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Academic Abstract
Recent studies have shown that Ebola virus can persist in wastewater, and the potential for
the virus to be aerosolized and pose a risk of inhalation exposure has not been evaluated.
We considered this risk for three wastewater systems: toilets, a lab-scale model of an
aeration basin, and a lab-scale model of converging sewer pipes. We measured the aeroso l
size distribution generated by each system, spiked Ebola virus surrogates into each system,
and determined the emission rate of viruses into the air. While the number of aerosols
released ranged from 105 to 107 per flush from the toilets or per minute from the lab-scale
models, the total volume of aerosols generated by these systems was ~10 -8 to 10-7 mL per
flush or per minute in all cases. The Ebola virus surrogates MS2 and Phi6, spiked into
toilets at an initial concentration of 107 PFU mL-1 , were not detected in air after flushing.
Airborne concentrations of MS2 and Phi6 were ~20 PFU L-1 and ~0.1 PFU L-1,
respectively, associated with the aeration basin and sewer models. This corresponds to
emission rates of 547 PFU min-1 and 3.8 PFU min-1 of MS2 and Phi6, respectively, for the
aeration basin and 79 PFU min-1 and 0.3 PFU min-1 for the sewer model. Since informa tio n
on the aerosolization of Ebola virus is quite limited, these emission rates can greatly help
inform risk assessment of inhalation exposure to Ebola virus.
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Chapter 1. Literature Review
1.1 Background
The current Ebola virus disease (EVD) outbreak in West Africa is the largest in
history. It has caused 11,310 deaths as of June 2016 with a fatality rate of 53%.1 The
particular strain causing the current outbreak, Zaire ebolavirus, is a member of the
Filoviridae family.2,

3

It is believed that as few as 10 infectious viral particles is enough to

infect an individual.4-6
It is widely accepted that the primary route of Ebola virus (EBOV) transmission is
direct contact with the patient and/or infectious body fluids.7 However, given that EBOV
is a high-consequence pathogen, there are concerns about other routes of transmission. The
virus has been identified by reverse-transcription quantitative polymerase chain reaction
(RT-qPCR) not just in patients’ bodily fluids, such as stool and blood, but also in
contaminated needles as well as used masks.8-11 Individuals have been infected via fomites,
e.g., by direct contact with EBOV-contaminated waste,12 rather than direct contact with a
patient. Transmission of EVD by a route other than direct contact has been demonstrated
in several nonhuman primate studies.13,

14

In one, two sets of monkeys occupied separate

cages that were 3 m away from each other so that there was no direct contact between the
monkeys. Two control monkeys died from EVD at 10 and 11 days after the last
experimental inoculated monkey died.15 Weingartl

16

reported the first experimenta l

interspecies EBOV transmission from pigs to macaques without direct contact. These
findings support the hypothesis that EBOV can be transmitted in some cases by inhala tio n
of airborne infectious virus.
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EVD patients’ diarrhea and blood may contain high concentrations of the virus: 107
genome copies mL-1 and 108 genome copies mL-1 , respectively.17 Infected individuals can
produce up to 9 L of liquid waste per day, which means disposal of a large volume of
EBOV-contaminated waste is required.18, 19 According to guidance from the World Health
Organization (WHO), liquid waste from Ebola victims can be directly disposed in the
sanitary sewer without disinfection.20 This recommendation has raised questions among
environmental engineers because limited data are available about the fate of EBOV in
wastewater systems. In the absence of such data, the potential for wastewater systems to
serve as a vehicle for EVD transmission, particularly for those who work closely with
sewage, cannot be dismissed.21
In response to this knowledge gap, recent studies have focused on the persistence
and partitioning of EBOV in wastewater systems. For EBOV spiked into sterile
wastewater, approximately 99% reduction of viral titer occurred within one day, but
infectious EBOV persisted for all 8 days of the test.22 Similar results were observed with
EBOV surrogates. In sewage, 4 log10 inactivation of Phi6, an enveloped bacteriophage,
was achieved in 2 and 6 days at 30 °C and 22 °C, respectively.23 The effects of matrices
and environmental conditions on the stability of EBOV in sewage were also noticeable. 2 4
A study investigating the partitioning of EBOV surrogates among liquid, biosolids, and
four different material surfaces commonly used in wastewater systems found that at least
94% of virions partitioned into the liquid fraction (Titcombe Lee et al. 2016). Thus, the
virus would maintain its mobility in wastewater systems. Another study reported that 77%
of Phi6 virions were found in the liquid fraction of wastewater.25 It can be concluded from
the available results that EBOV can survive in wastewater for at least a couple of days. As
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the possibility of EBOV transmission via wastewater cannot be completely ruled out, the
results of these studies emphasize the importance of a conservative approach to handling
EBOV-contaminated wastewater.22
1.2 Potential for Aerosol Transmission via Wastewater
Given that (1) aerosol transmission of EVD has been demonstrated in animal
models, (2) the virus is present in high concentrations in diarrhea, and (3) the virus can
survive in wastewater, it is theoretically possible that EBOV could be transmitted by
aerosolization of wastewater. We have identified three possible sources of aerosoliza tio n
of EBOV from wastewater. One is flush toilets. Studies on aerosol generation by modern
flush toilets found that up to 145,000 droplets less than 2 µm in size can be produced per
flush26 Many studies have detected microorganisms in ambient air in bathrooms and on the
toilet surface, indicating the production of bioaerosols and the potential for disease
transmission.27-31 Microorganisms have been detected in air 90 minutes after flushing and
25 cm above the toilet seat. These aerosolized microorganisms can maintain their viability
and spread in ambient air.28, 29, 31, 32 The potential for EBOV to spread via this route is not
known. Previous studies have focused mainly on bacteria rather than viruses, and they have
not measured the full range of aerosol sizes produced by flush toilets. Thus, studies on
aerosolization of EBOV or its surrogates by flush toilets will be useful to bridge the
knowledge gaps.
A second possible source of aerosolized EBOV is the wastewater collection system.
Aerosols may be generated by converging flows in sewer pipes and by high-press ure
cleaning, although the literature on this topic is limited. One study reported airborne
concentrations as high as 4.0 ×104 colony-forming units per cubic meter (CFU m-3 ) of total
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bacteria and 3.0 × 103 CFU m-3 of coliforms during high-pressure cleaning.33 Another study
characterized bioaerosols generated in sewage systems indirectly by measuring endotoxin
concentrations; endotoxins are a cell wall component of Gram-negative bacteria.34, 35 Up
to 80 ng m-3 of endotoxin were detected in the air samples. To our knowledge, there are no
studies on aerosolization of viruses in sewers.
A third possible source is wastewater treatment plants (WWTPs). Previous studies
have demonstrated that bioaerosols can be produced by different units in wastewater
treatment plants, such as aeration tanks, grit chambers and trickling filters.36-38 The
concentration of airborne bacteria has been shown to vary from as low as 4 to 1000s of
CFU m-3 depending on the species.33, 39-41 Airborne viruses have been detected at WWTPs
as well. Adenovirus and norovirus concentrations as high as 2.27 × 106 genome copies m-3
and 1.42±1.14 ×103 genome copies m-3 , respectively, have been reported.42, 43 Based on
the current literature, it appears that airborne concentration of EBOV at a WWTP may be
affected by the treatment process, the concentration of EBOV in wastewater, and the
sampling location.
To support development of policy and guidance for minimizing transmission of
EVD, quantitative risk assessment of the potential for aerosolization of EBOV from
wastewater is needed. One step in risk assessment is estimating exposure to aerosolized
virus, which requires prediction of its airborne concentration. An element that is missing
from most previous studies on microorganisms aerosolized in wastewater systems is an
emission rate or emission factor (i.e., number of virions released per unit of activity, such
as per flush or per volume of wastewater treated, as a function of virus concentration in the
wastewater). Whereas ambient concentrations reported in previous studies are specific to
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one particular study, an emission rate or emission factor can be used in a model to predict
concentrations and inhaled dose more universally under a variety of conditions.
1.3 Research Objectives
This study is based on the hypothesis that wastewater systems can generate aerosols
containing Ebola virus surrogates. The main objective of this work is to investigate the
aerosolization of EBOV surrogates in three wastewater systems: toilets, sewers, and
aeration basins. The data collected will be helpful in assessing whether flush toilets may
put health care workers at risk by exposing them to EBOV-containing aerosols. It will also
provide data for evaluating whether sewer workers and WWTP workers need special
personal protective equipment to guard against exposure to EBOV via the inhalation route.
The specific research objectives are:
1. Design methods to measure the size distribution of aerosols and aerosol generation
rate produced by a flush toilet, lab-scale converging sewer pipes, and a lab-scale
aeration basin;
2. Collect aerosol samples produced by the wastewater systems and quantify both the
viable and total genome concentration of EBOV surrogates in air;
3. Calculate the emission rate of EBOV surrogates and the potential for human
exposure.
Chapter 2, Aerosolization of Ebola Virus Surrogates in Wastewater Systems,
addresses these objectives in the format of a manuscript that will be submitted for
publication in a peer-reviewed, scientific journal. In the study, we developed experimenta l
models of three wastewater systems, including flush toilets, a lab-scale aeration basin, and
lab-scale converging sewer pipes. We used a scanning mobility particle sizer and
5

aerodynamic particle sizer to measure the size distribution of aerosols generated by these
systems. We also collected air samples and quantified by plaque assay the airborne
concentration of Ebola virus surrogates that had been spiked into the wastewater systems.
Lastly, we calculated the emission rates of the Ebola virus surrogates from each model.
Chapter 3 concluded this thesis by describing the main results of this work and
making recommendations for future work.
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2.1 Abstract
Recent studies have shown that Ebola virus can persist in wastewater, and the potential for
the virus to be aerosolized and pose a risk of inhalation exposure has not been evaluated.
We considered this risk for three wastewater systems: toilets, a lab-scale model of an
aeration basin, and a lab-scale model of converging sewer pipes. We measured the aerosol
size distribution generated by each system, spiked Ebola virus surrogates into each system,
and determined the emission rate of viruses into the air. While the number of aerosols
released ranged from 105 to 107 per flush from the toilets or per minute from the lab-scale
models, the total volume of aerosols generated by these systems was ~10 -8 to 10-7 mL per
flush or per minute in all cases. The Ebola virus surrogates MS2 and Phi6, spiked into
toilets at an initial concentration of 10 7 PFU mL-1 , were not detected in air after flushing.
Airborne concentrations of MS2 and Phi6 were ~20 PFU L-1 and ~0.1 PFU L-1,
respectively, associated with the aeration basin and sewer models. This corresponds to
emission rates of 547 PFU min-1 and 3.8 PFU min-1 of MS2 and Phi6, respectively, for the
aeration basin and 79 PFU min-1 and 0.3 PFU min-1 for the sewer model. Since informa tio n
on the aerosolization of Ebola virus is quite limited, these emission rates can greatly help
inform risk assessment of inhalation exposure to Ebola virus.
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2.2 Introduction
The Ebola virus disease (EVD) outbreak in West Africa that began in 2014 is the
largest in history. It has caused 11,310 deaths as of June 2016 with a fatality rate of 53%.1
The particular species causing the current outbreak, Zaire ebolavirus, is a member of the
Filoviridae family.2,

3

EVD is transmitted via direct contact with blood, body fluids, and

objects contaminated with body fluids. 4-6 Transmission is not thought to occur via air,
water, or food, although in theory, aerosolization of blood and body fluids has the potential
to lead to infection, as aerosol transmission has been demonstrated in nonhuman primates. 7 10

EVD patients can produce large volumes of diarrhea that contain up to 10 7 genome
copies of the virus per milliliter.11-13 The World Health Organization recommends direct
disposal of contaminated liquid waste into the sewage system without disinfection, 14 but
this guidance has raised concerns among environmental engineers because workers may
come into close contact with wastewater, 15 and as few as 10 infectious viral particles are
sufficient to infect individuals.16-18 Recent studies indicate that Ebola virus and surrogates
can survive for at least 1 day in wastewater.19, 20 In addition, our research investigating the
partitioning of Ebola virus surrogates among liquid, biosolids, and material surfaces
demonstrated that at least 94% of virions partitioned into the liquid fraction.21 Thus, the
vast majority of Ebola virus is likely to remain mobile in wastewater systems and mainta in
the potential to be aerosolized during certain processes.
Current risk assessments on inhalation exposure to Ebola virus in wastewater
systems are based mainly on data from studies of bacteria, not viruses, conducted on toilets
and wastewater treatment plants (WWTPs). 22 Bacterial and fungi, including pathogenic
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ones, have been detected in the surrounding air,23-32 demonstrating that wastewater
treatment processes have the potential to generate bioaerosols. However, few studies have
focused on aerosolization of viruses in wastewater systems.33-35 Aerosolization of bacteria
versus viruses could be significantly different due to dissimilarities in their size, structure,
and concentration in wastewater. One important difference is that bacteria partition mainly
to biosolids while viruses remain suspended in the liquid. 21,

36

Even fewer studies have

focused on aerosolization from the wastewater collection system, 30 yet processes like
converging flows at pipe junctions and high-pressure cleaning have the potential to
generate aerosols as well.
The goal of this research was to determine the potential for inhalation exposure to
Ebola virus surrogates aerosolized during the regular operation and maintenance of
wastewater systems. This study investigates flush toilets, a laboratory-scale aeration basin
model, and a laboratory-scale sewer model. Specific objectives were to determine the size
distribution of aerosols produced by each system and the emission rate of aerosolized Ebola
virus surrogates spiked into the system. Results from this study can be used to assess the
potential for inhalation exposure to Ebola virus for workers who may be in close proximity
to contaminated wastewater.
2.3 Materials and Methods
Measurement of Aerosol Size Distribution in Model Systems. The size
distribution of aerosols generated by flush toilets, a lab-scale aeration basin, and a lab-scale
sewer model of converging pipes was measured inside of chambers customized specifica lly
for this study. Aerosols were measured in triplicate experiments for each system using a
scanning mobility particle sizer (TSI SMPS 3936) for particles 14-700 nm and an
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aerodynamic particle size spectrometer (TSI APS 3321) for particles 0.5-20 µm. Results
were combined using the TSI Data Merge program to generate a composite size distributio n
and corresponding fitted function using the default parameters. Prior to measurement, each
chamber was flushed with air from a gas cylinder passed through a high-efficie nc y
particulate air (HEPA) capsule to reduce the background particle concentration to below
50 cm-3 .
Toilet-generated aerosols were characterized in a chamber fashioned by fitting a 46
cm × 51 cm acrylic sheet over the toilet bowl. As shown in Figure S1, the sheet had a 15cm square cutout with a Tedlar bag sealed over it to allow the chamber volume to shrink
as air was removed for sampling. The sheet supported a fan to promote mixing, three ports,
and a temperature and humidity logger (OM-EL-USB-2-LDC). The initial chamber
volume of 15 L was estimated by filling the bowl and bag with water.
Measurements were conducted on two commercial toilets in public restrooms at
Virginia Tech. One had a Zurn Aquaflush automatic flushing mechanism, and the other
had a Sloan Regal manual flushing mechanism. The acrylic sheet was taped to the bowl to
ensure airtightness, and the chamber was flushed with HEPA-filtered air. The toilet was
then flushed, and the aerosol size distribution was measured.
The lab-scale aeration basin, shown in Figure S2, consisted of a bubble disk diffuser
(FlexAir, 22.9 cm diameter) placed at the bottom of an 11.4-L plastic basin. The basin was
placed in a 240-L polyethylene glove bag (Sigma AtmosBag) that served as a chamber,
supported by a PVC frame with dimensions of 86 cm × 66 cm × 61 cm. Three portable
mini- fans were used to promote mixing inside the chamber. The aerosol wall loss
coefficient was determined experimentally to be 0.123 min-1 according to the same method
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described in our previous work.37 Additional details are provided in the Supporting
Information.
The basin was filled with mixed liquor collected from the Christiansb ur g
Wastewater Treatment Plant in Virginia, and the top of the diffuser was submerged 10 cm
below the liquid surface. Table S1 shows the characteristics of the mixed liquor. HEPAfiltered air was then pumped through the diffuser at a flow rate of 10 L min-1 , and excess
air was vented to maintain a constant volume in the chamber. The system ran for 1 h to
achieve steady-state conditions, confirmed by measurement of the aerosol concentratio n.
The aerosol size distribution was then measured.
The lab-scale sewer model of converging pipes, shown in Figure S3, comprised a
35 cm × 35 cm concrete model with two inflow open channels of diameter of 3.8 cm
meeting at a 45 ºangle and exiting via a single outflow open channel with the same
diameter. The channels were connected to hoses, and a sump pump in an 18.9-L reservoir
bucket circulated mixed liquor through the system. The flow velocity at the outlet was 0.4
m s-1 , and the Reynolds number was 1.8 × 104 . The system was enclosed with a custom
plastic lid, creating a 10-L above the channels, and two fans were used to promote mixing
inside the chamber. The wall loss coefficient for this system was 0.229 min-1 . The system
was allowed to run for 30 min to ready steady state prior to measurement of the aerosol
size distribution. HEPA-filtered air was used to make up that removed by the SMPS and
APS during measurements.
Aerosolization of Ebola Virus Surrogates. Emission rates of two Ebola virus
surrogates, the bacteriophages MS2 and Phi6,19-21 were determined in each wastewater
system. MS2 (ATCC 15597-B1) is an unenveloped, single-stranded, RNA bacteriophage
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with Escherichia coli as its host. Phi6 (kindly provided by P. Turner of Yale Univers ity,
New Haven, CT) is a lipid-enveloped, double-stranded, RNA bacteriophage with
Pseudomonas syringae as its host. MS2 and Phi6 were propagated from stock suspensions
according to established methods.38 The stocks had concentrations of 109 - 1011 plaqueforming units per milliliter (PFU mL-1 ). Briefly, 50 L of MS2 stock was mixed with 200
L of overnight cultured E. coli and 4.75 mL of LB soft agar. The mixture was poured on
LB plates and incubated at 37 °C for 24 h. Soft-agar layer was removed to a flask, and 3
mL of LB liquid medium was added per plate. The culture was then incubated with aeration
at 37 °C for 4 h. MS2 in suspension was harvested by low-speed centrifugation through
0.22 μm filters at 6,000 rpm for 1 min. For Phi6, P. syringae and TSB medium were used
instead, and incubation took place at 25 °C.
MS2 and Phi6 were simultaneously spiked into wastewater to achieve a final
concentration of 107 PFU mL-1 for each bacteriophage, and the mixture was fed to
wastewater systems. No interference between MS2 and Phi6 was observed in a separate
test. For toilets, 1 L of fresh anaerobically-digested sludge obtained from the same WWTP
as the mixed liquor was poured into the toilet bowl to simulate the consistency of loose
stool associated with EBOD. The chamber was flushed with HEPA-filtered air, and the
toilet was then flushed. Aerosols were collected onto two 25 mm gelatin filters (SKC Inc.
225-9551) installed in stainless steel filter holders (Advantec 304500) for 20 min at a flow
rate at 2 L min-1 . During the sampling process, HEPA-filtered makeup air was provided to
the chamber. After sample collection, one gelatin filter was dissolved in 3 mL of LB for
analysis of MS2 and one was dissolved in TSB for analysis of Phi6. Ten-fold serial
dilutions ranging from 1:10 to 1:10-9 were prepared from the gelatin-filter-der ived

16

solutions. Aliquots of 50 L were used for bacteriophage quantification by plaque assay.
The plates were incubated at 37 °C and 25 °C for MS2 and Phi6, respectively, for 24 h.
The number of plaques on each plate was counted, and bacteriophage concentrations were
determined by multiplying the number by the dilution coefficient.
Similarly, the aeration basin and sewer model were filled with 10 L and 15 L,
respectively, of mixed liquor containing bacteriophage at a concentration of 10 7 PFU mL-1 .
As described previously, steady-state conditions were established. Aerosol samples were
then collected onto gelatin filters, as described for the toilet experiments, at a point 20 cm
above the center of the aeration basin and 10 cm above the junction of the sewer model.
Excess air was vented in the aeration basin and makeup air was added to the sewer model
chamber to maintain flow balance. The surfaces of both models were cleaned using 70%
ethanol after each experiment.
Calculation of Emission Rates. Emission rates were calculated in units of PFU
min-1 for the aeration basin and sewer model. Based on mass balance, the airborne
bacteriophage concentration in a well-mixed chamber can be described by Eq. 1. At steadystate conditions, the emission rates of Ebola virus surrogates can be determined from Eq.
2:
𝑑 ( 𝑐𝑉)
𝑑𝑡

= 𝑄𝑖𝑛 𝐶𝑖𝑛 − 𝑄𝑣 𝐶𝑜𝑢𝑡 − 𝑄𝑠 𝐶𝑜𝑢𝑡 + 𝐸 − 𝑘𝐶𝑜𝑢𝑡 𝑉

𝐸 = −𝑄𝑖𝑛 𝐶𝑖𝑛 + 𝑄𝑣 𝐶𝑜𝑢𝑡 + 𝑄𝑠 𝐶𝑜𝑢𝑡 + 𝑘𝐶𝑜𝑢𝑡 𝑉

(1)
(2)

where, 𝑄𝑖𝑛 is the flow rate of particle-free air, 𝐶𝑖𝑛 is bacteriophage concentration in the
particle-free air, which equals zero, 𝑄𝑣 is the flow rate of excess air that is vented, 𝐶𝑜𝑢𝑡 is
the airborne bacteriophage concentration, 𝑄𝑠 is the flow rate of the air sampling pump, E
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is the emission rate of bacteriophage from the wastewater system, k is the aerosol wall loss
coefficient, and V is the chamber volume.
Because of the low volume of total aerosols produced by toilets and lack of
detection of any viable bacteriophages in toilet air samples, the emission factor for toilets
(i.e., number of PFUs aerosolized per flush) was expected to be negligible and thus was
not determined using Eq. 1.
2.4 Results
Aerosol Size Distributions. Aerosol production by two commercial toilets
containing water only, a lab-scale aeration basin containing mixed liquor, and a lab-scale
model of converging sewer pipes containing mixed liquor was measured over the size range
of 14 nm to 20 m. Table 1 shows the mean and standard deviation of total aerosol number,
total aerosol volume, and mode diameter from merged, fitted data from the SMPS and APS
across three replicates for each system. The total number of aerosols generated by a toilet
ranged from 1.7 to 1.9 million per flush, and the total volume of aerosols produced was on
the order of 10-8 mL. Figure 1(a) shows an example particle size distribution measured
after flushing. The total aerosol concentration was low in this case, 87 cm-3 , so the
distribution is noisy. However, it is clear that a new mode below 100 nm was generated by
flushing. Prior to flushing, the toilet chamber was filled with conditioned air from a gas
cylinder that was drier than achieved after flushing. Relative humidity (RH) in the toilet
bowl chamber rose from ~85% to ~90% after each flush, and the same was true for controls
when no flushing occurred. Thus, it does not appear that evaporation contributed to low
detection of aerosols.
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Table 1. Characteristics of aerosols generated per activity or per unit of time by flush toilets
and lab-scale models of an aeration basin and converging sewer pipes.

Number

Volume
(mL)

Mode
(nm)

Toilet #1
(per flush)

1.7±0.7 × 106

3.0±2.2 × 10-8

14±4

Toilet #2
(per flush)

1.9±0.2 × 106

1.2±1.0 × 10-8

15±8

Aeration basin
(min-1 )

9.5±1.2 × 106

1.9±0.1 × 10-7

60±5

Converging pipes
(min-1 )

2.5±0.3 × 105

2.6±0.1 × 10-8

146±16

The aeration basin produced aerosols at a rate of 9.5 × 106 min-1 and 1.9 × 10-7 mL
min-1 in terms of total number and volume, respectively. The total number concentratio n
inside the chamber was 275 cm-3 on average, which was about twice that in the toilet
chamber (148 cm-3 ). Figure 1(b) shows an example aerosol size distribution, which was
unimodal and centered at 63 nm, indicating that the aeration basin produced larger aerosols
than did the flush toilets.
The converging sewer pipes produced aerosols at a rate of 2.5 × 105 min-1 and 2.6
× 10-8 mL min-1 in terms of total number and volume, respectively. This rate was 38 times
lower than produced by the aeration basin in terms of number, and 7 times lower in terms
of volume. The example size distribution shown in Figure 1(c) appeared to be trimodal and
included a small, broad peak near 1000 nm, or 1 m. The sewer was the only one among
the three wastewater systems to generate these larger aerosols, which help account for the
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larger difference in volume of aerosols than in number of aerosols generated compared to
the aeration basin.

Figure 1. Examples of aerosol size distributions generated by wastewater systems: (a) flush
toilet; (b) aeration basin; (c) converging sewer pipes. The red curve represents the
composite data from SMPS and APS. The black curve represents the fit to the composite
data.

Virus Concentrations. Figure 2 and Figure 3 show the concentrations of Ebola
virus surrogates in the chamber air and mixed liquor in the aeration basin and converging
sewer pipes model for MS2 and Phi6, respectively. The average airborne concentrations of
MS2 were 15 and 21 PFU L-1 in the aeration basin and converging sewer pipes model,
respectively. Airborne concentrations of MS2 in the aeration basin model were slightly
higher than in the model of converging sewer pipes, although this result is contingent upon
the size of the experimental chamber: 200 L for the aeration basin and 10 L for the sewer
pipes. Over the course of the experiments, which lasted 2-3 hours each, the MS2
concentration in the mixed liquor decreased by ~0.1 log10 to an average of 7.3 × 106 PFU
mL-1 in the aeration basin and 8.5 × 106 PFU mL-1 in the converging sewer pipe model.
Compared to MS2, the airborne concentration Phi6 was much lower, only ~0.1 PFU
L-1 in both models. Furthermore, the concentration of Phi6 decreased substantially in the
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mixed liquor over the course of the experiment, by 0.8 log10 in the aeration basin and 2.6
log10 in the converging sewer pipes model.

Figure 2. MS2 concentrations in air and corresponding mixed liquor from which they were
generated in lab-scale models of an aeration basin and converging sewer pipes with MS2
at an initial concentration in mixed liquor of 107 PFU mL-1 .

Figure 3. Phi6 concentrations in air and corresponding mixed liquor from which they were
generated in lab-scale models of an aeration basin and converging sewer pipes with Phi6
at an initial concentration in mixed liquor of 107 PFU mL-1 .
21

Virus Emission Rates. Table 2 presents the emission rates of aerosolized Ebola
virus surrogates from the wastewater systems. Airborne MS2 and Phi6 were not detected
with the toilets. Between the two other systems, the highest emission rate was 547 ± 287
PFU min-1 for MS2 in the aeration basin, and the lowest emission rate was 0.3 ± 0.3 PFU
min-1 for Phi6 in the converging sewer pipes. In general, the emission rate was at least 100
times higher for MS2 compared to Phi6, and the aeration basin emitted both surrogates at
a rate 10 times higher than did the converging sewer pipes.

Table 2. Emission rates of Ebola virus surrogates by toilets and lab-scale models of an
aeration basin and converging sewer pipes
Surrogates

Toilets
(PFU per flush)

Aeration basin
(PFU min-1 )

Converging pipes
(PFU min-1 )

MS2

not detected

547 ± 287

79 ± 36

Phi6

not detected

3.8 ± 3.5

0.3 ± 0.3

2.5 Discussion
While toilets generate a large number of aerosols, the total volume of liquid aerosolized is
very small, so the chance of aerosolizing viruses upon flushing is expected to be low. For
the toilets investigated in this study, the total number of aerosols generated per flush is an
order of magnitude higher than reported in previous studies. 31 This difference can be
explained by our use of a scanning mobility particle sizer that is able to detect smaller
aerosols compared to optical methods that have a lower limit of 0.3 m used in prior
studies. The total volume of aerosols produced per flush is low enough that not every flush
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of contaminated liquid waste in a toilet would be expected to aerosolize Ebola virus if the
virus is not preferentially aerosolized compared to the bulk liquid. Virus concentrations of
~107 genome copies mL-1 have been reported in the diarrhea of patients with Ebola virus
disease.13 Even if the virus were not diluted in the toilet bowl, the average number of virions
aerosolized per flush would be ~0.1 (i.e., the product of 10 7 genome copies mL-1 and the
~10-8 mL of aerosol volume generated by flushing). It is possible that aerosols evaporated
during our experiments and that the actual amount of liquid initially aerosolized was
higher, but RH remained high (~90%) and if aerosols did evaporate, they would have left
behind solid impurities that are present in all but the purest water. The evaporation process
is expected to be very fast, less than 1 s, 39 so observing it would require different detection
methods.
While several studies have investigated aerosolization of bacteria from toilets,
25, 26, 29
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only one to our knowledge has focused on viruses; given an initial MS2

concentration of 107 PFU mL-1 in the toilet bowl water, airborne MS2 was detected at a
concentration of 2.4 PFU L-1 at a location 30 cm in front of the toilet and 20 cm above the
toilet seat immediately after flushing.23 A different carrier of the inoculum and differe nt
sampling method in that study compared to ours could account for the differe nt
observations (i.e., we did not detect any viable MS2). Our findings suggest that the
potential for inhalation exposure to Ebola virus surrogates aerosolized by flushing toilets
is low. This result does not negate the possibility of infection by contact with large droplets
that splash out of the toilet onto the floor, walls, toilet itself, and other nearby surfaces.
This study is the first to investigate the aerosolization of viruses from an aeration
basin in terms of viability. While other studies have reported concentrations of airborne
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bacteria around WWTPs,24, 27, 30, 32 fewer have focused on airborne viruses.34,
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Our results

show that viable virus can be aerosolized from an aeration basin. By reporting results not
just as concentrations but also as emission rates, they can be extended to other scenarios.
For example, if the aerosolization rate is linear with number of diffusers in a system, then
a multiplicative factor can be applied to estimate virus emission rates from larger systems.
Logically, the amount of virus aerosolized should depend on its concentration in
wastewater. This work is one of the first to quantify virus concentration in both air and
wastewater simultaneously.40 These data can be used to develop an aerosolization ratio
(i.e., concentration in air / concentration in stock), or what others have called a partitioning
constant,

41, 42

although such a ratio is specific to the characteristics of the particular system

in question. The ratios in our aeration basin model were on the order of 10 -9 and 10-11 for
MS2 and Phi6, respectively. Of greater interest may be a comparison of aerosol volume
and number of virions. The ratio of virus emission rate (Table 2) to aerosol volume
emission rate (Table 1) represents the concentration of virions in the aerosols themselves.
For MS2, these ratios are 2.9 × 109 PFU mL-1 and 3.0 × 109 PFU mL-1 for the aeration
basin and sewer model, respectively. The concentration of MS2 in the mixed liquor that
served as the source of these aerosols was only 10 7 PFU mL-1 , indicating that MS2 is
enriched in the aerosols. It is possible that, particularly with aerosol generation by bubble
bursting as in the aeration basin, MS2 partitions preferentially to the air-liquid interface.
For Phi6, the ratios of 2.0 × 107 PFU mL-1 and 1.2 × 107 PFU mL-1 for the aeration basin
and sewer model, respectively, are similar to the initial concentration in the mixed liquor,
although if inactivation is taken into account, then the ratios could be indicative of
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enrichment of Phi6 in aerosols, too. Clearly, further study is needed on the topic of
enrichment of microorganisms in aerosols generated from a liquid source.
Another quantity of interest is the fraction of virus that is aerosolized from the
wastewater per unit time. In this study, the fraction is on the order of 10-9 min-1 and 10-11
min-1 for MS2 and Phi6, respectively. These results apply for an aeration basin with a single
diffuser at a 10 cm below the water. Although the ratios seem extremely low, the number
of aerosolized viruses will be large since millions gallons of wastewater are treated every
day. Future studies should determine whether the aerosol generate rate scales linearly with
number of diffusers and how it varies with depth below the water and with wastewater
characteristics.
Data on aerosol production in wastewater collection systems are limited. Studies of
oceans and lakes have shown that aerosols may be produced by bubble bursting and
breaking waves,

43, 44

and such processes may be active, though at smaller scale, in a sewer

system. To the best of our knowledge, this study is the first to investigate the aerosol size
distribution produced by converging sewer pipes. Our results show that converging flows
can aerosolize Ebola virus surrogates. The emission rate is lower compared to the aeration
basin, but the confined geometry of a sewer system may lead to higher concentrations and
higher inhalation exposure. At a concentration of 0.1 PFU L-1 (Phi6 in Figure 3) and EPA’s
default inhalation rate of 20 m3 day-1 , a worker could be exposed to 10 virions, the amount
thought necessary to cause infection, in just over 7 min. The effects of flow rate, pipe size,
and wastewater composition on aerosol generation are not yet known. Another concern
that is not addressed by this study is high-pressure cleaning, which is likely to generate
aerosols,30 although such activity can be postponed until after an Ebola threat has passed.
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A decrease in the concentration of Ebola virus surrogates in mixed liquor was
observed in this study. Such loss is usually attributable to biological inactivation and
physical absorption. The majority of loss is likely due to biological inactivation because
physical adsorption has been shown to be minimal for enteric viruses.45 A T90 value (i.e.,
time to reach 90% inactivation) of 121 hours MS2 in unpasteurized wastewater at 25 °C
was reported in a previous study.46 The decrease in Phi6 concentration in the converging
sewer pipes model is larger compared to that in earlier studies on the persistence of Phi6
in wastewater and the inactivation of Ebola virus in sterilized wastewater. 19 The differe nce
may be due to the effect of heat inactivation inside the sump pump, used for flow
circulation in the sewer model, as Phi6 is believed to be more sensitive to higher
temperature.20 The finding that heat inactivation only applies to Phi6 is consistent with the
general finding of greater susceptibility of enveloped viruses to inactivation. 46
The large difference in airborne concentrations of MS2 and Phi6, a factor of >100,
in both the aeration basin and sewer model can be attributed to two causes. First, their
different inactivation and absorption rates results in different final concentrations in the
mixed liquor even though they were spiked at the same initial concentration. Thus, over
time, relatively more MS2 was available for aerosolization. The other reason is that the
aerosolization efficiencies of MS2 and Phi6 differ. In a separate experiment (described in
the SI), we compared the aerosolization efficiencies of MS2 and Phi6 from a nebulizer.
The result indicated that MS2 was aerosolized ~2 times as efficiently compared to Phi6.
This study provides new information about the potential for aerosolization of Ebola
virus surrogates from wastewater systems, but it has several limitations. First, this study
necessarily employs surrogate viruses whose aerosolization potential may differ from that
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of Ebola virus. Phi6 is thought to be the more relevant surrogate because, like Ebola virus,
it is enveloped, and surface properties are expected to affect partitioning at the air-water
interface. Additionally, the icosahedral morphology of Phi6 differs considerably from the
filamentous morphology of Ebola virus, and effect of such morphological and size
differences on potential for aerosolization is not known. Second, although considerable
care was taken to design lab-scale models with realistic features, the models do not
represent a full-scale aeration basin and sewer system. Scaling factors, operational
variables, and environmental factors will influence aerosolization of Ebola virus in real
systems. Complementary studies in real systems using native viruses or spiked tracers
would help address this limitation.

Third, how aerosolization varies with liquid

composition is not known. Factors such as fluid viscosity and surfactant content may affect
the generation of aerosols from liquid. Fourth, the concentration of spiked surrogates is
higher than Ebola virus is likely to be found in wastewater. Based on the reported number
of genome copies of Ebola virus in patients’ diarrhea and the dilution rate of excrement in
wastewater systems, recent studies applied surrogates with concentrations of 102 to 107
PFU mL-1 , with the upper end being a worst-case scenario.13,

19, 47

However, the effect of

virus concentration in wastewater on its aerosolization is unknown. Because of these
limitations, further investigation is needed to pursue a more accurate estimation of the
potential for aerosolization of Ebola virus in wastewater systems.
These results suggest that flush toilets, aeration basins, and converging sewer pipes
can aerosolize Ebola virus in wastewater. The results of this study add to the database of
bacteria and virus concentrations in air around wastewater systems, and the emissio n
factors can be used to predict virus concentrations in a variety of scenarios, such as
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outdoors using an atmospheric dispersion model or in an enclosed system whose air is
assumed to be well mixed; both models would require an emission rate. Although the
reported concentrations of Ebola virus surrogates in ambient air are low, they are suffic ie nt
to lead to inhalation exposure that would be of concern for Ebola virus. Aerosoliza tio n
from toilets appears to present the lowest risk, while aerosolization in sewer systems and
at WWTPs may be a concern if infectious virus is present. The results in our study will be
particularly important for risk assessment on the potential for exposure to EBOV for sewer
workers who work closely with contaminated wastewater.
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Table S1. Characteristics of mixed liquor and anaerobically-digested sludge
Sample type

System

Total suspended

Volatile suspended

solids (mg L-1 )

solids (mg L-1 )

pH

AnaerobicallyFlush toilet

7.3

17,260

13,180

Mixed liquor

Aeration basin model

7.0

1,760

1,620

Mixed liquor

Converging sewer pipes model

7.1

1,920

1,570

digested sludge
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Figure S1. Experimental setup for measurement of toilet-generated aerosols.

Figure S2. Lab-scale model of aeration basin.

Figure S3. Lab-scale model of converging sewer pipes.
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Wall loss coefficients
Determination of wall loss coefficients followed the procedure described in our
previous work.1 In brief, we ran the aeration basin and sewer model until they reached
steady-state conditions. Then we stopped the aerosolization (i.e., turned off the diffuser in
the aeration basin and halted liquid flow in the sewer model) and measured the number and
volume concentration of aerosol in air chamber over time with SMPS and APS. HEPAfiltered air was added to the chamber to maintain a flow balance.
We assumed that wall loss follows first-order decay process and calculated the wall
loss coefficient for total aerosol volume, the metric of greatest interest, according to the
fitted equation.
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Figure S4. Wall loss coefficient curve for aeration basin model

Figure S5. Wall loss coefficient curve for converging sewer pipes model
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Mutual interference of surrogate viruses
We tested whether the Ebola virus surrogates used in this study could infect each
other’s host and affect experimental results when they were spiked simultaneously into
mixed liquor or anaerobically digested sludge. We performed plaque assays on Phi6 and
MS2, but with the opposite host bacteria (i.e., Phi6 infects E.coli and MS2 infects P.
syringae) at their respective growth temperatures. No Phi6 plaques were observed on E.
coli plates and no MS2 plaques were observed on P. syringae plates. The results confir med
that there should be no concern about mutual interference when the two bacteriophages
were spiked simultaneously into the same matrix.
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Aerosolization of MS2 and Phi6 by Collison nebulizer
In order to compare the aerosolization efficiencies of MS2 and Phi6, we conducted
a separate experiment with a 1-Jet BGI Collison nebulizer. In this experiment, we added
20 mL of sterilized pure water with surrogates spiked at a concentration of 10 7 PFU mL-1
into the nebulizer. We placed the nebulizer in the chamber that was used for the aeration
basin. We started to generate aerosols at a controlled air flow rate of 5 L min-1 . Once steady
state was reached, we collected air samples using the same method described in the
Materials and Methods section and applied plaque assay for quantification of viable virus.
We calculated and compared the aerosolization efficiency, which is the ratio between the
concentration of virus in air and the concentration in liquid suspension at the end of the
experiment. The result showed that the aerosolization efficienc ies for MS2 and Phi6 were
8.6 ×10-8 and 4.6 ×10-8 , respectively. Thus, MS2 was aerosolized 1.89 times as efficie nt ly
compared to Phi6.
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Chapter 3. Conclusions
3.1 Conclusions
The potential for Ebola virus being aerosolized in wastewater systems is directly
related to risk of inhalation exposure for sewer workers. We considered this risk for three
wastewater systems: toilets, a lab-scale model of an aeration basin, and a lab-scale model
of converging sewer pipes. We measured the aerosol size distribution generated by each
system, spiked Ebola virus surrogates into each system, and determined the emission rate
of viruses into the air. Our result show the number of aerosols released ranged from 10 5 to
107 per flush from the toilets or per minute from the models, and the total volume of
aerosols generated by these systems was ~10 -8 to 10-7 mL per flush or per minute in all
cases. No viable MS2 and Phi6 were detected in the air samples collected after flushing
toilets. Airborne concentrations of MS2 and Phi6 were ~20 PFU L-1 and ~0.1 PFU L-1,
respectively, in the aeration basin and sewer model, making the emission rates varied from
0.3 PFU min-1 to 547 PFU min-1 depending on viruses and models. Our results indicated
that the risk of exposing to and inhalation Ebola virus after flushing of toilets is low, while
the aeration basin and converging sewer pipes models are possible to generate aerosols that
contains infectious viruses. Thus, appropriate personal protective equipment is necessary
for people who work closely Ebola virus-contaminated wastes. In the meanwhile, the
concentration of Ebola virus surrogates in aerosols themselves were higher than their initia l
concentrations in mixed liquor, which the reason is unknown. The Emission rates from this
study can help inform risk assessment of inhalation exposure to Ebola virus. Further
investigations are needed to better evaluate the aerosolization of Ebola virus in real
wastewater systems scenario.
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3.2 Recommendations for Future Work
Future work may include but is not limited to: (1) explore viruses or abiotic
alternatives that can better represent Ebola virus and investigate their aerosolization in
wastewater systems. Although MS2 and Phi6 are the best biotic surrogates for Ebola virus,
they are still different from Ebola virus in the aspects of size, shape and structure or genome
types. The effect of these characteristics on the aerosolization of Ebola virus are not clear.
(2) investigate the fate and transport of the aerosols contaminated with Ebola virus
surrogates in the environment. (3) determine enrichment factors for viruses and other
microorganisms that are aerosolized from a liquid. Studies about aerosols migratio n,
persistence of viruses in aerosols, and the interaction between aerosols and other ambient
particles will provide valuable information on risk assessment of inhalation exposure to
Ebola virus.
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