/m3) and in biological treatment (up to
290 CFU/m3). In the analyses of the aerosol samples, particular atten-
tion was also paid to Staphylococcus aureus (Fig. 4c) and Pseudomonas
aeruginosa (Fig. 4d), which are also important indicators of pathogenic
bacteria in toxicological and epidemiological studies (Chen et al., 2018;
Landrum et al., 2012). The highest concentrations of Staphylococcus
aureus were found in the aeration units (SBR, OD, and OXT) at the
WWTPs. The SDR and aeration units were also the prime escape sites of
Pseudomonas aeruginosa with the highest concentrations at the WWTPs.
Concentrations of 80, 97, 71, and 71 CFU/m3 were detected at the SDR
at WWTP1, the SDR at WWTP2, the OXT at WWTP3, and the OD at
WWTP4, respectively.

The highest RF-concentrations and RF-proportions of the bacteria,
Enterobacteriaceae, Staphylococcus aureus, and Pseudomonas aeruginosa
were detected in the aerosols at the aeration units (Fig. 4). The lowest
largest-fragment (> 7.00 μm) proportion was detected in the SDR (in-
door), which is similar to the results of Fang et al. (2008) and Uhrbrand
et al. (2017). The aeration units mainly utilize horizontal rotors or air
diffuser aerators for aeration, which have a shearing effect on particles
(Sánchez-Monedero et al., 2008). The SDR conducts sludge dewatering
by means of a plate-frame pressure filtration, and the particulate matter
that has been aerosolized is sufficiently small to disperse (Yang et al.,
2019). In addition, the SDR, which is indoors, is less susceptible to other
particles such as those of soil, plant material, and dry dust/material
present in the ambient air (Uhrbrand et al., 2017), so has a low degree
of transformation in size (Jaiprakash et al., 2017). Higher RF-propor-
tions and lower largest-fragment (> 7.00 μm) proportions of airborne
particulate matter were found at DW than at UW (Fig. 4), which may be

a result of the deposition of large particles (Dueker et al., 2012) and fine
particle diffusion driven by the wind over a long distance (Piqueras
et al., 2016).

3.4. Responsible factors

Forward selection and Monte Carlo permutation tests showed that
the selected 14 factors explained 33.30% and 23.90% variability of
potential pathogens and toxic metal(loid)s (Lambda A; Tables S10 and
S11), respectively.

For the potential pathogens, six sources (Tables S1 and S12), in-
cluding TOC, TSS, scale, and three nominal variables (OD, A2/O, and
SBR), as well as three meteorological factors (RH, TSP, and WS) (Table
S1) were the leading factors responsible for shaping the patterns of the
potential pathogen population (Lambda 1; Table S10). Following the
addition of TOC to the ordination, TSS, scale, RH, and TSP, explained
any significance amount of remaining variations (P < 0.05; Table
S10). Taking Arcobacter as an example (Fig. 5a), a positive correlation
was found with TSS, TOC, TSP, scale, and RH, and a negative correla-
tion was found with WS. Variation in the treatment process could affect
variability. The OD process could have generated more Arcobacter than
the A2/O or SBR processes. VPA was used to explore the relative role of
the source and meteorological factors (Fig. 5b). As 33.30% of the
variability was explained by all of the 14 variables, the VPA analysis
showed that 14.30% and 9.90% of the total variability in the potential
pathogen population was explained solely by the nine sources and five
meteorological factors, respectively. In addition, 9.10% of the total
variability in the potential pathogen population was simultaneously
explained by these two factor categories.

For toxic metal(loid)s in aerosols, three sources (TSS, scale, and
NH4

+-N) and three meteorological factors (TSP, RH, and WS) were the
leading factors responsible for the variability of the toxic metal(loid)s
composition (Lambda 1; Table S11). Following the addition of TSP to
the ordination, TSS, scale, RH, and WS explained any significance
amount of remaining variations (P < 0.05; Table S11). Taking the

Fig. 5. Results of redundancy analysis (RDA) and variation partitioning analysis (VPA) of potential pathogens (a, b) and toxic metal(loid)s (c, d) in aerosols sampled
from WWTPs.

T. Yang, et al. Ecotoxicology and Environmental Safety 183 (2019) 109543

7



element of arsenic as an example (Fig. 5c), a positive correlation was
found with TSS, TSP, scale, and RH, and a negative correlation was
found with WS and NH4

+-N. VPA analysis showed that 23.00% of the
variability was explained by all 14 variables, and 10.45% and 8.10% of
the total variability in the toxic metal(loid)s was explained solely by the
nine sources and five meteorological factors, respectively (Fig. 5d).
Approximately 4.50% of the total variability in the toxic metal(loid)s
was explained simultaneously by these two factor categories.

3.5. Sources

SourceTracker was employed to research the origins of potential
pathogens and toxic metal(loid)s. Fig. 6a shows that 27.01%–72.11%
and 18.23%–37.15% of the potential pathogens originated from was-
tewater/sludge and ambient air, respectively. In addition,
21.33%–61.24% and 18.05%–55.05% of the toxic metal(loid)s origi-
nated from wastewater/sludge and ambient air, respectively (Fig. 6b).
At each WWTP, the highest percentage of potential pathogens and toxic
metal(loid)s were from the wastewater/sludge in the SDR. Proportions
of 56.18%, 57.26%, 72.11%, and 45.06% of the potential pathogens in
the SDR at WWTP1, WWTP2, WWTP3, and WWTP4, respectively, ori-
ginated from wastewater/sludge. In addition, 61.24%, 57.42%,
41.27%, and 56.33% of the toxic metal(loid)s in the SDR at WWTP1,
WWTP2, WWTP3, and WWTP4, respectively, originated from waste-
water/sludge.

3.6. Risk assessment

3.6.1. Bacteria
The highest value of HQ-dermal contact, HQ-inhalation, and HI

were found at the aeration units of each WWTP (Table S13). For chil-
dren, adult males, and adult females, the HQ values of bacteria via
inhalation were significantly greater than those via dermal contact,
suggesting that inhalation was the primary exposure route. For adult
males and females in and/or around the WWTPs, the HQ or HI values
were less than 1 and the bacterial health risks were thus negligible.
However, at DW around WWTP1, WWTP2, and WWTP3, the HQ-in-
halation and HI values of children were greater than 1, suggesting non-
carcinogenic bacterial risk.

3.6.2. Toxic metal(loid)s
The non-carcinogenic and carcinogenic risks of toxic metal(loid)s at

the WWTPs via ingestion, dermal contact, and inhalation were calcu-
lated for adults and children (Tables S14–S20). In this study, for chil-
dren, adult males, and adult females, the non-carcinogenic and carci-
nogenic risks of toxic metal(loid)s via inhalation were significantly
higher than those via ingestion or dermal contact, suggesting that in-
halation was the primary exposure route (Fig. 7).

The integrated non-carcinogenic risks for adult male and female

exposure to toxic metal(loid)s exceeded the safe level (HI > 1) at the
OD at WWTP4 (Fig. 7a and b). The HI values for children at the DW of
the four WWTPs were all less than 1, suggesting that the non-carcino-
genic risks of toxic metal(loid)s for children were negligible (Fig. 7c).
For carcinogenic risks, all the studied sites exceeded the acceptable
level (> 1.00E-06). Particularly, the integrated CR values for adult
males and adult females at the OD at WWTP2 and WWTP4, and for
children at DW around WWTP1, WWTP2, and WWTP3, were greater
than 1.00E-04, indicating that the carcinogenic risks exceeded the tol-
erable level. The SDR and aeration units had the highest non-carcino-
genic and carcinogenic risks for toxic metal(loid)s. At DW, there were
higher carcinogenic risks from toxic metal(loid)s for children than for
adult males and females.

4. Discussion

In this study, 21 potential pathogens (Figs. 2a) and 15 toxic metal
(loid)s (Fig. 3a) were detected in the aerosols. Specific pathogens, such
as Enterobacteriaceae, Staphylococcus aureus, and Pseudomonas aerugi-
nosa (Fig. 4), associated with the RF, could increase the exposure risk
for both WWTP employees and surrounding residents. Some of the in-
testinal bacteria within Enterobacteriaceae are associated with toxic
pneumonia (Rylander, 1999; Ryan and Ray, 2004), chronic bronchitis
(Espigares et al., 2006), asthma (Fisher and Phillips, 2009), and other
disorders (Mulloy, 2001). Staphylococcus aureus is among the most
common causes of bacteremia and infective endocarditis (Tong et al.,
2015). Pseudomonas aeruginosa is a multidrug-resistant pathogen re-
cognized as being associated with serious illnesses and hospital-ac-
quired infections such as ventilator-associated pneumonia and various
sepsis syndromes (Balcht and Smith, 1994). Based on the results of the
risk assessments utilizing the ADD, non-carcinogenic risks of bacteria
for children were found at the DW of the WWTPs (Table S13).

Generally, the health risks from toxic metals in street dust and urban
soils are within the acceptable level (Betha and Balasubramanian, 2011;
Guney et al., 2010; Hu et al., 2012), except in some areas in and/or
around smelting and mining infrastructure (Kim et al., 2002; Zheng
et al., 2010). In this study, high non-carcinogenic and carcinogenic risks
of toxic metal(loid)s were also detected in and/or around WWTPs
(Fig. 7). In addition to employees and surrounding residents, the chil-
dren could easily come into contact with aerosol particulates via in-
gestion, dermal contact, and inhalation (Tables S13–S20). Therefore,
active safeguard procedures, such as ensuring that employees wear
masks and work clothes, covering the main emission sites, and col-
lecting and destroying of aerosols, are essential.

A previous study (Zhen et al., 2017) has suggested that meteor-
ological factors and source properties could affect the bacterial popu-
lation. In this study, we also found that meteorological factors and
source properties were included in the significant explanation of the
potential pathogen population and toxic metal(loid) composition, and

Fig. 6. Sources of potential pathogens (a) and toxic metal(loid)s (b) came from wastewater/sludge and UW.
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that source played a more important role in driving variability based on
multiple analyses (Fig. 6). TSP, RH, and WS were the dominant me-
teorological factors shaping the potential pathogen population and
toxic metal(loid)s composition (Tables S10 and S11). Because airborne
bacteria (Smets et al., 2016) and chemicals (Han et al., 2018) typically
adhere to particulate matter, emission and removal are associated with
size-segregated airborne particulate matter. A very high RH avails to
the subsistence of airborne bacteria (Yang et al., 2019). However, a
higher RH can promote particle deposition because suspended particles
absorb liquid water content, increasing the particle weight and size
(Zhen et al., 2017). Relatively high WS can dilute the particle con-
centrations (Wang et al., 2018; Yang et al., 2019) and mix dust from
various surfaces with aerosolized particles from other sources (Zhen
et al., 2017). TSS and scale were the dominant sources affecting both
potential pathogen populations and toxic metal(loid) composition.
Aerosol particle concentration was positively correlated with TSS, and
larger scale WWTPs might have higher aerosol fluxes of primary par-
ticulate emissions (Piqueras et al., 2016). A higher number of aerosol
particles increases the likelihood of adherence of more potential pa-
thogens and toxic metal(loid)s. Meanwhile, increased aggregation and
deposition of suspended particles could occur. In our study, both po-
sitive and negative correlations between TSS (or scale) and different
potential pathogens were determined, nearly all of toxic metal(loids)
studied were positively correlated with TSS and scale (Fig. 5).

The qualitative SourceTracker analysis (Fig. 6) illustrated that am-
bient air and wastewater/sludge were both important sources of po-
tential pathogens and toxic metal(loid)s. For individual units at the
WWTPs, indoor aerosols were mainly components of the wastewater/
sludge treatment process, such as the SDR, which was less susceptible to
the atmospheric environment and provided a more accurate reflection
of the nature of the wastewater/sludge sources than the outdoor sam-
pling sites.

5. Conclusion

The characteristics, responsible factors, sources, and exposure risks

of potential pathogens and toxic metal(loid)s in aerosols were in-
vestigated in this study. The main emission sources of airborne bacteria
and toxic metal(loid)s were aeration units and the SDR. A total of 21
potential pathogens and 15 toxic metal(loid)s were detected in the
aerosols. Approximately 27.01%–72.11% of the potential pathogens
and 21.33%–61.24% of the toxic metal(loid)s originated from waste-
water/sludge. In indoor units at WWTPs, such as the SDR, potential
pathogens and toxic metal(loid)s in aerosols mainly originated from
wastewater/sludge. Inhalation was the primary exposure route of air-
borne bacteria and toxic metal(loid)s. Non-carcinogenic risks from
bacteria for children were detected DW of the WWTPs. High carcino-
genic risks of toxic metal(loid)s for both adults and children were also
found in and/or around the WWTPs, particularly at some sites that
exceeded the tolerable level. Sufficient attention needs to be given to
aerosol control and hygiene protection. Risk assessment should also be
conducted for special pathogens.

Acknowledgement

This work was supported by the National Natural Science
Foundation of China (NO. 51308527), the China Welfare Funds for
Environmental Protection (No. 201509008), the Young Scientists Fund
of RCEES (RCEES-QN-20130006F), the Provincial Key Research and
Development Program of Sichuan (2019YFN0027), and the Chengdu
Science and Technology Benefit People Technology Research and
Development Project (2016-HM01-00502-SF).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecoenv.2019.109543.

Conflicts of interest

The authors declare no competing financial interests.

Fig. 7. Non-carcinogenic and carcinogenic risks of toxic metal(loid)s for adult male (a), female (b), and children (c) within and/or around WWTPs.

T. Yang, et al. Ecotoxicology and Environmental Safety 183 (2019) 109543

9

https://doi.org/10.1016/j.ecoenv.2019.109543
https://doi.org/10.1016/j.ecoenv.2019.109543


References

American Public Health Association (APHA), 1995. Standard Methods for the
Examination of Water and Wastewater, nineteenth ed. APHA, Washington, DC.

Andersen, A.A., 1958. New sampler for the collection, sizing, and enumeration of viable
airborne particles. J. Bacteriol. 76, 471–484.

Balcht, A.L., Smith, R.P., 1994. Pseudomonas aeruginosa: Infections and Treatment.
Marcel Dekker Inc., New York.

Betha, R., Balasubramanian, R., 2011. Emissions of particulate-bound elements from
stationary diesel engine: characterization and risk assessment. Atmos. Environ. 45
(30), 5273–5281. https://doi.org/10.1016/j.atmosenv.2011.06.060.

Cangialosi, F., Intini, G., Liberti, L., Notarnicola, M., Stellacci, P., 2008. Health risk as-
sessment of air emissions from a municipal solid waste incineration plant-a case
study. Waste Manag. 28 (5), 885–895. https://doi.org/10.1016/j.wasman.2007.05.
006.

Cao, C., Jiang, W., Wang, B., Fang, J., Lang, J., Tian, G., Jiang, J., Zhu, T., 2014. Inhalable
microorganisms in Beijing's PM2.5 and PM10 pollutants during a severe smog event.
Environ. Sci. Technol. 48 (3), 1499–1507. https://doi.org/10.1021/es4048472.

Charlesworth, S., De Miguel, E., Ordonez, A., 2011. A review of the distribution of par-
ticulate trace elements in urban terrestrial environments and its application to con-
siderations of risk. Environ. Geochem. Health 33 (2), 103–123. https://doi.org/10.
1007/s10653-010-9325-7.

Chen, Z., Xu, Z., Wu, H., Chen, L., Gao, S., Chen, Y., 2018. The impact of carbapenem-
resistant Pseudomonas aeruginosa on clinical and economic outcomes in a Chinese
tertiary care hospital: a propensity score-matched analysis. Am. J. Infect. Contr. 00,
1–6. https://doi.org/10.1016/j.ajic.2018.10.025.

Chretien, J.A., Anyamba, A., Small, J., Britch, S., Sanchez, J.L., Halbach, A.C., Tucker, C.,
Linthicum, K.J., 2015. Global climate anomalies and potential infectious disease
risks: 2014-2015. Plos Curr 1. https://doi.org/10.1371/currents.outbreaks.
95fbc4a8fb4695e049baabfc2fc8289f.

Clarke, K.R., Gorley, R.N., 2015. PRIMER V7: User Manual/Tutorial. PRIMER-E,
Plymouth, UK. http://www.primer-e.com/.

Dennis, K.L., Wang, Y., Blatner, N.R., Wang, S., Saadalla, A., Trudeau, E., Roers, A.,
Weaver, C.T., Lee, J.J., Gilbert, J.A., Chang, B.E., Khazaie, K., 2013. Adenomatous
polyps are driven by microbe-instigated focal inflammation and are controlled by IL-
10 producing T-cells. Cancer Res. 73 (19), 5905–5913. https://doi.org/10.1158/
0008-5472.CAN-13-1511.

Douwes, J., Thorne, P., Pearce, N., Heederik, D., 2003. Bioaerosol health effects and
exposure assessment: progress and prospects. Ann. Occup. Hyg. 47 (3), 187–200.
https://doi.org/10.1093/annhyg/meg032.

Dueker, M.E., O'Mullan, G.D., Juhl, A.R., Weathers, K.C., Uriarte, M., 2012. Local en-
vironmental pollution strongly influences culturable bacterial aerosols at an urban
aquatic superfund site. Environ. Sci. Technol. 46 (20), 10926–10933. https://doi.
org/10.1021/es301870t.

Espigares, E., Bueno, A., Espigares, M., Galvez, R., 2006. Isolation of Salmonella serotypes
in wastewater and effluent: effect of treatment and potential risk. Int. J. Hyg Environ.
Health 209 (1), 103–107. https://doi.org/10.1016/j.ijheh.2005.08.006.

Fang, G.C., Huang, Y.L., Huang, J.H., 2010. Study of atmospheric metallic elements
pollution in Asia during 2000-2007. J. Hazard Mater. 180 (1–3), 115–121. https://
doi.org/10.1016/j.jhazmat.2010.03.120.

Fang, Z., Ouyang, Z., Zheng, H., Wang, X., 2008. Concentration and size distribution of
culturable airborne microorganisms in outdoor environments in Beijing, China.
Aerosol Sci. Technol. 42 (5), 325–334. https://doi.org/10.1080/
02786820802068657.

Fathi, S., Hajizadeh, Y., Nikaeen, M., Gorbani, M., 2017. Assessment of microbial aerosol
emissions in an urban wastewater treatment plant operated with activated sludge
process. Aerobiologia 33 (4), 507–515. https://doi.org/10.1007/s10453-017-9486-2.

Felini, M., Preacely, N., Shah, N., Christopher, A., Sarda, V., Elfaramawi, M., Sall, M.,
Bangara, S., Gandhi, S., Johnson, E.S., 2012. A case-cohort study of lung cancer in
poultry and control workers: occupational findings. Occup. Environ. Med. 69 (3),
191–197. https://doi.org/10.1136/oemed-2011-100310.

Fisher, K., Phillips, C., 2009. The ecology, epidemiology and virulence of Enterococcus.
Microbiology 155, 1749–1757. https://doi.org/10.1099/mic.0.026385-0.

Gandhi, S., Felini, M.J., Ndetan, H., Cardarelli, K., Jadhav, S., Faramawi, M., Johnson,
E.S., 2014. A pilot case-cohort study of brain cancer in poultry and control workers.
Nutr. Cancer 66 (3), 343–350. https://doi.org/10.1080/01635581.2013.878734.

Gangamma, S., Patil, R.S., Mukherji, S., 2011. Characterization and proinflammatory
response of airborne biological particles from wastewater treatment plants. Environ.
Sci. Technol. 45 (8), 3282–3287. https://doi.org/10.1021/es103652z.

Gotkowska-Płachta, A., Filipkowska, Z., Korzeniewska, E., Janczukowicz, W., Dixon, B.,
Golas, I., Szwalgin, D., 2013. Airborne microorganisms emitted from wastewater
treatment plant treating domestic wastewater and meat processing industry wastes.
Clean. - Soil, Air, Water 41 (5), 429–436. https://doi.org/10.1002/clen.201100466.

Guney, M., Zagury, G.J., Dogan, N., Onay, T.T., 2010. Exposure assessment and risk
characterization from trace elements following soil ingestion by children exposed to
playgrounds, parks and picnic areas. J. Hazard Mater. 182 (1–3), 656–664. https://
doi.org/10.1016/j.jhazmat.2010.06.082.

Han, Y., Wang, Y., Li, L., Xu, G., Liu, J., Yang, K., 2018. Bacterial population and che-
micals in bioaerosols from indoor environment: sludge dewatering houses in nine
municipal wastewater treatment plants. Sci. Total Environ. 618, 469–478. https://
doi.org/10.1016/j.scitotenv.2017.11.071.

Han, Y., Yang, K., Yang, T., Zhang, M., Li, L., 2019. Bioaerosols emission and exposure
risk of a wastewater treatment plant with A2O treatment process. Ecotoxicol.
Environ. Saf. 169, 161–168. https://doi.org/10.1016/j.ecoenv.2018.11.018.

Hu, X., Zhang, Y., Ding, Z., Wang, T., Lian, H., Sun, Y., Wu, J., 2012. Bioaccessibility and

health risk of arsenic and heavy metals (Cd, Co, Cr, Cu, Ni, Pb, Zn and Mn) in TSP and
PM2.5 in Nanjing, China. Atmos. Environ. Times 57, 146–152. https://doi.org/10.
1016/j.atmosenv.2012.04.056.

Jaiprakash, Singhai, A., Habib, G., Raman, R.S., Gupta, T., 2017. Chemical character-
ization of PM1.0 aerosol in Delhi and source apportionment using positive matrix
factorization. Environ. Sci. Pollut. Res. 24 (1), 1–18. https://doi.org/10.1007/
s11356-016-7708-8.

Kim, J.Y., Kim, K.W., Lee, J.U., Lee, J.S., Cook, J., 2002. Assessment of as and heavy metal
contamination in the vicinity of duckum Au-Ag mine, Korea. Environ. Geochem.
Health 24 (3), 215–227. https://doi.org/10.1023/A:1016096017050.

Kim, K.H., Kabir, E., Jahan, S.A., 2017. Airborne bioaerosols and their impact on human
health. J. Environ. Sci. 67, 23–35. https://doi.org/10.1016/j.jes.2017.08.027.

Knights, D., Kuczynski, J., Charlson, E.S., Zaneveld, J., Mozer, M.C., Collman, R.G.,
Bushman, F.D., Knight, R., Kelley, S.T., 2011. Bayesian community-wide culture-in-
dependent microbial source tracking. Nat. Methods 8, 761–763. https://doi.org/10.
1038/nmeth.1650.

Korzeniewska, E., Filipkowska, Z., Gotkowska-Płachta, A., Janczukowicz, W., Dixon, B.,
Czulowska, M., 2009. Determination of emitted airborne microorganisms from a BIO-
PAK wastewater treatment plant. Water Res. 43 (11), 2841–2851. https://doi.org/10.
1016/j.watres.2009.03.050.

Kowalski, M., Wolany, J., Pastuszka, J.S., Plaza, G., Wlazlo, A., Ulfig, K., Malina, A., 2017.
Characteristics of airborne bacteria and fungi in some Polish wastewater treatment
plants. Int. J. Environ. Sci. Technol. 14 (10), 2181–2192. https://doi.org/10.1007/
s13762-017-1314-2.

Landrum, M.L., Neumann, C., Cook, C., Chukwuma, U., Ellis, M.W., Hospenthal, D.R.,
Murray, C.K., 2012. Epidemiology of Staphylococcus aureus blood and skin and soft
tissue infections in the US military health system, 2005-2010. JAMA, J. Am. Med.
Assoc. 308 (1), 50–59. https://doi.org/10.1001/jama.2012.7139.

Lee, B.U., Lee, G., Heo, K.J., 2016. Concentration of culturable bioaerosols during winter.
J. Aerosol Sci. 94, 1–8. https://doi.org/10.1016/j.jaerosci.2015.12.002.

Lepš, J., Šmilauer, P., 2003. Multivariate Analysis of Ecological Data Using CANOCO.
Cambridge University Press, Cambridge, UK.

Li, Y., Zhang, H., Qiu, X., Zhang, Y., Wang, H., 2013. Dispersion and risk assessment of
bacterial aerosols emitted from rotating-brush aerator during summer in a waste-
water treatment plant of Xi’an, China. Aerosol Air Qual. Res. 13 (6), 1807–1814.
https://doi.org/10.4209/aaqr.2012.09.0245.

Marin, S., Ramos, A.J., Cano-Sancho, G., Sanchis, V., 2013. Mycotoxins: occurrence,
toxicology, and exposure assessment. Food Chem. Toxicol. 60 (10), 218–237. https://
doi.org/10.1016/j.fct.2013.07.047.

Ministry of Environmental Protection of the People′s Republic of China, 2013a. Exposure
Factors Handbook of Chinese Population (Adults). China environment press, Beijing,
China.

Ministry of Environmental Protection of the People′s Republic of China, 2013b.
Environmental Exposure Related Activity Patterns Survey of Chinese Population
(Children). China environment press, Beijing, China.

Mulloy, K.B., 2001. Sewage workers: toxic hazards and health effects. Occup. Med. 16
(16), 23–38. https://doi.org/10.1136/oem.58.1.68.

Niazi, S., Hassanvand, M.S., Mahvi, A.H., Nabizadeh, R., Alimohammadi, M., Nabavi, S.,
Faridi, S., Dehghani, A., Hoseini, M., Moradi-Joo, M., Mokamel, A., Kashani, H.,
Yarali, N., Yunesian, M., 2015. Assessment of bioaerosol contamination (bacteria and
fungi) in the largest urban wastewater treatment plant in the Middle East. Environ.
Sci. Pollut. Res. 22 (20), 16014–16021. https://doi.org/10.1007/s11356-015-4793-z.

Okuda, T., Katsuno, M., Naoi, D., Nakao, S., Tanaka, S., He, K.B., Ma, Y.L., Lei, Y., Jia,
Y.T., 2008. Trends in hazardous trace metal concentrations in aerosols collected in
Beijing, China from 2001 to 2006. Chemosphere 72 (6), 917–924. https://doi.org/10.
1016/j.chemosphere.2008.03.033.

Peden, D., Reed, C.E., 2010. Environmental and occupational allergies. J. Allergy Clin.
Immunol. 125 (2), S150–S160. https://doi.org/10.1016/j.jaci.2009.12.012.

Piqueras, P., Li, F., Castelluccio, V., Matsumoto, M., Asa-Awuku, A., 2016. Real-time
ultrafine aerosol measurements from wastewater treatment facilities. Environ. Sci.
Technol. 50 (20), 11137–11144. https://doi.org/10.1021/acs.est.6b02684.

Ryan, K.J., Ray, C.G., 2004. Sherris Medical Microbiology, fourth ed. McGraw Hill.
Rylander, R., 1999. Health effects among workers in sewage treatment plants. Occup.

Environ. Med. 56 (5), 354–357. http://doi.org/10.1136/oem.56.5.354.
Sánchez-Monedero, M.A., Aguilar, M.I., Fenoll, R., Roig, A., 2008. Effect of the aeration

system on the levels of airborne microorganisms generated at wastewater treatment
plants. Water Res. 42 (14), 3739–3744. https://doi.org/10.1016/j.watres.2008.06.
028.

Smets, W., Moretti, S., Denys, S., Lebeer, S., 2016. Airborne bacteria in the atmosphere:
presence, purpose, and potential. Atmos. Environ. 139, 214–221. https://doi.org/10.
1016/j.atmosenv.2016.05.038.

Tong, S.Y.C., Davis, J.S., Eichenberger, E., Holland, T.L., Fowler, V.G., 2015.
Staphylococcus aureus infections: epidemiology, pathophysiology, clinical manifes-
tations, and management. Clin. Microbiol. Rev. 28, 603–661. https://doi.org/10.
1128/CMR.00134-14.

Uhrbrand, K., Schultz, A.C., Koivisto, A.J., Nielsen, U., Madsen, A.M., 2017. Assessment of
airborne bacteria and noroviruses in air emission from a new highly-advanced hos-
pital wastewater treatment plant. Water Res. 112, 110–119. https://doi.org/10.
1016/j.watres.2017.01.046.

United States Environmental Protection Agency (USEPA), 1999. Human Health and
Ecological Risk Assessment Support to the Development of Technical Standards for
Emissions from Combustion Units Burning Hazardous Wastes, Background
Document. USEPA, Washington, DC. http://www.epa.gov/osw/hazard/tsd/td/
combust/pdfs/rabdmain.pdf.

United States Environmental Protection Agency (USEPA), 2011. Risk assessment guidance
for superfund. In: Part A, Human Health Evaluation Manual; Part E, Supplemental

T. Yang, et al. Ecotoxicology and Environmental Safety 183 (2019) 109543

10

http://refhub.elsevier.com/S0147-6513(19)30874-7/sref1
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref1
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref2
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref2
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref3
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref3
https://doi.org/10.1016/j.atmosenv.2011.06.060
https://doi.org/10.1016/j.wasman.2007.05.006
https://doi.org/10.1016/j.wasman.2007.05.006
https://doi.org/10.1021/es4048472
https://doi.org/10.1007/s10653-010-9325-7
https://doi.org/10.1007/s10653-010-9325-7
https://doi.org/10.1016/j.ajic.2018.10.025
https://doi.org/10.1371/currents.outbreaks.95fbc4a8fb4695e049baabfc2fc8289f
https://doi.org/10.1371/currents.outbreaks.95fbc4a8fb4695e049baabfc2fc8289f
http://www.primer-e.com/
https://doi.org/10.1158/0008-5472.CAN-13-1511
https://doi.org/10.1158/0008-5472.CAN-13-1511
https://doi.org/10.1093/annhyg/meg032
https://doi.org/10.1021/es301870t
https://doi.org/10.1021/es301870t
https://doi.org/10.1016/j.ijheh.2005.08.006
https://doi.org/10.1016/j.jhazmat.2010.03.120
https://doi.org/10.1016/j.jhazmat.2010.03.120
https://doi.org/10.1080/02786820802068657
https://doi.org/10.1080/02786820802068657
https://doi.org/10.1007/s10453-017-9486-2
https://doi.org/10.1136/oemed-2011-100310
https://doi.org/10.1099/mic.0.026385-0
https://doi.org/10.1080/01635581.2013.878734
https://doi.org/10.1021/es103652z
https://doi.org/10.1002/clen.201100466
https://doi.org/10.1016/j.jhazmat.2010.06.082
https://doi.org/10.1016/j.jhazmat.2010.06.082
https://doi.org/10.1016/j.scitotenv.2017.11.071
https://doi.org/10.1016/j.scitotenv.2017.11.071
https://doi.org/10.1016/j.ecoenv.2018.11.018
https://doi.org/10.1016/j.atmosenv.2012.04.056
https://doi.org/10.1016/j.atmosenv.2012.04.056
https://doi.org/10.1007/s11356-016-7708-8
https://doi.org/10.1007/s11356-016-7708-8
https://doi.org/10.1023/A:1016096017050
https://doi.org/10.1016/j.jes.2017.08.027
https://doi.org/10.1038/nmeth.1650
https://doi.org/10.1038/nmeth.1650
https://doi.org/10.1016/j.watres.2009.03.050
https://doi.org/10.1016/j.watres.2009.03.050
https://doi.org/10.1007/s13762-017-1314-2
https://doi.org/10.1007/s13762-017-1314-2
https://doi.org/10.1001/jama.2012.7139
https://doi.org/10.1016/j.jaerosci.2015.12.002
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref35
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref35
https://doi.org/10.4209/aaqr.2012.09.0245
https://doi.org/10.1016/j.fct.2013.07.047
https://doi.org/10.1016/j.fct.2013.07.047
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref38
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref38
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref38
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref39
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref39
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref39
https://doi.org/10.1136/oem.58.1.68
https://doi.org/10.1007/s11356-015-4793-z
https://doi.org/10.1016/j.chemosphere.2008.03.033
https://doi.org/10.1016/j.chemosphere.2008.03.033
https://doi.org/10.1016/j.jaci.2009.12.012
https://doi.org/10.1021/acs.est.6b02684
http://refhub.elsevier.com/S0147-6513(19)30874-7/sref45
http://doi.org/10.1136/oem.56.5.354
https://doi.org/10.1016/j.watres.2008.06.028
https://doi.org/10.1016/j.watres.2008.06.028
https://doi.org/10.1016/j.atmosenv.2016.05.038
https://doi.org/10.1016/j.atmosenv.2016.05.038
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1016/j.watres.2017.01.046
https://doi.org/10.1016/j.watres.2017.01.046
http://www.epa.gov/osw/hazard/tsd/td/combust/pdfs/rabdmain.pdf
http://www.epa.gov/osw/hazard/tsd/td/combust/pdfs/rabdmain.pdf


Guidance for Dermal Risk Assessment; Part F, Supplemental Guidance for Inhalation
Risk Assessment, vol. I USEPA, Washington, DC. http://www.epa.gov/oswer/
riskassess ment/human_health_exposure.htm.

United States Environmental Protection Agency (USEPA), 2018. Regional Screening
Levels. USEPA, Washington, DC. https://www.epa.gov/risk/regional-screening-
levels-rsls-generic-tables-may-2018.

Wang, Y., Li, L., Han, Y., Liu, J., Yang, K., 2018. Intestinal bacteria in bioaerosols and
factors affecting their survival in two oxidation ditch process municipal wastewater
treatment plants located in different regions. Ecotoxicol. Environ. Saf. 154, 162–170.
https://doi.org/10.1016/j.ecoenv.2018.02.041.

Wei, B., Yang, L., 2010. A review of heavy metal contaminations in urban soils, urban
road dusts and agricultural soils from China. Microchem. J. 94 (2), 99–107. https://
doi.org/10.1016/j.microc.2009.09.014.

Woolhouse, M., Gowtage-Sequeria, S., Evans, B., 2012. T16: Quantitative Analysis of the
Characteristics of Emerging and Re-emerging Human Pathogens. Centre for Infectious
Diseases, University of Edinburgh. http://webarchive.nationalarchives.gov.uk/

20121212135622/http://www.bis.gov.uk/assets/foresight/docs/infectious-
diseases/t16.pdf, Accessed date: 25 July 2015.

Wu, Y.S., Fang, G.C., Lee, W.J., Lee, J.F., Chang, C.C., Lee, C.Z., 2007. A review of at-
mospheric fine particulate matter and its associated trace metal pollutants in Asian
countries during the period 1995-2005. J. Hazard Mater. 143 (1–2), 511–515.
https://doi.org/10.1016/j.jhazmat.2006.09.066.

Yang, K., Li, L., Wang, Y., Xue, S., Han, Y., Liu, J., 2019. Airborne bacteria in a wastewater
treatment plant: emission characterization, source analysis and health risk assess-
ment. Water Res. 149, 596–606. https://doi.org/10.1016/j.watres.2018.11.027.

Zhen, Q., Deng, Y., Wang, Y., Wang, X., Zhang, H., Sun, X., Ouyang, Z., 2017.
Meteorological factors had more impact on airborne bacterial communities than air
pollutants. Sci. Total Environ. 601–602, 703–712. https://doi.org/10.1016/j.
scitotenv.2017.05.049.

Zheng, N., Liu, J., Wang, Q., Liang, Z., 2010. Health risk assessment of heavy metal ex-
posure to street dust in the zinc smelting district, Northeast of China. Sci. Total
Environ. 408 (4), 726–733. https://doi.org/10.1016/j.scitotenv.2009.10.075.

T. Yang, et al. Ecotoxicology and Environmental Safety 183 (2019) 109543

11

http://www.epa.gov/oswer/riskassess%20ment/human_health_exposure.htm
http://www.epa.gov/oswer/riskassess%20ment/human_health_exposure.htm
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables-may-2018
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables-may-2018
https://doi.org/10.1016/j.ecoenv.2018.02.041
https://doi.org/10.1016/j.microc.2009.09.014
https://doi.org/10.1016/j.microc.2009.09.014
http://webarchive.nationalarchives.gov.uk/20121212135622/http://www.bis.gov.uk/assets/foresight/docs/infectious-diseases/t16.pdf
http://webarchive.nationalarchives.gov.uk/20121212135622/http://www.bis.gov.uk/assets/foresight/docs/infectious-diseases/t16.pdf
http://webarchive.nationalarchives.gov.uk/20121212135622/http://www.bis.gov.uk/assets/foresight/docs/infectious-diseases/t16.pdf
https://doi.org/10.1016/j.jhazmat.2006.09.066
https://doi.org/10.1016/j.watres.2018.11.027
https://doi.org/10.1016/j.scitotenv.2017.05.049
https://doi.org/10.1016/j.scitotenv.2017.05.049
https://doi.org/10.1016/j.scitotenv.2009.10.075

	Characteristics and exposure risks of potential pathogens and toxic metal(loid)s in aerosols from wastewater treatment plants
	Introduction
	Materials and methods
	Sampling points at different WWTPs
	Samples collection
	Characteristics of aerosols from WWTPs
	Bacterial population
	Chemical analysis

	Risk assessment
	Bacteria
	Toxic metal(loid)s

	Statistical analysis

	Results
	Population of potential pathogens
	Composition of toxic metal(loid)s
	Concentrations and size distributions of specific pathogens
	Responsible factors
	Sources
	Risk assessment
	Bacteria
	Toxic metal(loid)s


	Discussion
	Conclusion
	Acknowledgement
	Supplementary data
	Conflicts of interest
	References




