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Abstract
Purpose Bacterial community structure and the chemical
components in aerosols caused by rotating brushes in an
Orbal oxidation ditch were assessed in a Beijing municipal
wastewater treatment plant.
Methods Air samples were collected at different distances
from the aerosol-generating rotating brushes. Molecular
culture-independent methods were used to characterize the
community structure of the airborne bacteria in each sample
regardless of cell culturability. A clone library of 16S rDNA
directly amplified from air DNA of each sample was con-
structed and sequenced to analyze the community composi-
tion and diversity. Insoluble particles and water-soluble ions
emitted with microorganisms in aerosols were analysis by a
scanning electron microscope together with energy disper-
sive X-ray spectroscopy and ion chromatogram analyzer.
Results In total, most of the identified bacteria were Pro-
teobacteria. The majority of sequences near the rotating
brushes (the main source of the bioaerosols) were Proteo-
bacteria (62.97 %) with β-(18.52 %) and γ-(44.45 %)
subgroups and Bacteroidetes (29.63 %). Complex patterns
were observed for each sampling location, suggesting a

highly diverse community structure, comparable to that
found in water in the Orbal oxidation ditch. Accompany
with microorganisms, 46.36 μg/m3 of SO4

2−, 29.35 μg/m3

of Cl−, 21.51 μg/m3 of NO3
−, 19.76 μg/m3 of NH4

+,
11.42 μg/m3 of PO4

3−, 6.18 μg/m3 of NO2
−, and elements

of Mg, Cl, K, Na, Fe, S, and P were detected from the air
near the aerosols source.
Conclusions Differences in the structure of the bacterial
communities and chemical components in the aerosols ob-
served between sampling sites indicated important site-
related variability. The composition of microorganisms in
water was one of the most important sources of bacterial
communities in bioaerosols. Chemical components in bio-
aerosols may provide a media for airborne microorganism
attachment, as well as a suitable microenvironment for their
growth and survival in the air. This study will be benefit for
the formulation of pollution standards, especially for aero-
sols, that take into account plant workers’ health.

Keywords Wastewater treatment plant . Orbal oxidation
ditch . Airborne bacteria . Genetic structure . Clone library .

Chemical components

1 Introduction

Within wastewater treatment plant (WWTP), the sites that
contain moving mechanical equipment for water aeration
are the regions with the highest emission of bioaerosols
(Orsini et al. 2002; Pascual et al. 2003; Sánchez-Monedero
et al. 2008). As bioaerosols contain viruses as well as
different bacteria and fungi, they may cause potential health
hazards to plant workers and adjacent communities. Conse-
quently, bioaerosol emissions have become of increasing
concern and research interest in recent years.
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Understanding bioaerosol production and transmission
will help develop effective measures to minimize their gen-
eration. Previous research has investigated the concentra-
tions, particle size distributions, and species diversity of
airborne microorganisms at different stages in WWTPs by
using different sampling and detection methods (Fannin et
al. 1985; Buttner et al. 2001; Pillai and Ricke 2002; Grisoli
et al. 2009). Major advances have been made in the under-
standing of bioaerosol characteristics and in identifying their
hazards (Palmer et al. 1995; Carducci et al. 2000). These
studies were based on culture-dependent methods, however,
which do not necessarily reflect the real microflora in bio-
aerosol samples because only a small proportion (less than
10 %) of all microorganisms can be cultivated (Amann et al.
1995), especially in the atmospheric environment. In addi-
tion, the analyses used are time-consuming and laborious
and lack sensitivity and specificity (Stetzenbach et al. 2004).

The development of various analysis techniques based on
DNA extracted directly from natural samples has helped
detect nonculturable airborne microorganisms and charac-
terize their genetic structure and community diversity in
complex environments. Polymerase chain reaction (PCR)-
based methods have been used to detect and quantify aero-
solized bacteria and fungus (Cruz-Perez et al. 2001;
Williams et al. 2001; Rintala et al. 2004), as well as estimate
airborne microorganisms present in WWTPs (Pascual et al.
2003) and rapidly detect and determine airborne Mycobac-
teria associated with whirlpools (Schafer et al. 2003). PCR-
based methods have also been applied to distinguish sea-
sonal microbial aerosol emissions from the surfaces of aer-
ation tanks in industrial and municipal WWTPs (Ranalli et
al. 2000), determine the presence of Varicella zoster virus in
the atmosphere (Sawyer et al. 1994), and analyze environ-
mental sample assays in response to bioterrorism attack
(Higgins et al. 2003). Compared with culture-based techni-
ques for the detection of aerosolized Escherichia coli DH1,
results with solid-phase PCR showed an increase in detec-
tion sensitivity (Alvarez et al. 1994). Similar results have
also been obtained for comparisons between real-time PCR
and conventional quantized techniques for airborne micro-
organism quantification in environmental samples (An et al.
2006). The cloning/sequencing method has been used to
examine the microbial quality of aerosols and determine
the size distribution of microorganisms in the air over the
eastern Mediterranean during a storm (Polymenakou et al.
2008), as well as to analyze community composition and
diversity of air samples collected from northern France
(Maron et al. 2005).

While such techniques are widely applied to analyze
microbial diversity in the atmospheric environment, very
few studies have reported their application in resolving the
genetic diversity and structure of airborne bacterial commu-
nities emitted from WWTPs, especially those using

oxidation ditch processes. The anaerobic-anoxic-oxic, se-
quencing batch reactor activated sludge, and oxidation ditch
wastewater treatment processes are all applied widely in
WWTPs. Among them, more than 60 % of WWTPs in
China use the oxidation ditch treatment process in which
rotating aeration brushes are installed to provide linear liq-
uid motion and water aeration. Results of our previous
investigation showed that high concentrations of airborne
microorganisms were found near the rotating brush due to
their mobilization, and the structure of bacterial communi-
ties in bioaerosols had a close relationship with that of
microorganisms in the water (Li et al. 2011).

Unlike those released into the air from soil surfaces,
bioaerosols generated from water sources are usually form
with a thin layer of moisture surrounding the cell. In addi-
tion to microorganism zoogloea, sludge particles, and small
water drops, inorganic compounds are also present in bio-
aerosols. Although they can significantly affect microorgan-
ism survival in the air, the chemical components emitted
with microorganisms in aerosols have seldom been reported
in previous research.

The main objectives of the present study were to analyze
the microbial structure of bioaerosols caused by rotating
brushes and their relationship with water in the Orbal oxi-
dation ditch by using a cloning/sequencing method. Bioaer-
osol samples were collected at different distances from the
rotating brushes. The production and transmission of aero-
sols were described and determined by their distributions
and variations in species diversity and chemical components
at different distances from the aerosol source in the treat-
ment plant.

2 Materials and methods

2.1 Sampling locations

The study was conducted at an Orbal oxidation ditch in a
municipal WWTP, located in southern Beijing (Li et al. 2011).
Five outdoor sampling sites were established in July 2010 at
the WWTP Orbal oxidation ditch for microbiological and
chemical assays (Fig. 1 and Table 1). The sampling sites
monitored airflow from the aerosol source (rotating brushes
in oxidation ditch) and were situated 0.5 m before (PBA),
0.5 m after (BBA), and 40 m downwind (BFBA) from the
rotating brushes. Water (W) in the Orbal oxidation ditch was
collected 10 m before the rotating brushes for use as the
control measurement (Table 1). Parallel to the microbiological
assays, observations of select meteorological parameters were
conducted. During air sampling, the temperature and relative
humidity were recorded by a Dewpoint Thermohygrometer
(WD-35612, OAKTON, Germany). The wind speed and ir-
radiance were measured by a portable anemometer (HD2303,
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Delta OHM, Italy) and irradiance meter (HD2302.0, Delta
OHM, Italy), respectively (Table 1).

2.2 Air sample collection

All air samples were collected 1.5 m above the water surface.
An impingement airborne microorganism sampler (SKC Bio-
Sampler, SKC Inc., USA) was used for airborne bacteria
collection. The sampler was made of glass and consisted of
an inlet, a nozzle section with three tangential sonic nozzles,
and a collection vessel filled with 20 ml of sterile phosphate-
buffered saline as the collection medium. The SKC BioSam-
pler was designed for sampling airborne particulates of bio-
logical origin (e.g., bacteria, fungi, pollen, and viruses) and
their fragments and by-products. All samplers were sterilized
in advance in an autoclave for 120 min, and the inside surfaces
were maintained in a sterile condition until sampling. Air
samples were transferred into the collection medium by draw-
ing the gas at a flow rate of 12.5 l/min. Once the required

volume of air had been drawn through, the sampler was
removed and sealed to prevent contamination. Cells in liquid
were concentrated according to previous research (Moletta et
al. 2007). Parallel to the microbiological samples, chemicals
including insoluble particles and water-soluble ions in the
aerosols were analyzed. They were collected with the same
sampler with the collection vessel filled with 20 ml of sterile
distilled water. The flow rate and corresponding volume of the
collected samples were 12.5 l/min and 2.0 m3, respectively.
The control measurement (SO) was performed 100 m upwind
of the Orbal oxidation ditch. After sampling, the liquor was
then separated from the insoluble solid residue using a 0.1-μm
membrane filter. The solution was used for the determination
of water-soluble ions, and the residue together with filter was
completely dried and observed through a scanning electron
microscope together with energy dispersive X-ray spectrosco-
py (SEM/EDAX) (HITACHI S-3000 N /EDAX Inc., Japan).

2.3 Insoluble particles and water-soluble ions analysis

Concentrations of Cl−, NO2
−, NO3

−, SO4
2− and PO4

3− ions
in each sample were determined with an ion chromatogram
analyzer (ICS-1000, Dionex ion chromatography system,
USA). Concentrations of NH4

+ were analyzed by a UV–
VIS spectrophotometer (UV-1700 PharmaSpec, Shimadzu,
Japan) according to standard methods (China Bureau of
Environmental Protection 2002). Elements in the insoluble
components were determined by the SEM/EDAX.

2.4 DNA extraction and PCR amplification

Total DNA isolation was accomplished with a DNA Auto-
plate (TanBead, Taiwan) by Automatic Plateform for Mag-
netic System-16 (TanBead, Taiwan). The DNA bands were
observed by 1.0 % agarose gel electrophoresis. All samples
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Fig. 1 Schematic diagram of sampling sites location in Obral oxida-
tion ditch. Filled triangle sampling site

Table 1 Descriptions of the sampling locations and meteorological conditions

Sample no. (letter in Fig. 1) SO PBA BBA BFBA

Location description Height (m) Above water surface ND 0.5 0.5 0.5

Above ground level 1.5 1.5 1.5 1.5

Distance from RB (m) 100 0.5 0.5 40

BRB BRB ARB ARB

Volume of sampling (m3) Bioaerosols ND 1.0 1.0 1.0

Chemicals 2.0 2.0 2.0 2.0

Wind direction Downwind

Temperature in average (°C) 27.6

Relative humidity in average (%) 58.5

Wind speed in average (m/s) 1.5

Solar radiation in average (W/m) 417.5

SO control measurement, PBA 0.5 m before the rotating brushes, BBA 0.5 m after the rotating brushes, BFBA 40 m downwind from the rotating
brushes, RB rotating brush, ARB after rotating brushes, BRB before rotating brushes, ND not detected
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were assayed in duplicate. Universal primers F16S-27 (5′-
AGAGTTTGATCCTGGCTCAG-3′) and R16S-1492 (5′-
CGGTTACCTTGTTACGACTTC-3′) were used to amplify
the eubacterial 16S rDNA segment. The PCR amplification
reaction was performed using the Gene AmpR PCR System
(9700, AB, USA) at a final volume of 50 μl. The reaction
mixture contained 2.0 μl of both primers, 3.0 μl of each
dNTPs, 5 μl of 10× PCR buffer (Takara, China), and 2.0 μl
of Taq DNA polymerase (TaKaRa, China). The temperature
cycling conditions were 94°C for 5 min, followed by 25
cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 90 s.
A final extension at 72 °C for 10 min was used. After
purification by an Agarose Gel Extraction Kit (Dingguo,
China), the PCR products were ligated to the 1.0-μl
pMD19-T vector (Takara, China), and transformed into
E. coli DH5α competent cells. The clones were cultured
on LB medium with X-Gal, IPTG, and Amp. A total of 60
clones were selected for PCR detection, and their positive
clones were submitted for sequencing using the ABI
3730DXL DNA sequencer (AB, USA).

2.5 Clone library construction and phylogenetic analysis
of sequences in clone libraries

All sequences obtained from the clone libraries were man-
ually checked and trimmed to exclude vector sequences,
then checked for chimeras using Bellerophon on the Green-
genes website (http://greengenes.lbl.gov/). These sequences
were aligned using the DNAMAN software. Aligned
sequences were grouped into universal operational taxo-
nomic units (OTUs) at a threshold of 97 % minimum sim-
ilarity; individual sequences were also grouped into OTUs
to identify bacterial distribution in bioaerosols from differ-
ent sampling sites. The representative sequence of each
OTU in the group-specific libraries was aligned to the NCBI
database by the BLAST website. To identify the phyloge-
netic affiliation of all OTUs, a phylogenetic tree including
representative sequences of each OTU and related sequen-
ces from the previous NCBI database was constructed using
the neighbor joining algorithm by MEGA version 3.1.

2.6 Diversity and richness estimation of clone libraries

To determine whether the size of a clone library was large
enough to represent the diversity of an original community,
the coverage of each clone library was calculated according
to the equation C01− (n/N), where n is the number of
unique clones and N is the total number of sequences ex-
amined (Good 1953). The diversity of each sequence set
was estimated using the Shannon–Wiener index (H) (Ding
et al. 2008). Rarefaction curves were created using the
species diversity function of the Analytic Rarefaction 1.3
statistical software (Holland 2003).

2.7 Accession numbers for nucleotide sequences

The representative OTU sequences obtained in this study
were deposited in the NCBI database under the accession
numbers shown in Table 2.

3 Results

3.1 Microbial characterizations

3.1.1 Clone libraries coverage and phylogenetic analysis

The diversity and coverage of the 16S rDNA-based phylo-
types were determined by analysis of clones from each of the
clone libraries. A total of 199 clones were compared. There
were 39 different OTUs among the 51 screened clones from
theW clone library, where 43 OTUs of 47 screened clones, 53
OTUs of 54 screened clones, and 41 OTUs of 47 screened
clones were identified from the PBA, BBA, and BFBA clone
libraries, respectively. Coverage analysis indicated that the
bioaerosol libraries represented approximately 76.47–98.11
% of the total number of clones examined, providing a de-
pendable inventory of the bacterial 16S rRNA gene sequences
present in the bioaerosols. The C values observed in all the
samples were larger than 0.70, which indicates that the clone
number analyzed in each sample in the present study is ac-
cepted as valid in microbial diversity analysis (Pace 1997;
Han et al. 2010). Rarefaction curves are generated for the 16S
rDNA clone libraries (Fig. 2). Both coverage (C) and rarefac-
tion curves can reflect the uniqueness of the microbial in air
and water environment.

Figure 3 showed the phylogenetic position of the detected
bacteria in all samples. Bacterial groups of Proteobacteria with
α-, β-, γ- and δ-subgroups, Bacteroidetes, Actinobacteria,

Table 2 Accession numbers of OTUs from all samples in GenBank
database

Sampling site Accession numbers

Universal OTUs Individual OTUs

W JN981869–JN981885 JN981886–JN981897

PBA JN981899–JN981910 JN981917–JN981920
JN98981912–JN981915

BBA JN981921–JN981931 JN981933

BFBA JN981935–JN981941 JN981950–JN981955
JN98981943–JN981946

JN981948–JN981949

W water in the Orbal oxidation ditch, PBA 0.5 m before the rotating
brushes, BBA 0.5 m after the rotating brushes, BFBA 40 m downwind
from the rotating brushes
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Spirochaetes, Verrucomicrobia, Planctomycetes, and unclas-
sified bacterium were widespread, indicating that bioaerosols
and water samples from WWTP presented with high species
richness. The bacterial communities of W, PBA, BBA, and
BFBAwere exhibited in Figs. 4, 5, 6, and 7, respectively.

3.1.2 Genetic structure of airborne bacterial communities

Sequences were assigned to a bacterial phylum according to
their position in the phylogenetic tree. The bacteria that
most closely represented the OTUs microorganisms were
those isolated from activated sludge in the WWTP and soil
ecosystems.

The majority of sequences in PBA were assigned to
uncultured bacteria (74.48 %) and Proteobacteria with
β-(4.26 %) and γ-(6.38 %) subgroups (Fig. 8). The minor
groups were the Verrucomicrobia, Planctomycetes, and Spi-
rochaetes. For BBA, the most represented bacterial groups
were Proteobacteria (62.97 %) and Bacteroidetes (29.63 %).
The Proteobacteria were distributed in the β-(18.52 %) and
γ-(44.45 %) subgroups, with the α- and δ-subgroups not
found. The other OTUs were either related to uncultured
environmental bacteria (7.41 %) or not closely related to any
known sequence present in the databases. The represented
bacterial groups in BFBA were Proteobacteria (48.95 %)
with α-(19.16 %), β-(27.66 %), and δ-(2.13 %) subgroups;
uncultured bacteria (36.20 %); and Actinobacteria (14.9
%). These sequence results suggest that Bacteroidetes
OTUs were widespread within BBA and W, and that
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Fig. 2 Rarefaction curves from 16S rDNA clone libraries of the
bioaerosols and water samples. Rarefaction curves were created using
the species diversity function of the Analytic Rarefaction 1.3 statistical
software (Holland 2003)

Fig. 3 Phylogenetic trees showing the relationship of representative
sequences of OTUs in all samples and reference sequences in GenBank
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the Proteobacteria OTUs were clustered in all sampling
sites. These findings are in agreement with previous
research on the genetic structure and diversity of

airborne bacterial communities from northern France
as determined by DNA fingerprinting and 16S rDNA
clone library, which found that 60 % of bacteria were

Fig. 4 Phylogenetic tree
showing the relationship of
representative sequences of
OTUs in W and reference
sequences in GenBank

Fig. 5 Phylogenetic tree
showing the relationship of
representative sequences of
OTUs in PBA and reference
sequences in GenBank
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Proteobacteria belonging to the α- (19 %), β-(21 %),
γ-(12 %), and δ-(8 %) subdivisions (Maron et al.
2005).

Multiplicity of microorganisms appeared in water. Over
70 % of the bacterial groups in the W clone library were
uncultured bacteria. Other identified groups were

Fig. 6 Phylogenetic tree
showing the relationship of
representative sequences of
OTUs in BBA and reference
sequences in GenBank

Fig. 7 Phylogenetic tree
showing the relationship of
representative sequences of
OTUs in BFBA and reference
sequences in GenBank
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Proteobacteria (13.72 %) with β-(5.88 %) and γ-(7.84 %)
subgroups and Bacteroidetes (5.88 %). Actinobacteria and
Spirochaetes were minor groups.

The diversities of bacterial species were 3.26 for W, 2.88
for PBA, 2.20 for BBA, and 2.73 for BFBA. Water in the
oxidation ditch presented the highest species richness
among the four clone libraries. It was also confirmed by
rarefaction curves (Fig. 2). The diversity of bacteria collect-
ed after the rotating brushes (BBA) dropped dramatically
compared to that sampled before the rotating brushes
(PBA). Diversity increased to approach the lever of PBA
when the distance from the rotating brushes reached 40 m
(BFBA). The distribution of bioaerosol diversity was un-
even and exhibited a site-related relationship.

3.1.3 Site-related variation of OTU distribution

The distribution and diversity of bacteria in the bioaerosols
demonstrated site-related variation. A similar phenomenon
occurred in the proportions of Proteobacteria, the major
phylum of identified bacteria, in each sampling site. Obvi-
ous increases were observed in β-Proteobacteria percen-
tages, from 4.26 % in PBA to 18.52 % in BBA, and
γ-Proteobacteria percentages, from 6.38 % in PBA to
44.45 % in BBA (Fig. 8). Seven OTUs (24 clones in total,
JN981922–JN981925 and JN981927–JN981929) formed
γ-Proteobacteria in BBA. They were closed to cloned 16S
rDNA isolated from aquatic and soil environments. Two
OTUs (JN981922 and JN981928) belonged to Proteus sp.
The same observation was made for OTUs belonging to a
similar group detected in soil (Pearson et al. 2008). Two
other OTUs (10 clones, JN981921 and JN981931) that
formed β-Proteobacteria obtained from aerobic sludge and
distantly related to Alcaligenes faecalis fell into the same
subgroup described previously (Ansede et al. 2001). The
other dominating bacteria (29.63 %) belonging to Bacteroi-
detes emerged in BBA. Three OTUs (JN981871 and
JN981893 in W and JN981926 in BBA) related to one

species of Bacteroides and four OTUs (JN981891 in W,
JN981933 in BBA, JN981889 in W, and JN981930 in
BBA) representing two species of uncultured bacterium
(F11 and A5-814) were detected simultaneously in W and
BBA but were not found in the sampling site before the
rotating brushes (PBA). The phylogenetic affiliation of the
OTUs revealed that there were two groups of OTUs
(JN981881, JN981913, and JN981937; and JN981894,
JN981901, and JN981948) that were originally in W and
also appeared in PBA and BFBA. Compared to that collect-
ed from the sampling site before the rotating brushes (PBA),
the enhancement in distribution and proportion of Bacteroi-
detes and β- and γ-Proteobacteria after the rotating brushes
(BBA) indicated that these microorganisms might be prone
to emit from water into the air. No OTU related to
γ-Proteobacteria and Bacteroidetes was present in BFBA,
located 40 m from the rotating brushes. The bacteria present
in BBA may have succumbed to gravitational settling by the
time they reached the sampling site 40 m from the aerosol
source.

Most bacteria present in PBA, BBA, and BFBA were
detected in W. The composition of microorganisms in the
water was one of the most important sources of bacterial
communities in bioaerosols. β-Proteobacteria was present at
all sampling sites; γ-Proteobacteria was detected in PBA,
BBA, and W; Bacteroidetes existed in BBA and W; Actino-
bacteria was found in BFBA and W; and Spirochetes was
present in PBA and W. Almost all identified bacteria in W
were homologously related to corresponding bacteria in
PBA, BBA, and BFBA.

3.2 Chemical characterizations

3.2.1 Elements of insoluble components

The concentrations of insoluble components were
4.5 μg/m3 for SO, 3.5 μg/m3 for PBA, 4.0 μg/m3 for
BBA, and 3.5 μg/m3 for BFBA, respectively. Samples
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collected from SO had the largest concentration of insol-
uble components, while those obtained from PBA and
BFBA had the smallest.

Analysis by SEM/EDAX provided information on the
chemical elements present in the insoluble components
collected from each sampling site. The distribution of
elements at the individual sampling sites was not homo-
geneous. As shown in Table 3, only C, O, Al, and Si
emerged in the atmosphere (SO). The maximum number
of elements in the insoluble components was recorded at
W from collected water. Those elements, e.g., N, Mg, Cl,
Ca, K, Na, Fe, S, and P, present in W were not present in
the SO sample. The species of elements in the insoluble
airborne particulate matter collected at BBA rose signifi-
cantly compared to PBA, reaching up to 12 species. The
major increase was observed for Mg, Cl, K, Na, Fe, S,
and P, which were also detected in water. All samples had
C and O present. For the SO, PBA, and BFBA samples,
the ratio of C and O were almost equal to the filter.
Significantly, more C was detected in W and BBA com-
pared to other samples, showing that they possessed some
organic matter in the insoluble components. The elemen-
tal components occurred in BBA were similar to those in
W and most of the elemental components did not appear
in SO at the same time, indicating that those elements
originally in the water were transferred into the atmo-
sphere after passing through the rotating brushes and
presented in BBA. When the sampling site was 40 m from
the rotating brushes, the percentages of detected elements
dropped dramatically compared to that of BBA. The de-
crease in elements occurred mostly for Mg, Ca, K, Na,
and P, which had higher percentages in water.

3.2.2 Ions species of soluble components

Ions collected from individual sampling sites are shown in
Fig. 9. The highest and lowest concentrations of total detected
ion species were achieved in BBA and SO, respectively. The
determined concentrations of ions were 6.79 μg/m3 of NH4

+,
5.24 μg/m3 of NO3

−, and 19.41 μg/m3 of SO4
2− in the control

sample (SO). The main ion in SOwas SO4
2−, which is similar to

previous reports on Beijing atmosphere (Yao et al. 2003; Mao et
al. 2011). Peaks at BBAwere observed in the concentrations of
all ions except that of NO2

−. The concentration order of the ions
species in BBAwas SO4

2− (46.36 μg/m3)>Cl− (29.35 μg/m3)>
NO3

− (21.51 μg/m3) >NH4
+ (19.76 μg/m3) >PO4

3−

(11.42 μg/m3)>NO2
− (6.18 μg/m3). Table 4 shows that SO4

2−,

Table 3 Elements of insoluble
components

W water in the Orbal oxidation
ditch, SO control measurement,
PBA 0.5 m before the rotating
brushes, BBA 0.5 m after the ro-
tating brushes, BFBA 40 m
downwind from the rotating
brushes

Element (wt%) New filter Sampling sites

W SO PBA BBA BFBA

C 43.70 48.02 39.63 39.94 43.59 40.54

O 56.30 26.21 59.43 58.30 40.63 56.75

N – 2.62 – – – –

Al – 1.17 0.18 0.44 1.28 0.46

Mg – 0.91 – – 1.1 –

Si – 4.07 0.75 1.15 3.58 1.41

Cl – 0.32 – – 0.64 –

Ca – 3.47 – 0.18 3.26 0.20

K – 0.69 – – 0.69 –

Na – 3.61 – – 0.79 –

Fe – 3.05 – – 1.25 0.42

S – 1.69 – – 0.86 0.22

P – 4.16 – – 2.33 –

Total 100 100 100 100 100 100

Ratio of C/O 0.78 1.83 0.67 0.69 1.07 0.71
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NO3
−, and NH4

+ were the three main ion species found in water.
In addition, Cl−, NO2

−, and PO4
3−were detected in water but not

in SO. Compared with SO, the composition of ion species in
BBAwas similar to that inW. The increased and newly emerged
ions found in BBA probably came from the water, and the
increase was consistent with the SEM/EDAX results.

The concentration of Cl−, SO4
2−, NH4

+, NO3
−, and PO4

3−

in air samples collected at BBA increased dramatically
compared with those collected before the rotating brushes
(PBA). The concentrations then decreased at BFBA, when
the distance from the rotating brushes increased to 40 m.
The significant decrease occurred in SO4

2− and NO3
−, with

Cl− and SO4
2− dominating at the sampling site of BFBA.

4 Discussion

The transfer of microorganisms from the water to the air
occurs mainly during aeration, and the mechanical agitation
of water will accelerate this transformation (Fannin et al.
1985; Carducci et al. 2000; Sánchez-Monedero et al. 2008).
Rotating brushes were used for aeration in the oxidation ditch
to provide linear liquid motion and aerate wastewater by
revolving a number of paddles mounted on a large diameter
horizontal shaft. The rotating speeds of brush aerators were
maintained at 40 to 60 rpm. The paddles agitated the water,
causing a spray of water which was broken into fine droplets
as it passed through the brush bristles. The surface-active
particles in the water, e.g., zoogloea containing microorgan-
isms and activated sludge particles, were dispersed with the
water spray. Morphological analysis of the resultant fine
droplets revealed that mycelioids clustered with activated

sludge particles to form zoogloea surrounded by water
(Fig. 10). The fine droplets that contained zoogloea with
microorganisms acted as a media for bioaerosol generation
from water and transmission into the air, which, in turn,
resulted in the close relationship of microbial structure with
water and the surrounding atmosphere.

The microbial structure and chemical components com-
prising the aerosol varied with distance from the aerosol
source, atmospheric dispersal mechanisms, and environ-
mental conditions at a particular site. The PBA and BBA
sampling sites were situated before and after the rotating
brushes, respectively, and significant differences in micro-
bial structure and chemical concentrations were observed
between them. Compared to those present in the site before
the rotating brushes (PBA), significant increases in Proteo-
bacteria and Bacteroidetes occurred in BBA. The migration
of bacteria from water to air was mainly caused by the
mechanical aeration of the brush in the oxidation ditch.
Different to those emitted from soil or non-aqueous surfaces,
bioaerosols generated from water sources (such as during
splashing and wave action) usually form with a thin layer of
moisture surrounding the microorganisms (Wickman 1994).
Therefore, the percentages of elements and concentrations of
soluble ions in the air were significantly increased at BBA,
just after the rotating brushes.

Meteorological conditions including wind speed and
wind direction were related to the compositions and
concentrations of the microbial populations and chemi-
cal elements. Diffusion by wind from regions of higher
concentration to regions of lower concentration is a
significant factor for treatment facilities in outdoor envi-
ronments, such as the oxidation ditch in WWTP. During
the sampling day, the average wind speed was 1.5 m/s.
Open air diffusion was an important consideration for
the decreasing levels of microorganisms and chemicals
during their transport downwind. Elements and water-
soluble ions showed concentration reductions at BFBA,
40 m downwind from the rotating brushes. Some spe-
cies, e.g., γ-Proteobacteria and Bacteroidetes, were not
present at BFBA not only because of biological inacti-
vation but also due to wind dilution.

Table 4 Ions species in water collected from water in the Orbal
oxidation ditch

Ion species NO2
− NO3

− Cl− NH4
+ SO4

2- PO4
3-

Concentration
(mg/l)

12.81 30.78 19.40 23.30 33.52 8.21

Fig. 10 Morphology of
droplets collected at sampling
site of BBA
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Gravitational settling is also associated with decreasing
microorganisms and chemicals. For aerosols greater than
1 μm, gravitational settling is a much more influential factor
than other forces such as Brownian motion (Pillai and Ricke
2002). The gravitational effect on an aerosol particle is
countered by the drag or frictional force exerted on that
particle. When the two forces are equal, the particle reaches
its final or terminal velocity. Thus, in our study, large
particles tended to fall rather quickly due to gravitational
settling, whereas smaller particles were more likely detected
at sampling sites farther downwind from the rotating
brushes (e.g., 40 m).

The risks associated with exposure to aerosols are not
only related to concentration but also to the size of aerosol-
ized particles. Small particles are very easily carried to large
distances by the wind, ranging from a few hundred meters to
several kilometers. Consequently, small-sized aerosols can
have a greater influence on urban air quality as well as
human health.

Some studies indicate that even though transport through
the environment can be detrimental to the viability of aero-
solized microbial cells, cell growth can occur in airborne
particles (Dimmick et al. 1979). Insoluble components can
serve as attachment media for microorganism adhesion, and
water-soluble ions might provide nutrition for the growth of
cells in aerosols. In addition, the layer of moisture surround-
ing the microorganisms may provide protection against UV
damage. The chemical components in bioaerosols may also
provide suitable microenvironments for airborne microor-
ganism growth and survival in the air. Some bacteria can
survive long distances based on their characteristics. For
example, the microorganism affiliated to Rhodocyclales
found in this study has bacteria chlorophyll and carotenoids.
Photoautotrophic growth with molecular hydrogen may be
possible if growth factors are supplied. In addition, the acid
proof characteristics of Burkholderia also ensured activity
over long-distance transmission, which is concerning as
these bacteria are a potential health hazard in humans.

Most wastewater treatment processes are conducted by
automatic systems without human labor. However, some
WWTP workers still remain on-site for facilities mainte-
nance. Many OTUs (13 OTUs of 47 screened clones) that
appeared in water still present in BFBA, 40 m from the
aerosol source. In addition to the potentially pathogenic
β-Proteobacteria, most of bacteria in BFBA are related to
uncultured environmental microorganisms, which cannot be
detected by conventional culturing methods. As expected,
the risk of bioaerosol exposure was greater at closer to the
aerosol source. The exposure level of airborne microorgan-
isms should be assessed at aerosols sources as the surround-
ing air at WWTPs is a major exposure route to potential
pathogens in bioaerosols for on-site workers. Until recently,
there is no standard to regulate the level of bioaerosols in

WWTPs. This study will be benefit for the formulation of
pollution standards, especially for aerosols, that take into
account plant workers’ health.
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