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ABSTRACT
The concentrations of bioaerosols near pretreatment facilities are often higher than those near activated-sludge aeration
tanks in wastewater treatment plants (WWTP). The reason for this difference is not yet clear and the differences between
the characteristics of suspended solids (SS) in these two processes might play a critical role. In this study, a lab-scale
wastewater treatment system was tested with Escherichia coli (E. coli) in order to investigate the effects of the type and
concentration of SS on the concentration and size distribution of emitted bioaerosols. Two types of SS, activated sludge
from a hospital WWTP and kaolin clay, were selected to represent floc-type mixed-liquor SS (MLSS) and non-floc-type
SS, respectively. An Andersen six-stage sampler was used to analyze the size distribution of the airborne E. coli aerosols.
When the tested aeration rate was as low as 0.5 L min–1, it was found that the presence of bioaerosols slightly decreased in
air/water ratio (AWR, CFU m–3 air/CFU 100 mL–1 water) when the SS increased from 500 to 2000 mg L–1 for both floc
and non-floc SS. However when the aeration rates went up to 5–15 L min–1, the pattern of AWR vs. SS curve was different
with an increase trend for non-floc SS and a decrease trend for floc SS, with an exception of increase trend for floc SS as
the MLSS increased from 0 to 500 mg L–1. The major sizes of emitted bioaerosols ranged from 0.65 to 1.1 µm. A peak was
observed at an aerodynamic diameter greater than 7 µm when the aeration rate was 15 L min–1. In conclusion, floc-type
activated sludge can inhibit the emission of E. coli from an aeration tank. In contrast, the non-floc-type small-size kaolin
clay can enhance the emission of E. coli from the pretreatment process.
Keywords: Bioaerosols; Suspended solids; Wastewater treatment plant; E. coli.

INTRODUCTION
Wastewater, especially hospital wastewater, contains a
variety of potentially pathogenic microorganisms (Laitinen
et al., 1994; Pillai et al., 1996; Tsai et al., 1998). Particles
containing bacteria can be aerosolized from the bubbling
surface during the aeration process in wastewater treatment
plants (WWTP) (Ulevicius et al., 1997), which increases
the risk of communicable infections and other health effects
associated with wastewater treatment to sewage workers and
the public. (Katzenelson et al., 1976; Pahren and Jakubowski,
1980; Teltsch et al., 1980).

#

Both authors contributed equally to this work.

*

Corresponding author.
Tel.: +886-937721795
E-mail address: drcttsai@gmail.com

The characteristics of airborne bacteria generated from
WWTPs have been studied to some extent (Muller, 1980;
Fannin et al., 1985; Laitinen et al., 1992; Sawyer et al., 1993;
Ranalli et al., 2000; Goyer and Lavoie, 2001; Gangamma et
al., 2011; Li et al., 2013; Guo et al, 2014; Li et al., 2016).
It was found that the concentration of bacterial aerosols can
be higher in pretreatment than in an activated sludge tank.
(Pascual et al., 2003; Fracchia et al., 2006; Korzeniewska,
2011; Teixeira et al., 2013). The effect of aeration parameters
on the characteristics of emitted bioaerosols, and the emission
of bioaerosols were found to be dependent on the operating
conditions, related to the amount of dispersion of water and
particles into the air (Goyer and Lavoie, 2001).
The major function of aeration is to maintain appropriate
aerobic conditions and prevent anaerobic odor from occurring
in pretreatment tanks, such as aerated grit chambers and
equalization basins, while offering sufficient oxygen and
mixing in activated sludge tanks. However, aeration will
inevitably generate emission of bioaerosols. The emission of
health-related bioaerosols from WWTPs in hospitals even
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become a major concern after epidemic outbreaks such as
severe acute respiratory syndrome (SARS) in 2004 in Taiwan.
However, the reason for the difference between bioaerosol
concentrations in pretreatment and in an activated sludge
tank remains under-documented (Li et al., 2016), especially
for the characteristics of suspended solids (SS). This study
evaluates the concentrations and particle size distributions of
Escherichia coli aerosols emitted from an aeration treatment
tester under controlled concentrations of floc-type and nonfloc-type SSs and aeration rates. To our knowledge, this is
the first study to investigate the characteristics of suspended
solids for the emission of bioaerosols in laboratory scale
studies.
MATERIALS AND METHODS
Test System
The test system used for these experiments is shown
schematically in Fig. 1. A lab-scale activated sludge treatment
tester, measuring 140 (L) × 85 (W) × 520 (H) mm and made
of polyvinyl chloride was used to generate the bioaerosols.
A perforated tube (13 mm in diameter) with five bubble
holes (1.5 mm in diameter) was located near the bottom
inside the aeration tank. Four aeration rates of 0.5 (the
minimum value under well-controlled conditions), 5, 10,
and 15 L min–1 were used for this study. The air sampling
system was directly connected to the top of the tank, and a
makeup air inlet with a HEPA filter was installed on the
other side to balance the mass of the air flow and evaporate
the water moisture from the emitted bioaerosols, in order
to simulate the process in the field.
Test Bacteria and Suspended Solids
We obtained the activated sludge and a strain of acclimated
E. coli from a local hospital WWTP, and the strain was
identified by the medical laboratory. E. coli is often one of
the major microbial aerosols generated from WWTPs (Fannin
et al., 1985; Brandi et al., 2000; Fracchia et al., 2006), and
has been used as a challenge bioaerosol in other laboratory
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studies (Li et al., 1999; Li and Lin, 1999; Hung et al., 2010).
The preparation of solution containing E coli followed the
procedure described by Hung et al. (2010). The bacterial
cells were harvested after 18-hr incubation since the number
and cultivability of harvested cells would be suitable to be
the challenge bioaerosols after 18- to 24-hr incubation. The
cells were then suspended in the solution at a concentration
of approx. 8.50 ± 0.73 × 106 CFU mL–1, which was about
25 times that of the total coliforms in an activated sludge
tank in the field (3.6 × 105 CFU mL–1) (Tsai et al., 1998),
where the colonies recovered from the bacterial species
already present in the activated sludge were rare compared
to the added E. coli, and the colonies from the other species
were easy to be differentiated from the E. coli using selective
agar. Two types of SS were used, namely activated sludge
collected from the activated sludge tank of a hospital WWTP
(denoted here as mixed-liquor suspended solids, MLSS)
(Peavy et al., 1985) and kaolin clay. In the first stage of
experiments, the kaolin clay served as the SS. The particle
size of the kaolin clay ranged from 0.1 to 4.0 µm, which
was used to simulate small-size non-floc-type particles in
pretreatment process. In the second stage, the floc-type
activated sludge was separated from wastewater and added
back into the remaining wastewater to obtain concentration
of MLSS of 500, 1000, 1500, and 2000 mg L–1. The aeration
provides mixing and oxygenation for the activated sludge and
kaolin clay with E. coli suspension, similar to the operation
in the full-scale WWTP.
Bioaerosol Sampling
An Andersen six-stage viable sampler (Andersen Samplers,
Inc., Atlanta, GA) with a flow rate of 28.3 L min–1 was used
to collect the emitted bioaerosols (Lundholm and Rylander,
1983; Andersen, 1958; Fannin et al., 1985; Lin and Li, 1996;
Brandi et al., 2000; Heinonen-Tanski et al., 2009; Hung et
al., 2010; Chien et al., 2011; Li et al., 2013; Guo et al., 2014).
The airborne E. coli were impacted onto plates filled with
an E. coli selective agar, m-Endo Agar LES (Difco, Detroit,
MI) (Tsai et al., 1997) for 1 to 15 minutes depending on

Fig. 1. Schematic drawing of the experimental and measurement systems. Cells of E. coli and test sludge were introduced
into the aeration tester before each test.
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the concentration of E. coli in the emitted bioaerosols.
Shorter sampling time, such as 1−2 min could reduce the
bioaerosol culturability during the field sampling (Mainelis
and Tabayoyong, 2010). However, sampling time less than
15 min would not significantly influenced the recovery of
airborne E. coli cells in the laboratory experiments (Li and
Lin, 1999). After sampling, the samples were incubated for
24 to 48 hours at 37°C before colony counting. For each
evaluated condition, the experiments were performed at
least three times with sequential sampling.
Definition of Emission Potential of Bioaerosols
The emission potential of bioaerosols from the aeration
tester was defined as air/water ratio (AWR) and calculated
using the following equation (Sorber and Sagik, 1980):
AWR 

Cair (CFU / m 3 )
Cwater (CFU / 100 mL)

(1)

where, Cair is the bioaerosol concentration in air (CFU m–3), and
Cwater is the bacterial concentration in water (CFU 100 mL–1),
with CFU denoting for colony forming unit.
RESULTS
The AWRs of bioaerosols resulting from the treatment
of wastewater containing kaolin clay are shown in Fig. 2(a).
When the aeration rate was 0.5 L min–1, the AWRs were
less than 3 × 10−6 and slightly decreased as the amount of
SS increased from 0 to 2000 mg L–1. When the aeration
rate rose to 15 L min–1, the AWRs also increased from less
than 1 × 10−5 to as high as 2.5 × 10−5. The relationships
between AWR and MLSS under various air flow rates from
wastewater containing activated sludge are shown in
Fig. 2(b). When the aeration rate was 0.5 L min–1, the
AWR was less than 1 × 10−6 and decreased as the amount
of MLSS increased from 0 to 2000 mg L–1. Under the same
MLSS conditions, the AWRs were between 1 × 10−6 and 2
× 10−6 and the peak appeared at 500 mg L–1 for aeration
rates of 5 L min–1. Similar patterns occurred for aeration
rates of 10 and 15 L min–1. In addition, Fig. 2 shows a
general pattern that the AWR increased as the aeration rate
increased both for kaolin clay and activated sludge.
The size distribution of bioaerosols emitted from kaolin
clay and activated sludge obtained from the Andersen sixstage sampler are plotted in Fig. 3 and Fig. 4, respectively.
The mode of the particle size distributions from the sampler
is located in the range of 0.65 to 1.1 µm for the four test
aeration rates.
DISCUSSIONS
The Role of Suspended Solids and MLSS
The relationship between bacterial aerosol concentrations
and SS concentrations was further examined. As shown in
Figs. 2 (a) and 2(b), at the aeration rate from 5 to 15 L min–1,
the concentration of bioaerosols increased as the concentration
of kaolin clay increased from 0 to 2000 mg L–1. However,

the concentration of bioaerosols decreased as the MLSS
increased from 500 to 2000 mg L–1, while the concentration of
bioaerosols increased as the MLSS ranged from 0 to 500
mg L–1. The enhancement effects of kaolin clay and the
masking effects of activated sludge to the bioaerosol emissions
might were also observed by many previous studies in
which higher bioaerosol concentrations were found in pretreatment processes (Pascual et al., 2003; Fracchia et al.,
2006; Korzeniewska, 2011; Teixeira et al., 2013).
The ambient environment of real WWTPs can be more
complex, such as the varying air velocity would change the
bioaerosol concentrations measured near the WWTPs. It
may be difficult to compare these air/water ratios with
previously published AWRs of bacteria released from real
waste water treatment plants. However, this is an important
issue and deserves further investigation.
In our current study, E coli was used as the challenge
bioaerosol since it was one of the most important indicator
for WWTP operation and health concern. However, the
results might not be entirely applicable to viruses, hydrophobic
bacterial spores and fungal spores because their survival
characteristics during emission and sampling may be different
from E coli. Therefore, the effects of bioaerosol emissions
for different species of microorganisms deserve further
investigation.
The Enhancement Effect of Bioaerosols by Kaolin Clay
The bioaerosol concentrations increase with the increasing
kaolin concentration from 0 to 2000 mg L–1 for aeration
rates of 5 to 15 L min–1 (Fig. 2(a)). This suggests that the
kaolin particles may effectively adsorb the bacterial cells
and carry them out of the surface of the water along with
air bubbles. Based on our microscopic examination, the
particle size of kaolin is smaller than that of activated
sludge. Therefore, the kaolin particles are more easily emitted
into air, compared to activated sludge, during aeration. In
addition, kaolin clay is free of inter-particle bridging, which
leads to a greater free surface for the cells to attach onto
the surface. Therefore, the emission of E. coli cells became
easier when the kaolin clay was added into the test tank.
When the kaolin particles were emitted with the bubbles
formed by the aeration tubes, the bacterial cells became
airborne with the emitted kaolin particles. Therefore, the
emission of more E. coli cells could be expected as the
concentration of kaolin clay increased.
Furthermore, the AWR values increased with the increasing
concentrations of kaolin clay at the aeration rate from 5 to
15 L min–1 and the positive gradient increased with the
increasing aeration rate (Fig. 2(a)), indicating the enhancement
effects of kaolin clay. In general, bioaerosols generated for
laboratory investigations are prepared as a pure solution
containing only the test microorganisms (Simon and
Duquenne, 2013). Therefore, it might be possible to enhance
the generation of test bioaerosols by adding small-size nonfloc-type particles, such as kaolin clay, if the added particles
will not affect the quality of the generated bioaerosols.
The Masking Effect of Bioaerosols by Activated Sludge
The relationship between AWR and the concentration of
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Fig. 2. Air/water ratios (AWR) when (a) kaolin clay and (b) activated sludge serve as the suspended solid. Each error bar
represents one standard deviation on mean of at least three tests.
activated sludge (Fig. 2(b)) was different from that of a kaolin
clay system (Fig. 2(a)). From Fig. 2(b), it was found that the
emission of bioaerosols increased when a low concentration
of activated sludge was added to the aerator, i.e., the MLSS
increased from 0 to 500 mg L–1. This enhancement effect is
similar to kaolin clay tests. However, the AWRs decreased
with the increasing concentration of MLSS from 500 mg L–1
to 2000 mg L–1 as aeration rates ranged from 5 to 15 L min–1.
Most of the high values of AWR appeared at an MLSS of 500
mg L–1 for tests at these three different flow rates (Fig. 2(b)).
Over a range of MLSS concentrations, from 500 to 2000
mg L–1, a decreasing trend of emission rates versus MLSS
concentration was observed. This decreasing trend for the
AWR was even more pronounced as the air flow rate
increased from 5 to 15 L min–1. It was suggested that the
additional activated sludge might form flocs to trap the
cells when the sludge concentration increased. While the
kaolin clay is a dense material with a smoother surface, the
activated sludge is a filamentous and porous material with

a higher surface area with which E. coli can adhere. Using
fluorescence in-situ hybridization (FISH) method, MorganSagastume et al. (2008) found that 60 to 70% of bacterial
cells.in the activated sludge tank were associated with
flocs. The additional activated sludge in wastewater might
result in flocculation to trap the bacterial cells. Those bacterial
cells were then trapped by the matrices. The effects of
masking and/or coagulation of sludge decreased the emission
potential of bioaerosols.
When the aeration rate was as low as 0.5 L min–1 for
both the kaolin clay and activated sludge tests, there was
insufficient mechanical capability to enhance the generation
of bioaerosols. Instead, masking effects could occur, since
the AWR decreased with the increase in the SS/MLSS
concentration.
Based on the result of these experiments, the bioaerosol
concentrations above the grit chamber or flow equalization
tank without flocs could be even higher than those above
the aeration tanks. Several studies have indicated that the
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Fig. 3. Size distributions of emitted E. coli when kaolin clay serves as the SS for aeration rates of (a) 0.5, (b) 5, (c) 10, and
(d) 15 L min–1.
aeration tanks were not the only place for bioaerosol
emissions in WWTPs. Karra and Katsivela (2007) observed
a trend of gradual decrease in bioaerosol concentrations
from pretreatment to the primary and secondary treatment
areas. The mean concentration of airborne total coliforms
in the aerated grit chambers was 172 CFU m–3, and it was
as low as 1 CFU m–3 in the aeration tanks. Fernando and
Fedorak (2005) also found that the concentration of airborne
microorganisms could be as high as 620 CFU m–3 in the
uncovered grit tank, and at the concentrations in the aeration
sections could be controlled at below 100 CFU m–3 when
fine bubbling was applied.
According to the masking effect, when the bacterial
cells were carried by the aeration bubbles, they could be
intercepted or trapped by the floc before they were carried
to the surface of the tank, and thus the flocs in the activated
sludge tanks might serve as a control measure to eliminate
the emission of bacteria suspended in the tanks. Recently,
layers of balls several centimeters in diameter covering the
bubbling liquid surface were reported to effectively control
microorganism emissions in a lab-scale aeration system

(Hung et al., 2010). The E. coli cells might have been trapped
by the floc formed by the activated sludge and could not be
aerosolized. The mechanism and results were similar to
those of layers of small balls added to the surface.
The success of the activated-sludge process depends on
the establishment of a mixed community of microorganisms
that will aggregate and adhere to the sludge in a process
known as bio-flocculation, and then settle to produce a
concentrated sludge (called return activated sludge) for
recycling. If this process fails, then bio-flocculation might
collapse, resulting in decreased concentrations of MLSS.
Under these conditions, according to our results, not only
did the secondary treatment lose its function, but also the
potential for bioaerosol emission could increase. However,
the mechanism by which the addition of sludge and clay
affect the amount of emitted bioaerosols from wastewater
should be further investigated.
Particle Size Distributions
The Andersen six-stage bioaerosol sampler can collect
bioaerosols larger than 0.65 µm. In this study, the mode of
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Fig. 4. Size distributions of emitted E. coli when activated sludge serves as the MLSS for aeration rates of (a) 0.5, (b) 5,
(c) 10, and (d) 15 L min–1.
the particle size distribution was located in the sixth stage
of the Andersen sampler, meaning the predominant
aerodynamic particle size of the bioaerosols ranged from
0.65 to 1.1 µm. When measured by the aerodynamic
particle sizer instruments, the aerodynamic particle size of
the single cells of E. coli was estimated to be in the range
of 0.7 to 0.9 µm (Li et al., 1999; Lee et al., 2002) and 97%
of the recovered colonies of E. coli cells were smaller than
2.1 µm (Li and Lin, 1999). According to the mode of the
distribution in the sixth stage of the Andersen sampler,
most of the emitted bioaerosol particles from the surface of
the tester might contain only one E. coli cell, which was
similar to the generation of E. coli in laboratories (Li et al.,
1999; Li and Lin, 1999) and the likelihood of aerosol
coagulation was low (Chien et al., 2011). A study on the
size distribution of particles in the supernatant from activated
sludge also found that the majority of particles (99%) were
small particles with a diameter smaller than 2.5 µm (MorganSagastume et al., 2008). However, some of the results from
the field samples showed that the percentage of bacteria

recovered from the 5th and 6th stages of the Andersen
apparatus ranged from about 20 to 40% of the total bacteria
samples (Brandi et al., 2000). In addition, the concentration
of E. coli in the bioaerosols with an aerodynamic diameter
smaller than 0.65 µm could be neglected, since the size of a
single E. coli cell is seldom smaller than 0.65 µm from
microscopy, which was one of the major reasons for
designing the Andersen sampler (Andersen, 1958).
From Figs. 3 and 4, it can be seen that the modes of the
particle sizes decreased as the amount of MLSS increased.
The amount of emission of the single-cell-type bioaerosols
decreased as a result of the higher trap ability of the flocs of
the activated sludge. The calculated particle size distributions
demonstrated the pronounced effects of coagulation of the
sludge in the presence of the smaller particles, especially at
higher flow rates. When the small-size single-cell particles
were attached to activated sludge, the particle size distribution
in the aerosols shifted to a larger particle size range.
In Fig. 4, it was found that the mode of the particle size
decreased as the amount of MLSS increased. The decrease
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of the AWRs shown in Fig. 2(b) led to a decrease in the
amount of emission of the single-cell-type bioaerosols, which
might be trapped in the activated sludge flocs. In contrast,
the peak in the kaolin tests became higher as the kaolin
concentrations increased (Figs. 3(b), 3(c), and 3(d)). This
indicated that the increased AWRs of E. coli might be due
to the increased emission of small particles.
CONCLUSIONS
During aeration, the bacterial aerosol concentrations
could increase as the concentration of kaolin clay increased.
In contrast, the bacterial aerosol concentrations could
decrease as the concentration of activated sludge increased
from 500 to 2000 mg L–1. The mode value of the particle
size distributions (0.65–1.1 µm) of the emitted bacterial
aerosols was estimated with the sixth stage of the Andersen
sampler, which indicated that most of the emitted particles
contained only one single E. coli cell. It can be concluded
that the types and concentrations of suspended solids may
affect the emission characteristics of bacterial aerosols. In
addition, it is critical to provide low aeration rates in the
grit chambers and equalization basins to reduce bioaerosol
emissions, especially if the major objectives are only to
avoid anaerobic odor and sedimentation of SS. In an aeration
tank, the MLSS concentration should be controlled as
closely to the maximum value of the operating range as
possible in order to reduce bioaerosol emission. If the
MLSS concentration is decreased, then the aeration rate
should be controlled at the lower value of the range.
REFERENCES
Andersen, A.A. (1958). New sampler for the collection,
sizing, and enumeration of viable airborne particles. J.
Bacteriol. 76: 471–484.
Brandi, G., Sisti, M. and Amagliani, G. (2000). Evaluation of
the environmental impact of microbial aerosols generated
by wastewater treatment plants utilizing different
aeration systems. J. Appl. Microbiol. 88: 845–852.
Chien, Y.C., Chen, C.J., Lin, T.H., Chen, S.H. and Chien,
Y.C. (2011). Characteristics of microbial aerosols released
from chicken and swine feces. J. Air Waste Manage.
Assoc. 61: 882–889.
Fannin, K.F., Vana, S.C. and Jakubowski, W. (1985).
Effect of an activated sludge wastewater treatment plant
on ambient air densities of aerosols containing bacteria
and viruses. Appl. Environ. Microbiol. 49: 1191–1196.
Fernando, N.L. and Fedorak, P.M. (2005). Changes at an
activated sludge sewage treatment plant alter the numbers
of airborne aerobic microorganisms. Water Res. 39:
4597–4608.
Fracchia, L., Pietronave, S., Rinaldi, M. and Martinotti,
M.G. (2006). Site-related airborne biological hazard and
seasonal variations in two wastewater treatment plants.
Water Res. 40: 1985–1994.
Gangamma, S., Patil, R.S. and Mukherji, S. (2011).
Characterization and proinflammatory response of
airborne biological particles from wastewater treatment

plants. Environ. Sci. Technol. 45: 3282–3287.
Goyer, N. and Lavoie, J. (2001). Emissions of chemical
compounds and bioaerosols during the secondary
treatment of paper mill effluents. Am. Ind. Hyg. Assoc.
J. 62: 330–341.
Guo, X., Wu, P., Ding, W., Zhang, W. and Li, L. (2014).
Reduction and characterization of bioaerosols in a
wastewater treatment station via ventilation. J. Environ.
Sci. 26: 1575–1583.
Heinonen-Tanski, H., Reponen, T. and Koivunen, J. (2009).
Airborne enteric coliphages and bacteria in sewage
treatment plants. Water Res. 43: 2558–2566.
Hung, H.F., Kuo, Y.M., Chien, C.C. and Chen, C.C. (2010).
Use of floating balls for reducing bacterial aerosol
emissions from aeration in wastewater treatment processes.
J. Hazard. Mater. 175: 866–871.
Karra, S. and Katsivela, E., (2007). Microorganisms in
Bioaerosol Emissions from wastewater treatment plants
during summer at a mediterranean site. Water Res. 41:
1355–1365.
Katzenelson, E., Buium, I. and Shuval, H.I. (1976). Risk of
Communicable disease infection associated with
wastewater irrigation in agricultural settlements. Science
194: 944–946.
Korzeniewska, E. (2011). Emission of bacteria and fungi
in the air from wastewater treatment plants - a review.
Front. Biosci. 3: 393–407.
Laitinen, S., Nevalainen, A., Kotimaa, M., Liesivuori, J.
and Martikainen P.J. (1992). Relationship between bacterial
counts and endotoxin concentrations in the air of
wastewater treatment plants. Appl. Environ. Microbiol.
58: 3774–3776.
Laitinen, S., Kangas, J., Kotimaa, M., Liesivuori, J.,
Martikainen, P.J., Nevalainen, A., Sarantila, R. and
Husman, K. (1994). Workers’ exposure to airborne bacteria
and endotoxins at industrial wastewater treatment plants.
Am. Ind. Hyg. Assoc. J. 55: 1055–1060.
Lee, B.U., Kim, S.H. and Kim, S.S. (2002). Hygroscopic
growth of E. coli and B. subtilis bioaerosols. J. Aerosol
Sci. 33: 1721–1723.
Li, C.S., Hao, M.L., Lin, W.H., Chang, C.W. and Wang,
C.S. (1999). Evaluation of microbial samplers for bacterial
microorganisms. Aerosol Sci. Technol. 30: 100–108.
Li, L., Gao, M. and Liu, J. (2011). Distribution characterization
of microbial aerosols emitted from a wastewater treatment
plant using the Orbal oxidation ditch process. Process
Biochem. 46: 910–915.
Li, Y., Yang, L., Meng, Q., Qiu, X. and Feng, Y. (2013).
Emission Characteristics of microbial aerosols in a
municipal sewage treatment plant in Xi’an, China. Aerosol
Air Qual. Res. 13: 343–349.
Li, J., Zhou, L., Zhang, X., Xu, C., Dong, L. and Yao, M.
(2016). Bioaerosol emissions and detection of airborne
antibiotic resistance genes from a wastewater treatment
plant. Atmos. Environ. 124: 404–412.
Li, C.S. and Lin, Y.C. (1999). Sampling performance of
impactors for bacterial bioaerosols. Aerosol Sci. Technol.
30: 280–287.
Lin, W.H. and Li, C.S. (1996). Size characteristics of

Lin et al., Aerosol and Air Quality Research, 16: 2208–2215, 2016

fungus allergens in the subtropical climate. Aerosol Sci.
Technol. 25: 93–100.
Lundholm, M. and Rylander, R. (1983). Work related
symptoms among sewage workers. Br. J. Ind. Med. 40:
325–329.
Mainelis, G. and Tabayoyong, M. (2010). The effect of
sampling time on the overall performance of portable
microbial impactors. Aerosol Sci. Technol. 44: 75–82.
Morgan-Sagastume, F., Larsen, P., Nielsen, J.L. and Nielsen,
P.H. (2008). Characterization of the loosely attached
fraction of activated sludge bacteria. Water Res. 42: 843–
854.
Muller, G. (1980). Airborne dissemination of bacteria from
sewage treatment plants. Environ. Int. 3: 283–291.
Pahren, H. and Jakubowski, W. (1980). Wastewater aerosols
and disease, EPA-600/9-80-028/U.S. EPA. Cincinnati,
Ohio.
Pascual, L., Pérez-Luz, S., Yanez, M.A., Santamaría, A.,
Gibert, K., Salgot, M., Apraiz, D. and Catalán, V. (2003).
Bioaerosol emission from wastewater treatment plants.
Aerobiologia 19: 261–270.
Peavy, H.S., Rowe, D.R. and Tchobanoglous, G. (1985).
Environmental Engineering, McGraw-Hill, Inc., NY.
Pillai, S.D., Widmer, K.W., Dowd, S.E. and Ricke, S.C.
(1996). Occurrence of airborne bacteria and pathogen
indicators during land application of sewage sludge.
Appl. Environ. Microbiol. 62: 296–299.
Ranalli, G., Principi, P. and Sorlini, C. (2000). Bacterial
aerosol emission from wastewater treatment plants: culture
methods and bio-molecular tools. Aerobiologia 16: 39–
46.
Sánchez-Monedero, M.A., Aguilar, M.I., Fenoll, R. and
Roig, A. (2008). Effect of the aeration system on the
levels of airborne microorganisms generated at wastewater
treatment plants. Water Res. 42: 3739–3744.
Sawyer, B., Elenbogen, G., Rao, K.C., O’Brien, P., Zenz,
D.R. and Lue-Hing, C. (1993). Bacterial aerosol emission

2215

rates from municipal wastewater aeration tanks. Appl.
Environ. Microbiol. 59: 3183–3186.
Simon, X. and Duquenne, P. (2013). Feasibility of generating
peaks of bioaerosols for laboratory experiments. Aerosol
Air Qual. Res. 13: 877–886.
Sorber, C.A. and Sagik, B.P. (1980). Indicators and Pathogens
in Wastewater Aerosols and Factors Affecting Survivability.
In Wastewater Aerosols and Disease, Pahren, H. and
Jakubowski, W. (Eds.). US Environmental Protection
Agency, Cincinnati, Ohio, p.29.
Teixeira, J.V., Miranda, S., Monteiro, R.A.R., Lopes, F.V.S.,
Madureira, J., Silva, G.V., Pestana, N., Pinto, E., Vilar,
V.J.P. and Boaventura, R.A.R. (2013). Assessment of
indoor airborne contamination in a wastewater treatment
plant. Environ. Monit. Assess. 185: 59–72.
Teltsch, B., Kedmi, S., Bonnet, L., Borenzstajn-Rotem, Y.
and Katzenelson, E. (1980). Isolation and identification of
pathogenic microorganisms at wastewater-irrigated fields:
Ratios in air and wastewater. Appl. Environ. Microbiol.
39: 1183–1190.
Tsai, C.T., Tsai, H.N., Wu, C.H., Chen, Y.C., Lai, I.Y., Tsai,
H.F. and Lai, Y.C. (1997). Study of bacterial aerosols
from treatment facilities of hospital wastewater. J. Occup.
Saf. Health 5: 51–62 [in Chinese].
Tsai, C.T., Lai, J.S. and Lin, S.T. (1998). Quantification of
pathogenic microorganisms in the sludge from treated
hospital wastewater. J. Appl. Microbiol. 84: 171–176.
Ulevicius, V., Willeke, K., Grinshpun, S.A., Donnelly, J.,
Lin, X. and Mainelis, G. (1997). Aerosolization of particles
from a bubbling liquid: Characteristics and generator
development. Aerosol Sci. Technol. 26: 175–190.
Received for review, April 13, 2015
Revised, July 16, 2015
Accepted, January 31, 2016

