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Occupational Safety and Health (Retired), Washington, District of Columbia; cDepartment of Aerospace and Mechanical Engineering,
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ABSTRACT
Airborne particles play a significant role in the transmission of SARS-CoV-2, the virus that
causes COVID-19. A previous study reported that institutional flush-O-meter (FOM) toilets
can generate 3–12 times as many droplets as other toilets by splashing (large droplets) and
bubble bursting (fine droplets). In this study, an aerosol suppression lid was evaluated to
measure the reduction of particles by size using three metrics; number, surface area, and
mass concentrations. To quantify toilet flush aerosol over time, detailed particle size distribu-
tions (from 0.016–19.81mm across 152 size bins) were measured from a FOM toilet in a con-
trolled-environment test chamber, without ventilation, with and without use of the
suppression lid. Prior to each flushing trial, the toilet bowl water was seeded with 480mL
fluorescein at 10mg/mL. A high-speed camera was used to record the large droplet move-
ments after flushing. An ultraviolet-visible spectrophotometer was used to analyze the wipe
samples to evaluate the contamination on the lid. The particle number, surface area, and
mass concentrations without a lid were elevated compared to a lid in the first 90 sec.
Overall, the lid reduced 48% of total number concentration, 76% of total surface area con-
centration, and 66% of total mass concentration, respectively. Depending on the particle
size, the number concentration reduction percentage ranged from 48–100% for particles
larger than 0.1mm. Large droplets created by splashing were captured by the high-speed
camera. Similar studies can be used for future particle aerodynamic studies. The fluorescein
droplets deposited on the lid back sections, which were closer to the FOM accounted for
82% of the total fluorescein. Based on two-way ANOVA analysis, there were significant dif-
ferences among both the experimental flushes (p¼ 0.0185) and the sections on the lid
(p¼ 0.0146). Future work should explore the aerosolization produced by flushing and the
performance of the lid in real restroom environments, where feces and urine exist in the
bowl water and the indoor ventilation system is in operation.
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Introduction

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a highly transmissible virus that
causes the coronavirus disease 2019 (COVID-19).
Recent studies have reported the presence of SARS-
CoV-2 ribonucleic acid (RNA) in human feces and
urine (Chen et al. 2020; Foladori et al. 2020; Wang
et al. 2020; Park et al. 2021). Aerosol transmission of
SARS-CoV-2 is plausible since the virus can remain
viable and infectious in aerosol form for hours (Asadi
et al. 2020; van Doremalen et al. 2020). Therefore, in

addition to close human contact, the SARS-CoV-2
may also spread via fecal-oral and aerosol-borne
routes (Hindson 2020; Wang and Du 2020). The
actual SARS-CoV-2 size ranges from 60–150 nm (Kim
et al. 2020; Matsuyama et al. 2020; Cascella et al.
2021). However, an aerodynamic analysis of the
SARS-CoV-2 found that the virus RNA was found on
particles with sizes ranging from nanoparticles
(<100 nm) to 10 mm particles, and the peak concen-
tration of the virus RNA was found on 250–500 nm
particles in a protective-apparel removal room (Liu
et al. 2020). For different size particles, the adverse
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Figure 1. Experimental setup: (a) experimental chamber, (b) measurement of particle size distributions with and without the lid,
and (c) visualization of the particle plumes and quantification of the contamination on the lid.
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health effects were found to be associated with various
metrics, including the number, surface area, and mass
concentrations. Therefore, the detailed particle size
distributions in various metrics from the potential
emission sources should be measured for assessment
and control.

Flushing of institutional toilets of the type found in
healthcare facilities, long-term care facilities, and public
restrooms has been postulated to facilitate the spread
of pathogenic organisms, including Clostridioides diffi-
cile, Escherichia coli, Legionella pneumophila, and
SARS-CoV-2 (Johnson et al. 2013; Knowlton et al.
2018; Aithinne et al. 2019; Amirian 2020; Wilson et al.
2020; Dancer et al. 2021; Schreck et al. 2021). These
institutions typically employ Flush-O-meter (FOM)
types of toilets that do not have a lid covering the toi-
let. The subsequent production of aerosol plumes may
result in inhalation of respirable particulates containing
bacteria and viruses and can also lead to their depos-
ition on surfaces that result in dermal contact. In add-
ition to the spread of infectious agents, there has been
concern that chemotherapy drugs present in patient
waste may also be spread in a similar manner
(Kromhout et al. 2000; Crul et al. 2020; Eisenberg et al.
2021), thus potentially exposing healthcare personnel
who dispose of bodily waste and housekeeping person-
nel who clean contaminated areas. Therefore, exposure
to infectious pathogens and hazardous drugs pose sig-
nificant risks to healthcare professionals, cleaning staff
members, and patients in the hospital.

Engineering controls that separate workers from
potential hazards are one of the key elements in the
Hierarchy of Controls to protect individuals from
exposure to infectious agents and hazardous chemicals
(NIOSH 2015). Engineering controls have long been
employed in various healthcare and industrial settings
and include ventilation, negative-pressure rooms, plex-
iglass shields, antimicrobial materials, and others

(M€ohlenkamp and Thiele 2020; Al-Benna 2021;
Billings et al. 2021; Esteban Florez et al. 2021;
Opfermann et al. 2021). Most hospital toilets do not
have lids because they might harbor dangerous patho-
gens (Newsom 1972), which increases the risk of the
housekeeper staff or increases their workload of clean-
ing and maintaining the lids. However, previous stud-
ies also indicate that lidless toilets increase the risk of
environmental contamination with infectious patho-
gens (Best et al. 2012). Additional research on the role
of a control measure such as a toilet lid is needed
(McDermott et al. 2020).

Therefore, in this study, we comprehensively eval-
uated the performance of a temporary lid in reducing
particle spread from FOM toilet flushing. We
measured the detailed particle size distributions in
three metrics (number, surface area, and mass) from
flushing with and without a lid in a controlled-envir-
onment chamber using state-of-the-art aerosol instru-
mentations. To visualize the generated particle
dynamics, a high-speed camera was used to record
particle movements. To evaluate lid contamination
due to toilet flushing, wipe samples were performed
on various portions of the lid.

Methods

Experimental chamber

This study was conducted in a controlled-environment
flushing toilet chamber described in previous studies
(Figure 1a) (Johnson et al. 2013; Aithinne et al. 2019).
The test chamber room was 5� 5� 7 ft (1.52� 1.52�
2.13 m) in interior dimension, for a volume of 175 ft3

(5m3). A clear plastic access door provided a view
and an airtight enclosure. The test chamber was venti-
lated under slight positive pressure using a high-effi-
ciency particulate air (HEPA)-filtered supply and
powered HEPA-filtered exhaust after each trial. The
effective ventilation rate was 18 air changes per hour
(ACH) between tests, higher than most healthcare
rooms but allowed for quicker contaminant purging.
Toilet flush water was pre-filtered to avoid potential
interference by naturally occurring particles that
might be present in the mains water supply.

A hospital-type toilet (Model: K-96057-L-0, Kohler
Co., Kohler, WI, USA), together with a 1.6 gallon per
flush (GPF) FOM (Model: 6047.161.002, American
Standard, Piscataway, NJ, USA), were used in this
study. The two-tank water supply system (Figure 1a)
was used to provide 55 psi (379 kPa) water pressure to
the FOM toilet for all flushing experiments in this
study. An operating rubber glove was installed inside

Figure 2. Calibration curve for fluorescein using an ultraviolet-
visible Spectrophotometer.
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the chamber in order to operate the flush handle and
inject fluorescein solution into the toilet bowl without
disturbing the airflow inside the test chamber.

Measurement of particle size distributions

Particle size distributions were measured using a
Scanning Mobility Particle Sizer (SMPS, model 3936,
TSI Inc., Shoreview, MN, USA) and the Aerodynamic
Particle Sizer (APS, model 3314, TSI Inc., Shoreview,
MN, USA) 1 cm above the toilet bowl plane and cen-
tered over the bowl to measure the particle concentra-
tions leaving the bowl plane (Figure 1b). In this study,
a SMPS with a time resolution of 60 sec was used to
measure the particle number concentration for mobil-
ity diameter from 0.016–0.593mm (101 size bins), and
an APS with a time resolution of 30 sec was used to
measure the particle number concentration for aero-
dynamic diameter from 0.523–19.81mm (51 size bins).
Since the toilet flush particles are mainly filtered
water, the number concentration was converted to
surface area and mass concentration assuming
spherical shape (shape factor of 1) and unit density

(1 g/cm3), and the mobility diameter from SMPS and
the aerodynamic diameter from APS are essentially
equivalent. Measurements were collected triplicate,
three with the lid and three without the lid. The tem-
porary lid used in this study was a commercial
Splashblocker (Splashblocker LLC, Newtown, PA,
USA). The instruction for use from the official website
were followed during the test. This engineering con-
trol, thus, was a detached, clear, and impervious toilet
lid with a handle, which is placed on top of the cer-
amic toilet bowl before flushing the toilet. This phys-
ical barrier was intended to separate the person from
the hazard and suppress splatter aerosol. According to
a previous study, after flushing, the particle number
concentration went back to baseline after 5min
(Knowlton et al. 2018). Therefore, in order to assess
the particle concentration changes over time, each
measurement lasted 5min. The test chamber was ven-
tilated (at 18 ACH) for more than 8min between
measurements to purge residual particles. The particle
concentrations during the 3min of purge ventilation
before and after each flush served as the “baseline”
particle concentrations.

Figure 3. Baseline corrected particle concentration change over time with and without a lid after flushing for (a) particle size from
0.016–0.593mm (mobility diameter, and (b) particle size from 0.523–19.81mm (aerodynamic diameter).
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Visualization of the particle plumes and
quantification of the contamination on the lid

Fluorescein, a fluorescent indicator, was used as the
contamination detection agent. The flushing-generated
fluorescein particles were characterized qualitatively
and quantitatively (Figure 1c). A 1% fluorescein solu-
tion was prepared using fluorescein powder (CAS-No.
2321-07-5, Sigma-Aldrich Inc., St. Louis, MO, USA).
In each flush, 480 milliliter (mL) of the 1% fluorescein
solution was mixed into 2300mL of bowl water of the
toilet. A high-speed camera (ORCA-Lightning Digital
CMOS camera, Hamamatsu Photonics, Hamamatsu,
Japan) was positioned in front of the toilet to record
the generation of fluorescein particles during toilet
flushing. The camera was set to record 250 frames per
second with a resolution of 1024� 1024 pixels. Each
video started one second before the flushing and
lasted 10 sec. Videos were used to qualitatively capture
particle generation and flight trajectories.

The lid was divided into quadrants as shown in
Figure 1c. Wipe sampling was conducted on each quad-
rant of the lid and quantitatively analyzed for fluores-
cein concentration since only bowl water particles
would contain this indicator. A wavelength scan was
performed with dilute fluorescein solution to determine
the maximum absorption peak at a wavelength of
490nm using an ultraviolet-visible (UV-Vis) spectro-
photometer (model 840-208100, Thermo Scientific,
Waltham, MA, USA). A linear calibration curve was
created on fluorescein concentrations of 0.01, 0.05, 0.1,
0.5, and 1.0mg/mL; and a correlation coefficient (R) of
0.999, an intercept of �0.0062, and a slope of 0.2577
were obtained (Figure 2). The procedures of collecting

Figure 4. Baseline corrected particle size distributions
(0.016–0.593mm) measured by Scanning Mobility Particle Sizer
in three metrics (number, surface area, and mass) during the
first 60 sec after flushing.

Figure 5. Baseline corrected particle size distributions
(0.523–19.81mm) measured by Aerodynamic Particle Sizer in
three metrics (number, surface area and mass) after flushing:
(a) 0–30 sec, (b) 30–60 sec, and (c) 60–90 sec.
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wipe samples on the lid are as follows. First, 300mL dis-
tilled water was used to wet a Kimwipe (Kimtech
Science, Kimberly-Clark, Irving, TX, USA), and then
the wet Kimwipe was used to carefully wipe each quad-
rant of the lid. Wipes were then extracted in a 15mL
vial with 3mL of distilled water, and they were mixed
using a vortex mixer for 5min. The extract solution
was then transferred to UV-Vis Spectrophotometer
cuvette. Fluorescein concentration was calculated using
the created calibration curve.

Normality of data was tested using the Shapiro–Wilk
test. The data were then log-transformed to normalize
the data. Parametric Two-Way ANOVA tests without
replication were performed to determine whether the
differences among testing flushes or among lid sections
were significant. Parametric Two-Way ANOVA without

replication was used to account for two factors, testing
flushes and lid sections, with interrelation influence on
the fluorescein concentration due to the limited nature
of the study, as only limited flushes were performed. A
type I error (or alpha) of 0.05 was used to determine
the statistical significance in this study. All data
manipulation, transfer and statistical tests were per-
formed in Microsoft Excel.

Results and discussion

Concentration change over time with and without
the lid

The main objective of this work was to evaluate the
performance of a temporary lid for reducing toilet

Figure 5. Continued. Figure 5. Continued.
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flush aerosol from a FOM type toilet. The particle
concentration changes over time in three metrics
(number, surface area and mass) are given in Figure
3, indicating that the highest concentrations in all
metrics without a lid occur in the first 90 sec, and are
higher than when a lid was in place. However, the
concentrations of particles sized from 0.016–0.593mm

measured by the SMPS with the lid used were slightly
higher than without using the lid, showing the chal-
lenge of controlling the submicrometer particles
(Figure 3a). The lid was more effective at reducing par-
ticles 0.523–19.81mm measured by the APS (Figure
3b). In summary, for all size particles (0.016–19.81mm
with 152 size bins from both SMPS and APS), in the
first 90 sec, the lid reduced 48% of the total number
concentration, 76% of the total surface area concentra-
tion, and 66% of the total mass concentration.

The particle size distributions (0.016–0.593mm)
measured by SMPS in three metrics during the first
60 sec are provided in Figure 4, demonstrating that
the lid is more effective in reducing the number (48%
reduction) and surface area (42% reduction) concen-
tration compared to the mass (19% reduction) con-
centration for these size particles.

The particle size distributions (0.523–19.81mm)
measured by APS in three metrics during the first
90 sec are provided in Figure 5. For 0–30 sec, the lid
reduces 96% of the number concentration, 88% of the
surface area concentration, and 77% of the mass con-
centration, respectively (Figure 5a). For 30–60 sec, the
lid reduces 91% of number concentration and 47% of
surface area concentration, but no reduction is meas-
ured for mass concentration (Figure 5b). For
60–90 sec, the lid reduces 84% of number concentra-
tion, 84% of surface area concentration, and 92% of
mass concentration, respectively (Figure 5c).

Figure 6. Particle concentration reduction by size: (a)
0.016–0.593mm measured by Scanning Mobility Particle Sizer
and (b) 0.523–19.81mm measured by Aerodynamic
Particle Sizer.

Figure 7. Large particle movement captured by the high-speed camera.

Table 1. Fluorescein concentrations deposited on the lid.
Sections 1 2 3 4

Fluorescein, mg/mL 1.08 ± 1.05 0.54 ± 0.38 0.22 ± 0.08 0.14 ± 0.05
�Using Two-Way ANOVA analysis, there was a significant difference
among experimental flushes (p¼ 0.0185) and lid sections (p¼ 0.0146).
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Overall, the particle reduction by size is given in
Figure 6, showing that, depending on particle size, the
percentage of reduction ranged from 48–100% for
particles larger than 0.1 mm.

Particle plume visualization and their
contamination on the lid

Three sequential images from the high-speed video
are provided in Figure 7, starting at 2.668 sec after
flush initiation. Large droplet splatter was captured by
the high-speed camera. The particle movement speeds
and directions can be evaluated based on the distance
and time. This information will be useful for future
particle dynamic studies of the particle emissions
from flushing toilet.

Table 1 summarizes fluorescein concentrations
deposited on the lid. In the three testing flushes, the
fluorescein concentration in each section was
1.08± 1.05mg/mL (section 1), 0.54± 0.38mg/mL (section
2), 0.22þ 0.08mg/mL (section 3), and 0.14± 0.05mg/mL
(section 4). The Shapiro–Wilk test indicated the
log-normal distribution, and data was then log-trans-
formed. Parametric Two-way ANOVA analysis without
replication demonstrated that each lid section was con-
taminated by significantly different amounts of particles
generated by flushing (p¼ 0.0146), and the front sec-
tions (1&2) had a much higher concentration com-
pared to the back sections (3&4). Parametric Two-way
ANOVA without replication analysis also found a sig-
nificant difference among testing flushes (p¼ 0.0185),
indicating that the particles generated by flushing were
significantly different even the testing flushes occurred
in a similar environment and condition in the
test chamber.

Conclusions

This study successfully evaluated the performance of a
temporary lid in reducing particles by size from flush-
ing a FOM toilet by charactering the detailed particle
size distributions in three metrics (number, surface
area, and mass concentrations) over time with and
without the lid in a controlled-environment chamber
using state-of-the-art aerosol instrumentations.
Although the particle reductions are different by par-
ticle sizes and metrics, the lid evaluated in this study
can effectively reduce the particles generated by flush-
ing a FOM toilet that does not have a lid, especially
during the first 90 sec, when the highest particle con-
centrations occur after flushing. In doing so, it may
reduce inhalation of particulates containing SARS-

CoV-2 and other microorganisms or hazardous sub-
stances when they are present. The deposition of par-
ticles on the lid are significantly different across its
surface, which should be sanitized after each use.

Future studies are still needed. For example, 2min
after flushing, the concentrations of particles from
0.016–0.593 mm with the lid in use resulted in slightly
higher than without the lid, which might be due to
the leak of small particles under the lid and needs to
be further analyzed using real-time instruments.
Although SMPS has many size bins, it does not meas-
ure every size bin at the same time, and the particle
concentration is changing during the 1-min SMPS
measurement. Therefore, a real-time instrument (such
as photometer, condensation particle counter) measur-
ing sub-micron particle sizes could better obtain the
concentration change over time compared to the
SMPS. In addition, the bowl water was not fed with
bioaerosols (such as bacteria, viruses) that should be
investigated in future as well.

Future research should also investigate the per-
formance of the lid in a real bathroom (e.g., in the
hospital). Other real-world variables not accounted for
include movement of personnel in the bathroom and
normal ventilation that can impact aerosol distribu-
tion. The surrogate (fluorescein) used in this study
may not be predictive of feces/urine containing haz-
ardous drugs or microbial agents. In addition, the vid-
eos captured by the high-speed camera are valuable of
studying the dynamics of particles emitted from the
flushing in the future.
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