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Abstract. The interplay of bio-aerosol dispersion and im-
pact, meteorology, and air quality is gaining increasing in-
terest in the wide spectrum of atmospheric sciences. Ex-
periments conducted inside confined artificial environments,
such as atmospheric simulation chambers (ASCs), where at-
mospheric conditions and composition are controlled, can
provide valuable information on bio-aerosol viability, dis-
persion, and impact. We focus here on the reproducible
aerosolization and injection of viable microorganisms into an
ASC, the first and crucial step of any experimental protocol
to expose bio-aerosols to different atmospheric conditions.
We compare the performance of three nebulizers specifi-
cally designed for bio-aerosol applications: the Collison neb-
ulizer, the Blaustein Atomizing Modules (BLAM), and the
Sparging Liquid Aerosol Generator (SLAG), all manufac-
tured and commercialized by CH TECHNOLOGIES. The
comparison refers to operating conditions and the concen-
tration of viable bacteria at the nebulizer outlet, with the fi-
nal goal being to measure the reproducibility of the nebuliza-
tion procedures and assess their application in experiments
inside ASCs. A typical bacterial test model, Escherichia
coli (ATCC® 25922™), was selected for such character-
ization. Bacteria suspensions with a concentration around
108 CFU mL−1 were first aerosolized at different air pres-
sures and collected by a liquid impinger to obtain a corre-
lation curve between airflow and nebulized bacteria for each
generator. Afterwards, bacteria were aerosolized inside the
atmospheric simulation chamber ChAMBRe (Chamber for
Aerosol Modelling and Bio-aerosol Research) to measure
the reproducibility of the whole procedure. An overall re-
producibility of 11 % (i.e., standard deviation of the results

obtained with the three nebulizers) was obtained with each
nebulizer through a set of baseline experiments.

1 Introduction

The term primary biological aerosol particles (PBAPs)
refers to particles of biological origin suspended in
gaseous medium, including microorganisms and fragments
of biological materials. Biological aerosol particles such as
pollen, fungal spores, and bacteria can cause many adverse
health effects and influence Earth’s climate (Després et al.,
2012).

Among PBAPs, bacteria have a crucial role (Bowers
et al., 2010). Bacteria are ubiquitous in the atmosphere,
with concentrations of bacterial cells typically greater than
1× 104 m−3 over land and, due to their small size, bacte-
ria have a long atmospheric residence time (several days
or more) and can be transported over long distances of up
to thousands of kilometers (Burrows et al., 2009; Federici et
al., 2018).

Bacterial viability, including the capability to survive and
maintain their pathogenicity, depends on several atmospheric
conditions, such as relative humidity, temperature, irradia-
tion, and chemical composition of ambient air (Marthi et al.,
1990; Burrows et al., 2009). The interaction between bac-
teria and the other atmospheric constituents has recently at-
tracted interest as part of the broader field of atmospheric
sciences (Amato et al., 2015; Brotto et al., 2015; Massabò
et al., 2018). The referenced experiments were performed
using atmospheric simulation chambers (ASCs), which are
small to large-scale facilities (with volumes ranging between
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a few to hundreds of cubic meters), where atmospheric con-
ditions can be maintained and monitored in real time for peri-
ods long enough to mimic real environments and study inter-
actions among their constituents (Finlayson-Pitts and Pitts,
2000; Becker, 2006).

In view of long-term and systematic studies, the
aerosolization of a reproducible number of viable bacteria
inside an ASC is the first and non-trivial step of the ex-
perimental procedure and deserves special attention. There
are several phases potentially critical to variability and in-
terpretation of the data (Alsved et al., 2019): preparation
of the material pre-aerosolization, aerosol generation, injec-
tion and residence time in the ASC, sampling, and anal-
ysis. Bio-aerosol experiments require nebulization devices
that can provide high particle concentrations with minimal
damage to microorganisms and their viability. The choice of
the best equipment for a given application is often hampered
by the lack of information on performance or drawbacks
of single instruments. So far, different new aerosol genera-
tors have been designed to improve the preservation of cul-
tivability and structural integrity of the aerosolized microor-
ganisms (Zhen et al., 2014). Single-pass devices are now
available, where the solution to be sprayed passes through
the aerosolization nozzle just one time thus minimizing the
stress to microorganisms. Market-available examples are the
Blaustein Atomizing Modules (BLAM) and the Sparging
Liquid Aerosol Generator (SLAG), both distributed by CH
TECHNOLOGIES. The BLAM concept is an improvement
of the pneumatic nebulization mechanism without liquid re-
circulation. The SLAG is a bubbling generator, designed
for low-pressure aerosolization of sensitive and delicate mi-
croorganisms; it implements the concept of bursting bubbles
to aerosolize particles developed by Mainelis et al. (2005).

This study compares the performance of three nebulizers:
the widely used Collison nebulizer (also manufactured and
commercialized by CH TECHNOLOGIES), the Blaustein
Atomizing Modules and the Sparging Liquid Aerosol Gen-
erator. The comparison focuses on the reproducibility of op-
erating conditions in atmospheric simulation chambers and
on the concentration of viable bacteria at the nebulizer out-
let.

2 Materials and methods

2.1 Selection and preparation of bacterial strain

Gram-negative bacteria Escherichia coli (ATCC® 25922™)
was selected as the test bacterial species. E. coli is a rod-
shaped Enterobacter about 1–2 µm long and about 0.25 µm
in diameter (Jang et al., 2017). This organism is used in bio-
aerosol research as standard test bacteria (Lee et al., 2002;
Lee and Kim, 2003; Simon et al., 2011).

Prior to the experiments, the bacteria are cultivated on a
non-selective tryptic soy broth (TSB) medium until the mid-

exponential phase (optical density (OD) at λ= 600 nm of
around 0.5) and then centrifuged at 4000 g for 10 min. Af-
terwards, bacteria are resuspended in sterile physiological
solution (NaCl 0.9 % w/v) to prepare a suspension of ap-
proximately 108 CFU mL−1 (colony forming units), as veri-
fied by standard dilution plating. The average of the colonies
counted on these petri dishes is used to estimate the uncer-
tainty range of the bacterial concentration in the solutions
following the Poisson statistics (i.e., the square root of the
number of colonies counted in the petri dishes). For the ex-
periments performed inside the simulation chamber, the bac-
teria concentration was around 107 CFU mL−1 (see Massabò
et al., 2018 for details).

2.2 Nebulization systems

Many natural sources of bio-aerosol arise from wet environ-
ments; bacteria and viruses are commonly found in liquid
suspensions and are hence aerosolized from liquids (Alsved
et al., 2019; Joung et al., 2017). Among the liquid bio-aerosol
generators, the pneumatic nebulizers, such as the Collison
device, are the most frequently used. Each atomizer consid-
ered in this study works with a different pressure range and
aerosolization flow rate, as described below.

The Collison nebulizer has widespread applications and
produces high concentrations of aerosol, but can cause dam-
age to the microorganisms due to strong impaction and shear
forces. The recirculation of the cell suspension increases
fragmentation of bacteria during prolonged nebulization as
well (Reponen et al., 1997; Zhen et al., 2014). This device
generates droplets by physical shearing and impaction onto a
vessel wall. The solution to be sprayed is positioned directly
in the glass jar. The compressed air is used to aspirate the
liquid from the reservoir into a sonic velocity air jet, wherein
the liquid is sheared into droplets. The resulting liquid jet im-
pacts against the wall of the jar, removing the larger fraction
(in size) of the droplets. The resulting smaller droplets are
carried out by the airflow while the larger particles return to
the liquid reservoir are then re-aerosolized. In this work, the
one-nozzle version of the Collison nebulizer was used. The
upstream pressure can span in the 1–6 bar range, which cor-
responds to an airflow rate from 2 to 7 L min−1 for the one-jet
model. The main disadvantage of this device is the recircu-
lation of the liquid; the repetitive exposure to shear forces
during atomization and impaction against the vessel wall can
progressively cause damage and loss of viability to biological
entities (Zhen et al., 2014). Several literature studies on the
Collison nebulizer performance report high particle concen-
trations but with resulting cell damage (Mainelis et al., 2005;
Thomas et al., 2011; Zhen et al., 2014). It is worth noting
that, differently from the specific model used in this work,
some Collison units can be operated in a non-recirculation
mode using a syringe pump.

The single-jet BLAM nebulizer is used in one-pass mode;
the liquid medium is subjected to the sonic air jet only one
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Figure 1. Components of the BLAM nozzle body. Extracted and
modified from the BLAM user’s manual.

time. The atomizing head is composed of two main parts:
nozzle body and expansion plate (Fig. 1). The atomizer fea-
tures a modular design, composed of five interchangeable
plates with different cavity depth and cone diameter to ac-
commodate liquids with different properties (mainly viscos-
ity). The atomization process is generated using a vacuum
effect produced in the cavity between the body of the nozzle
and the expansion plate when pressurized air passes at sonic
velocity through a precisely laser cut ruby crystal (fixed size
of 0.025 cm in diameter) located in the nozzle body (Fig. 1).
This effect pushes the liquid hosted in the cavity into the
air jet, which breaks up the liquid into droplets. Only the
droplets smaller than a certain critical size can follow the
airflow to the outlet tube located on top of the BLAM unit;
this critical size is determined by the speed of the airflow
through the nebulizer. The jar should be filled with 20 mL of
test solution, which serves only as a soft impact surface for
the larger droplets; it is not used for atomization. The liq-
uid is delivered to the nozzle body with a desired flow rate
(range of liquid feed rate: 0.1–6 mL min−1) using a preci-
sion pump (NE-300 Just Infusion™ Syringe Pump, New Era
Pump Systems, Inc.). The upstream air pressure determines
the resulting airflow rate in the range of 1 to 4 L min−1, which
is kept constant using a mass flow controller. The properties
of the aerosol generated by the single-jet BLAM nebulizer
are, nominally, a function of the jet hole size, depth of the
liquid cavity, expansion cone size, and liquid viscosity. In
this work, the expansion plate with a cavity depth and a cone
diameter of 0.003 and 0.050 cm, respectively, was used.

So far, the bubbling mechanism has been studied as a nat-
urally occurring phenomenon and has been recognized as a
significant factor in aerosolization of seawater and suspended
contaminants from breaking waves (Mainelis et al., 2005).
The SLAG model is a single-pass bubbling generator where
a suspension of particles or microorganisms is pumped at a
certain flow rate to the top surface of a porous stainless-steel
disc where it forms a liquid film. Then, the airflow is de-
livered through the porous disc creating fine bubbles in the
liquid film that subsequently burst, releasing particles into
the air. Particles are carried out of the device by the same
air stream. We used a SLAG nebulizer with a 0.75′′ diame-
ter porous disc and nominal pore size of 2 µm. The recom-

mended airflow ranges between 2 and 6 L min−1 and it is set
using a mass flow controller. This principle of gentle bub-
bling aerosolization is expected to reduce stress and damage
to microorganisms compared to pneumatic nebulization (Si-
mon et al., 2011).

2.3 Experimental setup

In the first phase we used the experimental setup schemati-
cally shown in Fig. 2. The aerosol was sampled directly at the
output of the nebulizer through a flanged connection using
an impinging system (liquid impinger by Aquaria Srl) filled
with 20 mL of sterile physiological solution and operated
at a constant airflow of 12.5 L min−1 (Terzieva et al., 1996;
Zheng and Yao, 2017). The bacteria suspension (concentra-
tion: about 108 CFU mL−1; see Sect. 2.1) was sprayed and
directly collected by the liquid impinger. The number of cul-
tivable cells inside the impinger was then determined in CFU
by standard dilution plating: 100 µL of serial dilutions of the
solution was spread on an agar non-selective culture medium
(trypticase soy agar (TSA)) and incubated overnight at 37 ◦C
before CFU counting. For each nebulizer, different airflows
were tested using a mass flow controller (Bronkhorst, model
F201C-FA), and the nebulization efficiency was determined
in terms of culturable fraction of aerosolized bacteria (i.e.,
percentage ratio of the concentration of viable bacteria inside
the liquid impinger and in the sprayed solution).

Further tests took place at ChAMBRe (Chamber for
Aerosol Modelling and Bio-aerosol Research), a 2.2 m3

stainless steel atmospheric simulation chamber specifically
designed for research on atmospheric bio-aerosols. At
ChAMBRe, particles in the dimensional range of bacteria (1–
2 µm) have a lifetime of several hours (Massabò et al., 2018).
Atmospheric conditions and composition (i.e., type and con-
centration of gaseous species and PM) can be monitored and
controlled. Water vapor can be directly injected into ChAM-
BRe, thus adjusting the relative humidity inside the cham-
ber from 0 % to about 99 %. Temperature and relative hu-
midity (RH %) inside the chamber are monitored using a
HMT334 Vaisala® Humicap® transmitter. In the operative
range (from 15 to 25 ◦C), the RH accuracy is ±1 % RH (0 %
to 90 % RH) and ±1.7 % RH (90 % to 100 % RH); the tem-
perature accuracy is ±0.2 ◦C at 20 ◦C. A set of two pressure
gauges is used to measure the atmospheric pressure inside
and outside the chamber. An MKS Instruments 910 Dual-
Trans™ transducer is installed inside (measuring range: from
5× 10−4 to 2× 103 hPa; accuracy of ±0.75 % of the read-
ing in the range of 15–1000 hPa). A Vaisala BAROCAP®

Barometer PTB110 is installed outside the chamber with a
measuring range from 5× 102 to 1.1× 103 hPa and accu-
racy of ±0.3 hPa at 20 ◦C. Ambient gas monitors from Envi-
ronnement SA (model: O342e, AC32e, CO12e, AF22e, and
VOC72M) continuously measure the concentration of ozone,
nitrogen oxides, carbon monoxide and dioxide, sulfur diox-
ide, and BTEX inside the chamber volume. Detection limits
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Figure 2. Experimental setup for the tests with the impinger. (a) BLAM, (b) SLAG, and (c) Collison.

and sensitivities are 0.2 and 0.1 ppb for O342e and AC32e;
0.035 ppm and 0.015 ppm for CO12e; 0.4 and 0.2 ppb for
AF22e; and 0.05 µg m−3 for VOC72M (reading of benzene),
with a precision of 0.025 µg m−3 at 0.5 µg m−3 of benzene.
Particle concentration inside the chamber is measured con-
tinuously using an optical particle counter (OPC; model En-
virocheck 1.107, GRIMM Technologies, Inc.), which oper-
ates at 675 nm in the 0.25–32 µm size range with a 6 s time
resolution and a flow rate of 1.2 L min−1. The OPC is peri-
odically factory calibrated via monodisperse latex particles
for size classification. A fan is installed in the bottom part
of the chamber to favor the mixing of the gas and aerosol
species in the reactor. Acquisition and control of devices con-
nected to ChAMBRe are handled by a National Instruments-
based system made up of a main controller (NI9057 cRIO)
and several modules (C Series modules), which allow com-
munication with the peripheral devices via analog, serial, and
ethernet data exchange. A custom NI Labview SCADA (su-
pervisory control and data acquisition) application allows the
user to interact with the system using a user-friendly graphi-
cal interface. ChAMBRe is also equipped with a sterilization
system: a 58 cm long UV lamp (UV-STYLO-F-60H, Light
Progress Srl) is inserted through a lateral flange. The lamp
produces 60 W UV radiation at λ= 253.7 nm, which is used
to sterilize the chamber volume without producing ozone be-
fore or after any experiment with bio-aerosols. Before each
test with the nebulizers, the chamber is cleaned by evacuating
the internal volume down to 10−5 hPa thanks to a compos-
ite pumping system (a rotary pump model TRIVAC® D65B,
Leybold Vacuum, followed by a root pump model RUVAC
WAU 251, Leybold Vacuum, and a Leybold Turbovac 1000).
Then, the chamber is vented again to atmospheric pressure

throughout a five-stage filtering/purifying/drying inlet sys-
tem (including a HEPA filter, model: PFIHE842; 99.97 % ef-
ficient at 0.3 µm), which reduces the ambient RH to about
15 %. This filtering system ensures an excellent purification
of the air entering the chamber. After venting, particle and
gas concentrations inside the chamber are lower than the typ-
ical environmental values and close to the instrument sensi-
tivity. During the experiments reported in this work, CO2 was
kept constant around 450 ppm thanks to a CO2 feedback sys-
tem based on a steady PID (proportional-integral-derivative
control) algorithm. The chamber conditions for each experi-
ment were: temperature between 18 and 22 ◦C, atmospheric
pressure between 990 and 1020 hPa, and relative humidity
around 70 %. The fan was turned on during all the experi-
ments with a nominal speed of 5 rpm that results in a mix-
ing time of about 160 s. Sets of experiments with a particular
aerosol generator at fixed settings were performed with dif-
ferent concentrations of bacteria, in the physiological solu-
tion sprayed into the chamber of around 107 cell mL−1. In-
side the chamber, the exposure time was up to about 5 h,
according to the lifetime in ChAMBRe of particles with di-
ameter around 1 µm (Massabò et al., 2018). Finally, bacteria
were collected by gravitational settling on four petri dishes
filled with trypticase soy agar medium placed in the bottom
of the chamber through an automated shelf (Massabò et al.,
2018) and maintained in that position for the whole 5 h pe-
riod. Once extracted outside the chamber, the petri dishes
were incubated overnight at 37 ◦C to determine the bacteria
culturable fraction by CFU visual counting. The comparison
here focuses on the reproducibility of the operating condi-
tions of the nebulizers when coupled to atmospheric simula-
tion chambers.
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Table 1. Working conditions of each nebulizer during the tests with
the liquid impinger. NA means not available.

Nebulizer Liquid feed Volume of Injection Air flow
rate liquid time range

(mL min−1) (mL) (min) (L min−1)

BLAM 0.4 2 5 1.4–3.7
SLAG 0.4 2 5 2–5
COLLISON NA NA 5 2–5

The chamber sterility was periodically checked through a
blank experiment (i.e., injecting sterile physiological solu-
tion only); no bacterial contamination was observed in the
four petri dishes positioned on the sliding tray. Further details
on the experimental protocols at ChAMBRe are reported in
Massabò et al. (2018).

3 Results and discussion

3.1 Tests with impinger

In the first set of experiments, we measured the nebulization
efficiency in terms of culturable fraction of aerosolized bac-
teria for each device and at different airflows. We adopted
the ratio between the CFU counted in the impinger liquid
and the CFU introduced in the liquid solution of the nebu-
lizer as an operative definition of efficiency. With the BLAM
and SLAG nebulizers, the latter corresponds to the prod-
uct of the concentration (i.e., CFU mL−1) in the bacterial
solution for the volume of liquid (2 mL) introduced in the
nebulizer. Since the Collison nebulizer works in a recircu-
lation mode, (i) it is not possible to quantify the absolute
value of the liquid volume passing through the nozzle and
(ii) an unknown fraction of the liquid to be aerosolized passes
through the nozzle more than once. To have a comparable
metric in the experiments with the Collison nebulizer, the
volume of the liquid was substituted with the injection time
(5 min; the same used with other two nebulizers). Even if this
choice does not meet a strict metrological criterion, it makes
possible a direct comparison of the three devices in well-
defined operative conditions (see Table 1). The aerosoliza-
tion air flow varied in the range of 1.4–3.5 L min−1 for the
BLAM and 2–5 L min−1 for the SLAG and Collison nebuliz-
ers. The bacteria suspension was supplied to the BLAM and
SLAG devices at the same liquid flow rate of 0.4 mL min−1

(see Table 1). The tests started after a suitable warming time
(about 5 min) to get a stable nebulizer output. Afterwards, the
aerosol was extracted for a further 5 min with an impinger
flow of 12.5 L min−1. This way, 2 mL of bacteria suspension
at the flow rate of 0.4 mL min−1 were aerosolized both by the
BLAM and SLAG nebulizer.

Figures 3–5 show the nebulization efficiency of the
BLAM, SLAG, and Collison nebulizers, respectively. The

Figure 3. BLAM nebulization efficiency (percentage values) vs. up-
stream air flow. Liquid feed rate= 0.4 mL min−1.

average of the colonies counted on the dilution plating petri
dishes is used to evaluate the uncertainty range of the bac-
terial concentration in the nebulized solution, while the un-
certainty on the air flow was determined as 1 % of the flow
controller full scale. At fixed air flow, the BLAM nebulizer
shows the highest nebulization efficiency, followed by the
Collison and SLAG (e.g., at 3.5 L min−1 the BLAM effi-
ciency is about 2 and 4 times higher than the Collison and
SLAG nebulizers, respectively). Our experimental procedure
did not allow direct control of the fraction of damaged bac-
teria during the nebulization phase, but in the specific case
of the Collison nebulizer (Fig. 5), the nebulization efficiency
of the culturable fraction increases linearly with the airflow
until about 3 L min−1; after that the curve bends, likely be-
cause the cell damage becomes more and more relevant.
However, with the described injection conditions (5 min; air
flow ≤ 5 L min−1) the output of viable bacteria turned out to
be comparable with the results obtained with the other two
nebulizers.

At the same time, with the BLAM nebulizer the flow of
liquid supplied to the nebulizer can be accurately tuned. The
SLAG nebulizer requires a lower upstream pressure and, ac-
cording to the producer claim, results in a softer injection
(and therefore less bio-damage) of viable bacteria. Therefore,
the SLAG nebulizer looks best suited for experiment with
fragile bacteria that can be nebulized in large numbers even
with its extremely gentle nebulization system. The BLAM
efficiency seems subjected to a higher variability; such a fea-
ture is likely due to the coupling between the nebulizer and
the impinger setup since the experiments with injection di-
rectly into the simulation chamber were much more stable
(see Sect. 3.2).
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Figure 4. SLAG nebulization efficiency (percentage values) vs. up-
stream air flow. Liquid feed rate= 0.4 mL min−1.

Figure 5. Collison nebulization efficiency (percentage values) vs.
upstream air flow.

3.2 Tests at ChAMBRe

In the second set of experiments, we focused on the perfor-
mance of the three aerosol generators when used to nebulize
bacteria directly inside an atmospheric simulation chamber.
The goal of this set of experiments was to assess of the repro-
ducibility of the whole procedure by fixing a working con-
dition for each nebulizer. Four experiments were performed
with the BLAM and Collison nebulizers and five with the
SLAG nebulizer, all between November 2019 and July 2020.
Experimental conditions and results are reported in Tables 2–
4. The uncertainties quoted on both injected and collected
bacteria are just those deriving from the Poisson fluctuation
(i.e., the square root of the number of colonies counted in the
petri dishes) and they do not include any other systematic or

Figure 6. Correlation curve between the number of E. coli bacte-
ria injected in ChAMBRe by the BLAM nebulizer and the average
count on the four petri dishes exposed in each experiment. The in-
jected bacteria correspond to the product of the concentration (i.e.,
CFU mL−1) in the bacterial suspension for the volume of liquid
(2 mL) introduced in the nebulizer.

statistical term. The values of the collected CFU are the av-
erage of the counts of the four petri dishes exposed in each
experiment; each group of four turned out to be statistically
compatible (i.e., within the interval delimited by the statis-
tical uncertainty, the counts in the four petri dishes agreed).
Inside the chamber, the working conditions adopted for the
Collison nebulizer produce an initial PM10 concentration of
about 200 µg m−3 (Table 4), like the BLAM output (Table 2).
The initial PM10 concentration, as determined by the OPC,
was taken as a rough reference for the aerosolization effi-
ciency and quantity of aerosol generated (bacteria plus NaCl
particles).

The injected bacteria correspond to the product of the con-
centration (i.e., CFU mL−1) in the bacterial solution for the
volume of liquid (2 mL) introduced in the BLAM and SLAG
nebulizer. In the experiments with the Collison nebulizer, the
injection time was considered instead of the liquid volume to
calculate the number of injected bacteria and to make possi-
ble a direct comparison with the BLAM and SLAG nebulizer
performance. At ChAMBRe, considering the range of inlet
air flows for the three devices, the typical figure for the ratio
between the CFU on petri dishes (diameter: 10 cm) placed in-
side the chamber to collect the bacteria by gravitational set-
tling and the injected CFU is 10−6 for each nebulizer. A good
and stable correlation between the number of injected and
collected CFU was obtained for each nebulizer, as shown in
Figs. 6–8, which refer to BLAM, SLAG, and Collison, re-
spectively.

Actually, the relationship between number of bacteria neb-
ulized and the number of viable bacteria collected on the petri
dishes passes through the deposition losses on the walls of
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Table 2. Bacteria concentration in the aerosolized solution, average number of colonies counted on the petri dishes, and the meteorological
parameters (P , T , RH) in ChAMBRe in the experiments with the BLAM nebulizer operated at: liquid feed rate= 0.4 mL min−1, volume of
injected solution= 2 mL, injection time= 5 min, and air flow= 2.4 L min−1.

Date Bacteria Average PM10 External Internal Temperature Relative
concentration CFU (µg m−3) pressure pressure (◦C) humidity

(CFU mL−1)× 107 collected (hPa) (hPa) (%)

1 July 2020 3.36± 0.24 464± 21 190± 14 1010 1008 23.3 61.1
2 July 2020 2.09± 0.19 278± 17 170± 13 1009 1006 23.2 61.9
6 July 2020 2.30± 0.22 257± 16 190± 14 1007 1004 25.1 64.3
7 July 2020 0.98± 0.07 97± 10 190± 14 1009 1006 22.8 60.8

Table 3. Bacteria concentration in the aerosolized solution, average number of colonies counted on the petri dishes, and the meteorological
parameters (P , T , RH) in ChAMBRe in the experiments with the SLAG nebulizer operated at: liquid feed rate= 0.4 mL min−1, volume of
injected solution= 2 mL, injection time= 5 min, and air flow= 3.5 L min−1.

Date Bacteria Average PM10 External Internal Temperature Relative
concentration CFU (µg m−3) pressure pressure (◦C) humidity

(CFU mL−1)× 108 collected (hPa) (hPa) (%)

18 November 2019 0.35± 0.04 70± 8 60± 8 1007 1006 20.7 57.8
19 November 2019 1.15± 0.10 267± 16 85± 9 1007 1007 22.8 59.4
20 November 2019 1.14± 0.10 206± 14 85± 9 1008 1007 23.2 63.0
28 November 2019 0.79± 0.07 152± 12 110± 10 998.2 997.7 22.6 60.0
2 December 2019 0.47± 0.05 107± 10 90± 9 1008 1008 21.8 58.1

Table 4. Bacteria concentration in the aerosolized solution, average number of colonies counted on the petri dishes, and the meteorological
parameters (P , T , RH) in ChAMBRe in the experiments with the Collison nebulizer operated at: liquid feed rate= 0.4 mL min−1, volume
of injected solution= 2 mL, injection time= 4 min, and air flow= 3.0 L min−1.

Date Bacteria Average PM10 External Internal Temperature Relative
concentration CFU (µg m−3) pressure pressure (◦C) humidity

(CFU mL−1)× 107 collected (hPa) (hPa) (%)

14 July 2020 2.15± 0.19 273± 17 190± 14 1010 1009 24.3 66.7
20 July 2020 2.22± 0.10 327± 18 230± 15 1013 1010 24.0 63.5
21 July 2020 0.69± 0.05 98± 10 230± 15 1016 1014 23.9 63.0
22 July 2020 3.36± 0.29 505± 23 240± 16 1014 1012 24.1 62.7

the chamber and through the viability reduction inside the
chamber environment. The aim of these bunches of exper-
iments was to find a quantitative and reproducible link be-
tween all these quantities. In Figs. 6–8, the slope decreases
from the BLAM, to the Collison nebulizer, and finally to
the SLAG nebulizer as the nebulization efficiency does (see
Figs. 3–5). The concentration of injected bacteria has not
been corrected by the nebulization efficiency; this way, val-
ues on the x axis are directly and simply determined by the
bacteria concentration in the initial solution and the volume
or time of injection.

The uncertainty on the slope of the correlation curves al-
ways turned out to be < 5 % and the overall standard devi-
ation around the average ratio (collected/injected CFU) was
11 %. This value corresponds to the standard deviation of the

results of the entire bunch of experiments around the mean
value of the collected to injected CFU ratio (taking into ac-
count the results of all three nebulizers). The experimental
reproducibility appears to be adequate to design experiments
within an ASC; it roughly corresponds to the sensitivity of
the whole procedure to changes in the viability, for instance,
when bacteria will be exposed to different air quality condi-
tions.

The absolute value of the aerosolization efficiency de-
pends on the pressure at the nebulizer outlet (i.e., inside the
atmospheric chamber; Feng et al., 2020). The results pre-
sented in this work were performed in a specific pressure
regime, i.e., with internal pressure about 2 hPa lower than
the ambient pressure. This condition favors the bacteria con-
finement inside the chamber and was explored in view of ex-
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Figure 7. Correlation curve between the number of E. coli bacte-
ria injected in ChAMBRe by the SLAG nebulizer and the average
count on the four petri dishes exposed in each experiment. The in-
jected bacteria correspond to the product of the concentration (i.e.,
CFU mL−1) in the bacterial suspension for the volume of liquid
(2 mL) introduced in the nebulizer.

Figure 8. Correlation curve between the number of E. coli bacte-
ria injected in ChAMBRe by the Collison nebulizer and the aver-
age count on the four petri dishes exposed in each experiment. The
injected bacteria were operatively calculated as the product of the
concentration (i.e., CFU mL−1) in the bacterial suspension and the
injection time (4 min).

periments with pathogenic strains. With each specific setup
(i.e., simulation chamber or other downstream expansion vol-
umes), the actual nebulization efficiency should be deter-
mined following the same steps above reported. At ChAM-
BRe, the internal pressure can be maintained up to ±5 hPa
greater or lower than the ambient pressure. At ChAMBRe
we could verify that with a 3–5 hPa overpressure and an in-
ternal pressure ranging from 1011 to 1026 hPa, the Collison

efficiency in nebulizing a physiological solution remains sta-
ble within 9 %.

4 Conclusions

We compared the performance of three commercial nebuliz-
ers (BLAM, SLAG, and Collison) in the operative conditions
that could be used in experiments in atmospheric simulation
chambers: one-shot injection with a high output of viable bi-
ological particles. With all the instruments, the nebulization
efficiency of E. coli allowed us to reach bacteria concentra-
tions on the order of 105 CFU m−3 in the 2.2 m3 volume of
the ChAMBRe ASC after a 4–5 min injection time. How-
ever, at fixed upstream air flow, the nebulization efficiency
increases by a factor of 2 from the SLAG to Collison neb-
ulizer and from the Collison to BLAM nebulizer. The han-
dling of the devices becomes more laborious moving from
the Collison to SLAG and then to the BLAM nebulizer. Nev-
ertheless, a set of baseline experiments at ChAMBRe (i.e.,
injection and suspension of E. coli in a “clean” atmosphere)
revealed a reproducibility of 11 % regardless of the nebulizer
used. Such an achievement, not trivial when handling biolog-
ical systems, put the basis of these systematic studies on the
possible correlation between bacteria viability and air quality
conditions.
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