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The emission of particulate matter (PM10 and PM2.5) and ammonia (NH3) by aeration processes at wastewater treatment plants 
(WWTPs) with and without odor control units was examined. Local concentrations of PM25 PM10, and NH3 at the aeration basins 
were within urban ranges. Emission fluxes ofNH3 and PM2.5 for a medium-sized WWTP were determined to be 136 g day -I and 43 g 
day- 1

, respectively, which are not substantial emission fluxes for urban environments. Odor control treatment using a granulated 
activated carbon bed reduced aerosol and NH3 emissions substantially. Detection of sterols, in particular the fecal sterol 
campesterol, in the PM clearly demonstrates aerosolization of wastewater components in the aeration process. The presence of 
campesterol in P M2 .5 at a remote fenceline location in a WWTP facility illustrates that wastewater components are aerosolized in the 
fine PM fraction and transported beyond the facilities. 

Implications: Wastewater treatment plants are potential emtsswn sources of particulate matter and gases. This study 
characterized particulate matter emissions from aeration basins and quantified emissions fluxes of particulate matter and NH3. 

While fine and coarse particles as well as NH3 are being emitted, the overall emissions are small compared to other urban sources. 
However, fecal steroid presence in particles at the fence of a treatment plant demonstrates that wastewater material is getting 
aerosolized and transported beyond the facilities. 

Introduction 

Atmospheric particulate matter (PM) can be derived from a 
variety of primary and secondary sources. Anthropogenic 
sources, including primary emissions of particles from industrial 
sources, can substantially impact local environments. Industrial 
sources can include power plants as well as refining, smelting, 
and metal processing operations. Wastewater treatment plants 
(WWTPs) can also be industrial emissions sources (e.g., Radke 
and Herrmann, 2003; Radke, 2005; Upadhyay et al., 2011a). 
WWTPs are common in urban environments; more than 16,000 
WWTPs are located in the United States alone (U.S. EPA, 1996). 
Many of these are in close proximity to the populated areas they 
serve, and hence any atmospheric emissions will directly impact 
neighborhood and regional air quality. 

Within a WWTP, a likely origin of air emissions and waste
water material transferred to the atmosphere is the frequently 
used aeration basins. In the common activated sludge processes, 
outdoor air is compressed and diffused into deep aeration basins 
to allow diffusion of oxygen into water that serves as an electron 
acceptor for biological degradation of organic matter in sewage 
as well as biological oxidation of organic nitrogen to ammonia or 
nitrate. The diffused aeration process results in bursting bubbles 
at the liquid surface through the same mechanisms that generate 
sea salt particles (e.g., Tyree et al., 2007). Recent studies have 
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suggested that activated sludge aeration basins produce a sub
stantial flux of organic aerosols and bioaerosols (e.g., Radke 
et al., 2005). 

Several studies have examined the health effects of WWTP 
emissions (Gray, 1989; Bauer et al., 2002; Glassmeyer et al., 
2005; Carducci et al., 2008). Most studies have focused on the 
exposure of plant workers (Grisoli et al., 2009), especially in 
terms ofbioaerosol exposure (Leclerc et al., 2001; Bauer eta!., 
2002; Carducci et al., 2008). Several authors have reported a 
particular illness that strikes plant workers, called "sewage work
er's syndrome" (Fannin et al., 1985; Clark, 1987), which is 
characterized by general malaise, weakness, acute rhinitis, and 
fever. Some researchers also found a significant association 
between exposure to WWTP emissions and the incidence of 
respiratory and enteric illness, as well as seropositivity in plant 
workers and residents of neighboring areas to several viral 
strains contained in sewage (e.g., Heng, 1994). All of these 
studies showed the potential for adverse effects from WWTP 
PM emissions (e.g., viruses, bacteria, pathogens) on human 
populations. Hence, a determination of the WWTP contribution 
to the PM in the ambient atmosphere and an evaluation of the 
potential health effects on neighboring populations seem 
warranted. 

Limited data are available on the chemical composition of 
particles emitted by aeration basins. Radke and coworkers in 

Journal of the Air & Waste Management Association, 63(1):20-26, 2013. Copyright© 2013 A&WMA. ISSN: 1096-2247 print 
DOl: 10.1080/10962247.2012.726693 



Upadhyay et al. I Journal of the Air & Waste Management Association 63 (2013) 20--26 21 

Germany showed that trace species, including sterols and sur
factants, can be readily aerosolized and are present in substantial 
concentrations in PM inside and in the vicinity of WWTPs 
(Radke and Herrmann, 2003; Radke, 2005; Beck and Radke, 
2006). Other investigators (Thorn et al., 2002; Priizmo et al., 
2003) investigated the presence of endotoxins in the air at sew
age treatment plants. One study investigated WWTPs as a source 
of synthetic musk species in the urban atmosphere (Upadhyay 
et al., 20lla). 

The off-gases from aeration basins carry gaseous and parti
culate emissions. Volatile species, including methane, ammonia, 
odorous sulfide, and organic compounds, partition into the aera
tion gas. Odorous gases can be controlled by enclosing aeration 
basins and treating off-gases with activated carbon or gas scrub
bers. No published studies have investigated the ability of these 
odor control technologies to remove PM from the exhaust 
stream. In addition, although many studies have focused on 
NH3 emissions from agricultural sewage (e.g., manure lagoons), 
little is known about emission fluxes from urban WWTPs. 

This work aims to investigate and assess the importance of 
PM emissions from aeration basins, as both total PM and organic 
species of particular concern for human health or the environ
ment. Furthermore, emissions of NH3 by aeration basins are 
evaluated. Finally, the effect of activated carbon odor control 
technology for removal of PM and ammonia in exhaust gases is 
evaluated, and emission rates are quantified. 

Experimental 

Field sampling 

Gas and PM samples were collected at two different publicly 
owned WWTPs in the Phoenix (AZ) metropolitan area (Table 1). 
From October 28, 2008 to November 14, 2008 and from January 
10, 2009 to January 23, 2009 samples were collected at a state
of-the-art reclamation facility that has a wastewater treatment 
capacity of 18 million gallons per day (MGD) (0.79 m3 s- 1

) and 
includes a covered aeration basin (CAB) and odor control facil
ities. Samples were collected from the atmosphere inside the 
enclosed aeration basin as well as from the odor control system 
exhaust. 

At the WWTP facility with the CAB, blowers are used to draw 
the aeration and ventilation air from one end of the basin. The 
exhaust airflow is greater than the aeration flow to minimize the 
escape of odorous vapors through the ventilation openings. The 

Table 1. Overview of sampling campaigns and facilities 

Facility A "CAB" 
18 MGD or 0.79 m3/sec with covered aeration basins (CABs) and 

granular activated carbon beds as off-gas treatment 
Above-basin sampling 
Off-gas sampling (post-treatment) 

Facility B "OAB" 

exhaust flow is then forced through a granular activated carbon 
(GAC) bed to remove odorous vapors. The aeration and exhaust 
flows are forced by blowers that are operated at constant rates. 

PM samples were collected in the basin headspace near the 
exhaust duct and at the exhaust stack of the carbon adsorber. 
These samples were analyzed to determine the concentrations of 
PM components. The exhaust flow rate was calculated by mea
suring the diameter and velocity of gas flow from the carbon 
adsorber stack. The total exhaust flow rate was 5.5 m3 s - 1 at each 
stack; thus, four stacks exhausted 22 m3 s - 1

. 

A second series of measurements was made at a WWTP that 
included several uncovered aeration basins. This facility, 
referred to as OAB ("open aeration basins"; no odor control), 
had a treatment capacity of200 MGD or 8.76 m3 s- 1 ofwaste
water; here samples were collected from May 20, 2009 to June 1, 
2009 at the edge of the aeration basins as well as at a fenceline 
location approximately 215 m away from the aeration basins. 

PM2.5 (particles with aerodynamic. diameter <2.5 J.Lm) and 
PM10 (particles with aerodynamic diameter <10 J.Lm) were col
lected using a sampling system consisting of two sampling 
trains, each with a size-selective cyclone inlet, two annular 
denuders, and a three-stage filter pack. The cyclone inlets had 
50% cut-point diameters of2.5 J.Lm (2000-30EH, URG, Chapel 
Hill, NC) and 10 J.Lm (2000-30ENB, URG) for PM2.5 and PM10 

collection, respectively. The designed flow rate (critical orifice) 
through each sampling train was 16.7 L min -I to achieve the 
cyclone cut-point diameter. Typical sampling times ranged from 
8 to 24 hr. PM samples for mass and ion analysis were collected 
on Teflon filters (46.2 mm diameter, Whatman) contained in 
filter packs (2000-30F, URG). Gas-phase ammonia was col
lected on annular denuders (2000-30x242-3CSS, URG) that 
were coated with citric acid prior to use. A second denuder and 
filter sampler unit was used to collect samples on quartz fiber 
filters (47 mm, Pall Life Sciences, prefired at 600 oc for 12 hr) 
for organic and elemental carbon analysis. 

Aerosol samples for organic trace analysis were collected 
using a ChemVol impactor (model 2400, Thermo Fisher 
Scientific, Waltham, MA) (Demokritou et al., 2002) in which 
size-segregated particles were collected on different stages 
according to their aerodynamic diameter (Da): Da > 10 J.Lm, 2.5 
J.Lm < Da < 10 J.Lm, 1.0 J.Lm < Da < 2.5 J.Lm, 0.5 J.Lm < Da < 1.0 
J.Lm, 0.1 J.Lm < Da < 0.5 J.Lm, and an after-filter for the particles 
with Da < 0.1 J.Lm. The ChemVol sampler was operated at the 
designed flow rate of 760 L min- 1

• Polyurethane foam (PUF) 
substrates were used as the impaction media, and polypropylene 

Oct. 28, 2008-Nov. 14, 2008 6 samples 
Jan. 10, 2009-Jan. 23,2009 6 samples 

200 MGD or 8.76 m3/sec with several open aeration basins (OABs) 
Edge of aeration basin sampling May 5, 2009-May 25,2009 6 samples 

May 26, 2009-June 1, 2009 6 samples Fenceline sampling 
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foam (PPF) was used as the after filter media. All PUF and PPF 
substrates were precleaned and stored at - 20°C before sample 
collection (Sun et al., 2009). 

Chemical analysis 

The mass concentrations of ambient PM were determined 
gravimetrically by weighing the Teflon filter samples pre and 
post sampling under controlled temperature (25oC) and humidity 
(relative humidity [RH] 45 ± 5%). Quartz fiber filter fractions 
were analyzed for organic carbon (OC) and elemental carbon (EC) 
by thermal-optical transmission using a well-established method 
(Birch and Cary, 1996) on a Sunset Laboratories EC/OC analyzer. 

Teflon filters were extracted in 10 mL of deionized (DI) water 
under sonication. The extracts were filtered through glass-fiber 
filters and the filtrates were refrigerated until analysis. Major 
anions were analyzed by ion chromatography (Dionex DX-600) 
using a Dionex AS 11 column and suppressed conductivity detec
tion. An on-line electrolytic eluent generator produced high-purity 
hydroxide eluent. Cations were determined on a Dionex DX-120 
ion chromatography system using a Dionex cation-exchange 
CS12A column and suppressed conductivity detection. 

The denuders were extracted using nanopure DI water. The 
resulting aqueous extracts were analyzed for NH4 + using ion 
chromatography as outlined earlier for the major ions. 

Organic molecular compounds were extracted from PUF and 
PPF following a protocol of two extractions with isopropanol 
(Burdick & Jackson, high purity 99.9%) followed by three 
extractions with dichloromethane (Burdick & Jackson, high 
purity 99.9%). The extraction method is discussed thoroughly 
elsewhere (Sun et al., 2009). The extract was silylated to generate 
trimethylsilyl esters of sterols and other organic species contain
ing hydroxyl groups. In a typical silylation procedure, 50 J.LL of 
concentrated sample extract was combined with 50 J.LL of bis 
(trimethylsilyl)trifluoroacetamide (BSTFA) and 10 J.LL of tri
methylchlorosilane (TMCS), and the mixture was allowed to 
react for 2 hr at 70°C. Filter extracts were analyzed on an 
Agilent 6890 gas chromatograph (GC) coupled to an Agilent 
5973 inert mass-selective detector (MSD). Separation was 
accomplished using an HP 5MS capillary column (30 m x 250 
J.Lm x 0.25 J.Lm; 5% phenylmethylsiloxane film). Injections of 1-
J.LL aliquots were performed in splitless mode, and helium (ultra
high purity) was used as the carrier gas. The MSD was operated 
in ion scan mode, and ions were produced by electron impact 
(EI) ionization. The GC temperature profile included an initial 
hold time of 10 min at 65 oc, followed by a temperature gradient 
of 10°C min -I to a final temperature of 300°C that was held 
constant for 20 min. Authentic standards were used for identifi
cation and to obtain response factors for the majority of the 
quantified organic compounds. In the current work we focused 
on the sterols campesterol, cholesterol, ~-sitosterol, coprostan-3-
ol, stigmastanol, and stigmasterol. 

Results and Discussion 

PM2.s and PM 10 mass and OC concentrations 

Figure 1 presents the PM mass and OC concentrations for 
PM2.5 (a) and PM10 (b) observed at the different locations during 
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Figure 1. PM2.5 (a) and PM10 (b) mass and organic carbon (OC) concentrations 
observed during the study and the average values for Phoenix (Upadhyay et a!., 
2011 b). Bars represent the range (min-max) of observations. 

the study as well as urban PM concentrations measured in the 
Phoenix area (Upadhyay et al., 2011b) as a reference. Overall 
mass and OC concentrations of both PM2 _5 and PM10 are in the 
range of an urban area in general and Phoenix in particular. 
PM2.5 at the CAB is slightly higher but not atypical for closed, 
poorly vented environments. In the enclosed process, there is a 
substantial difference in off-gas concentrations between up- and 
downstream of the odor treatment unit. About 80% of both PM 10 

(23 to 6. 7 J.Lg/m3
) and PM2.5 (24 to 5 J.Lg/m3

) was removed by the 
odor treatment unit. 

Although the overall mass and OC concentrations are not 
very high, they can still contain substantial amounts of aeroso
lized wastewater, including potential harmful species. First we 
evaluated the importance of the aeration basin as a PM emission 
source. 

PM emissions from wastewater treatment operations 

The fluxes of PM components from the surface of the CAB 
were calculated from the concentration and outflow measure
ments so that the present results may be generalized for other 
WWTP aeration basins and other sources of aerosols from 
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bubble bursting. The aerosol flux of PM component i, Fi> was 
calculated as 

Fi = (Ci x V1)/A 

where Ci is the concentration (!-Lg m-3
) of PM component; A is 

the area of the aeration basin (2126 m2
); and V1 is the total outflow 

(22m3 s - 1
) of vent air. The average PM2.5 mass concentration was 

23 1-1g m-3
; the mass flux is therefore 0.234 1-1g m-2 s- 1

. 

This mass flux corresponds to a total daily emission rate of 43 
g day - 1

. This is a very low number, considering that recent work 
(Watson et al., 2011) estimated gasoline vehicle emissions of 
PM2.5 at <0.03 g km- 1 for new and 0.06 g km- 1 for older 
vehicles. Assuming a new vehicle emission factor of 0.03 g 
km - 1

, the daily emission rate of an aeration basin would corre
spond to about 1400 vehicle kilometers. 

The aerosol flux from the WWTP aeration basin may be 
compared with laboratory measurements designed to study aero
sol formation at the ocean surface (Tyree et al., 2007; Tyree and 
Allen, 2008). In the prior research, salt concentration, superficial 
bubbling velocity, and bubble size significantly affected aerosol 
flux from the bubbling surface. Superficial bubbling velocity, vb, 
was calculated as 

Vb = Vb/A 

where V b is the volumetric flow of bubbling air; vb was not 
measured as part of this project. Superficial oxidation air velo
cities of approximately 0.1 em s - 1 have been reported for fine 
pore aeration basins (U.S. EPA, 1989).Tyree and Allen (2008) 
reported a mass flux of 300 1-1g m-2 s- 1 of fine particles for a 
1 wt% solution of NaCl and vb of 1.2 em s - 1

. For a 0.1 wt% 
solution of NaCl under similar conditions, the estimated mass 
flux is 20 1-1g m-2 s- 1

. Thus, PM2.5 mass flux from the aeration 
basin is approximately 50 times smaller than that from the 
nearest comparable laboratory experiment (0.1 wt% NaCl solu
tion, vb = 1.2 ems - 1

, 200 1-1m characteristic air bubble size). The 
presence of surfactants, larger air bubble sizes, and lower vb for 
the aeration basin in comparison with the laboratory experiments 
are all expected to reduce the aerosol flux (Tyree et al., 2007). 

These comparisons suggest that to understand the role of 
operating and design parameters on PM mass flux from aeration 
basins, laboratory experiments specifically designed to approx
imate these conditions are required. Calculations as well as the 
observational data suggest that WWTPs are not important 
sources of PM mass. Still, selected components of PM emitted 
by aeration basins could have substantial health effects, and 
select species are discussed in the following. 

Inorganic PM composition 

Out of concern for potential human health effects, we inves
tigated the chemical composition of the emitted PM. Figure 2 
shows the average relative ionic composition ofPM2.5 and PM10 

(by mass) in all sampling locations. 
The major components and their relative abundance are very 

similar to the reported PM25 composition for the Phoenix area 
(e.g., Soroosian et al., 2011 ). There is little variation in concentra
tions between the fence site and curbside. In the CAB some 
compositional change occurs; in particular, the Nl4 + contribution 
decreases substantially after GAC treatment. This could be related 

to a drying out of particles, outgassing, and potentially the interac
tion of NH3 with GAC. Overall, the inorganic ion composition 
resembles that of an urban aerosol which suggests that, at least for 
the CAB, part of the aerosol might be recirculated outside air. 

Airborne sterols 

A class of wastewater components of concern is sterols. The 
target species in this study are sterols detected in urban atmo
spheres and at WWTPs (Radke and Herrmann, 2003; Radke, 
2005), including campesterol, cholesterol, ~-sitosterol, 
coprostan-3-ol, stigmastanol, and stigmasterol. Only cholesterol 
and coprostanol have been detected in all size fractions in the 
present study and hence have size distribution data available. The 
other species were detected only occasionally in individual size 
fractions. The result is consistent with work by Radke (2003), 
who observed for these species concentrations in the range of 
several tens ofpicograms per cubic meter to 1 ng m-3

. In this 
study the detection limits for individual size ranges were in the 
range of 0.05-0.5 ng m-3

. The concentrations observed in 
individual samples ranged from below the detection limit to 
0.68 ng m-3 for sitosterol and 0.28 ng m-3 for campesterol. 
Although cholesterol is typically found in the urban atmosphere 
and has been associated with cooking emissions (Schauer et al., 
1996), coprostanol is a fecal sterol that is produced only in the 
digestive tract of mammals (Wells, 1957) and hence is unambig
uous proof of sewage aerosolization. 

The size distribution shows that coprostanol is emitted in both 
coarse and fine fractions of the PM and is even present in 
submicrometer particles, which is consistent with aerosolization 
of PM over a wide particle size range (see Figure 3). At the 
aeration basin, the majority of coprostanol is associated with the 
larger particle sizes, whereas at the fence site the coprostanol 
observed is associated with smaller sizes. The short distance and 
hence short travel time make it unlikely that the difference is a 
result oflarger particles settling out (which is also not seen in PM 
mass concentrations). These results are consistent with disper
sion and drying of aerosols. Note that relative humidity was low 
during the sampling, as it averaged 39% (range 8-82%). Finally, 
the presence of coprostanol at the fence site is clear evidence that 
small aerosolized sewage particles can be transported beyond the 
treatment facility and could impact neighboring areas. 

The size distributions observed in the present study are con
sistent with those of Radke and Hermman (2003), who also 
reported that most coprostanol was present in the coarse particle 
range. In that study, samples were collected directly above the 
aeration basin in high humidity conditions. 

Ammonia emissions 

Aeration basins are known emitters of nitrous oxide gases, 
and some data are available on their greenhouse gas emissions 
(e.g., Ahnet al., 201 0), but little is known about NH3 emissions. 
NH3 concentrations above the aeration basin and NH3 emission 
fluxes were investigated in this study. Figure 4 presents the NH3 

concentrations observed. Each measurement is a duplicate of 
two separate denuder channels. The analytical precision is high 
with an average standard deviation of 9%. 
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Figure 2. PM2 _5 (a) and PM10 (b) average relative composition of major ions observed during the study. 
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Figure 3. Size distribution of 3-coprostanol in aerosol observed at the open 
aeration basin (OAB) plant at curb and fence sites. 
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Figure 4. Gas-phase NH3 collected by denuders at the closed aeration basin 
(CAB) site and open aeration basin (OAB) site. 
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NH3 concentrations were highest at the CAB facility above 
the aeration basin, where they ranged from 13 to 72 1-Lg m-3

. 

Lower concentrations were observed downstream of the odor 
control unit at the CAB (7 to 18 1-Lg m-3

). The data show a large 
variability of a factor of seven between different days. This could 
be linked to differences in the nitrogen content of the wastewater 
received by the treatment plant. Although no simultaneous mea
surements were made upstream and downstream of the odor 
control system, comparison of the data sets from inside the 
CAB and downstream of the odor control treatment suggests 
that the ammonia concentrations were significantly lower (two 
sided t-test, confidence level 95%) by approximately 62%. 

NH3 concentrations at the OAB at the curb of the aeration 
basin (20 to 71 1-Lg m-3

) were in the same range as those inside 
the CAB. Concentrations at the fence line were, on average, 32% 
lower (14 to 44 1-Lg m-3

) than at the edge of the basin; however, 
this difference is not significant at the 95% confidence level, 
likely because of the large scatter in the data. 

Ammonia concentrations at the WWTP facilities were within 
the range observed for urban sources. The observations are an 
order of magnitude higher (10-70 fLg m-3

) than those of an 
urban background such as Los Angeles (1.8 fLg m-3

; Fraser and 
Cass, 1998). Ammonia concentrations in specific environments, 
such as tunnels, were slightly higher (91-135 fLg m-3

) than our 
observations (Allen et al., 2001). 

Daily NH3 emission rates were calculated for the CAB facil
ity using the daily air flow and the average observed concentra
tions before and after odor control treatment. The results are 
substantially lower than literature reports for manure or slurries 
(e.g., Balsari et al., 2007) (see Figure 5). 

The highest daily NH3 emission rate by the CAB is 136 g NH3 
day -I, which is dwarfed by overall emissions of "'41 ,500 g NH3 

day -I in Maricopa County (2008 Maricopa County PM 10 
Emission Inventory) or even the estimate for WWTPs within 
this inventory of 3 700 g day -I. 
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Figure 5. Daily ammonia emissions. Cattle and pig slurry data come from 
Balsari et a!. (2007) and are scaled to the same-size slurry as the covered 
aeration basin (CAB). 

Summary 

Wastewater aeration basin emissions of PM2.5, PM10, and 
NH3 have been characterized and evaluated. PM mass and OC 
aerosol concentrations at the WWTPs are similar to the concen
trations in the general urban areas, and concentrations in treated 
off-gases are lower. 

Daily PM2.5 emissions of the aeration basins at a medium
sized plant (18 MGD) are low ("-'43 g day- 1

) compared with 
mobile or stationary sources. Surface emission flux was "'0.5 1-Lg 
m-2 s -I, which is more than two orders of magnitude lower than 
in laboratory experiments on sea salt (Tyree and Allen, 2008). 
The odor control system (GAC bed) investigated in the present 
study was able to reduce PM emissions by "'80%. The ionic 
composition of the PM is similar to that of urban aerosols. 
However, substantial sterol concentrations were observed. 
Cholesterol and coprostanol were detected in both coarse and 
fine PM. Most coprostanol was in the coarse fraction, but a small 
amount was detected in the fine PM fraction. The presence of 
coprostanol, a nonvolatile fecal steroid, is clear evidence of the 
aerosolization of wastewater material. Coprostanol in fine PM at 
the fence site, distant from the aeration basin, is a clear indication 
of export of aerosolized wastewater beyond WWTPs. 

NH3 concentrations at the WWTPs are within the range seen in 
urban environments, higher than the urban background but similar 
to that for specific environments such as tunnels. The daily emis
sion rates in terms of emissions per surface area are more than two 
orders of magnitude lower than for manure storage and similar 
activities. Even considering the large surface area of aeration 
basins, they are not significant point sources ofNH3 . 

This study shows that aerosolization of wastewater occurs. 
On one hand, aeration is not an important source of PM mass, 
organic carbon or NH3 emissions in an urban environment. On 
the other hand, a concern is that aerosolization of wastewater 
material occurs in the fine PM fraction (PM2.5), as evidenced by 
coprostanol measurements, which allows for longer range trans
port and residence time that result in exposure beyond the facil
ities themselves. 
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