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A B S T R A C T

In this paper, we have demonstrated the feasibility of using microorganism-ionizing respirators with reduced
breathing resistance to remove airborne bacteria. Using a miniaturized corona ionizer and two pairs of separator
electrodes, airborne bacteria were ionized and removed from the airflow. Two microorganism-ionizing re-
spirator designs were experimentally evaluated with flow rates ranging from ∼10 to 20 L/min and yielded
airborne bacterial removal efficiencies of ∼75%–100%. Further, they were in close agreement with the ana-
lytical airborne particle removal efficiencies, at a similar range of flow rates. These flow rates also correspond to
the breathing rates of standing and walking adults. More importantly, the breathing resistance could be reduced
by more than 50% for flow rates of ∼200 L/min. Using manganese (IV) oxide coated mesh, the ozone con-
centration in the air outflow was reduced to less than 0.1 ppm, at a flow rate of ∼20 L/min, thus enabling safe
use. The power consumption was less than 1W.

1. Introduction

Airborne pathogenic outbreaks are a recurring theme in apocalyptic
movie scenarios, where a deadly bacterium or virus rapidly transmits
from human to human through the air. Exactly 100 years ago, the 1918
flu pandemic took its toll with at least 50 million dead and 500 million
infected [1]. Recent airborne pathogenic viral outbreaks such as severe
acute respiratory syndrome in 2003 and middle east respiratory syn-
drome in 2015, managed to spread across tens of countries causing
multiple deaths [2–5]. In addition to viruses, there arehighly con-
tagious airborne bacteria that can be transmitted person-to-person,
causing diseases such as whooping cough (Bordetella pertussis), diph-
theria (Corynebacterium diphtheriae), and tuberculosis (Mycobacterium
tuberculosis) [6–8]. In the 1990 s, there were over 20 million cases of
whooping cough worldwide, resulting in over 200,000 deaths [9]. In
2009, worldwide deaths due to tuberculosis were estimated at
∼150,000 [10]; in 2013 alone, there were almost half a million tu-
berculosis cases [11]. Airborne transmission between humans occurs
via respiratory droplets, with sizes ranging from 0.58 to ∼5 μm
[12,13].

In the event of an outbreak, the health advisories and precautions
issued by the Health Protection Agency of the United Kingdom (HPA
UK) and the United States Centers for Disease Control and Prevention

(US CDC) was often limited to the use of N95 or higher-grade re-
spirators to minimize further exposure and transmission [12,14,15].
Existing N95-based respirators employ woven fibers for mechanical
filtration via inertia impaction, interception and diffusion to remove
airborne particles and microorganisms from the air stream [16,17].

Unfortunately, the use of mechanical filtration is also accompanied
by an increase in breathing resistance. Breathing resistance could in-
crease by more than 100%, with a ∼40% reduction in air exchange
volume [18]. Further, with the gradual loading of particles on the
mechanical filter, the pressure drop could also increase, by as much as a
factor of 10 [19]. Therefore, associated discomfort and impaired
breathing are not uncommon [20]. When used long-term, these pro-
blems can result in either the wearer loosening the respirator, causing
improper fitting, or a complete avoidance. Mechanical filtration can
also be augmented electrostatically (electret filtration) so that the fibers
are electrically pre-charged. But it is equally susceptible to particle
loading and the fibers lose their electrical charge over time. Although
powered air-purifying respirators can circumvent the breathing re-
sistance caused by mechanical and electret filters by using a large
motorized air blower, they are exceedingly bulky and noisy. At this
juncture, it is important to highlight the fact that non-usage of a re-
spirator (due to discomfort) could result in increased patient-to-patient
transmission in a crowded environment, such as an emergency room
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[21].
Inspired by industrial electrostatic precipitators, and borrowing

from our prior work on their miniaturization, we investigated the fea-
sibility of a microorganism-ionizing respirator (MIRI) [22–33]. This
would be intended as a low breathing resistance alternative to existing
mechanical filtration based personal respirators. Electrostatic pre-
cipitators are well known for their use in removing airborne particles,
with efficiencies exceeding 90% [22–28]. Even in their miniaturized
form, they have been shown to effectively capture airborne particles
and microorganisms [29–33]. In particular, a miniaturized corona io-
nizer with pin cathode and liquid anode was used as a bio-precipitator
to charge, capture, and lyse airborne bacteria prior to detection [33].
However the use of liquid anode only allows it to operate for a short
duration (∼1min). In this work, MIRI employs a miniaturized corona
ionizer with pin cathode and metallic anode to electrically charge the
incoming airborne microorganisms, which are then captured down-
stream by a pair of separator electrodes. In addition, it uses manganese
(IV) oxide coated mesh to remove excess ozone generated by the min-
iaturized corona ionizer. Since the airflow would be relatively unim-
peded, compared to using mechanical filtration, the differential pres-
sure (hence breathing resistance) would also be reduced.

In this study, we present two MIRI designs: MIRI-1 is designed for
fitting over commercial facepieces, and MIRI-2 is designed with a
custom facepiece. First, we will present the design and principle of
operation. This is followed by an estimation of analytical airborne
particle removal efficiency. Experimental measurements of the corona
current versus applied voltage were performed for the miniaturized
corona ionizer. The differential pressure across MIRI-1 was experi-
mentally measured and compared with a commercial N95 respirator
(Model 9322 K, 3M, Paul, MN, USA), and a control (unobstructed
flow). The ozone removal efficiency of the manganese (IV) oxide coated
mesh (subsequently referred to as MnO mesh), was also experimentally
characterized and compared against US-EPA’s safety standard for ozone
inhalation. Finally, the airborne bacterial removal efficiency was de-
monstrated for varying airflow rates. This was performed by using plate
counting to monitor the amount of airborne bacteria removed by MIRI-
1 and MIRI-2.

2. Materials and methods

2.1. Design and principle of operation

As shown in Fig. 1a and b, MIRI-1 consists of a miniaturized corona
ionizer (pin-to-plane configuration), two pairs of separator electrodes,
and two sets of manganese (IV) oxide coated mesh. The miniaturized
corona ionizer further consists of a pin cathode (stainless steel, dia-
meter ∼50 μm) and a plane anode (aluminum shim, 8mm×3mm),
with an electrode gap of ∼2mm. The separator electrodes consist of
two parallel planes (aluminum shim ∼25mm×25mm×0.5mm)
with a gap of ∼3mm. The MnO mesh in the ozone removal stage
consists of a folded steel mesh (thickness ∼0.45mm, mesh pore size
∼1.6mm×1.3mm) coated with manganese (IV) oxide powder (70%,
Atom Scientific, Manchester, UK). There were two MnO mesh designs:
Design A with 4 orthogonal folds, and Design B with 7 orthogonal folds
(Fig. S1). The body of MIRI-1 was 3D printed with polylactic acid
(Model CubePro, 3D Systems, Rock Hill, CA, USA) and the components
were fastened with screws. A high voltage DC-DC converter (Model
Q20N-5, EMCO, Chico, CA, USA) was positioned below the miniatur-
ized corona ionizer in a separate compartment. An air inlet cover was
used to prevent the user accidentally making contact with the corona
ionizer.

The design of MIRI-2 was similar to MIRI-1. Its miniaturized corona
ionizer used a pin-to-curve instead of a pin-to-plane configuration (Fig.
S1). It also had a different MnO mesh design (Design C with 2 trans-
verse folds). MIRI-2 also had a built-in fan to facilitate airflow (Model
MF15B-05, SEPA Europe GmbH, Eschbach, Germany). The key

dimensions of MIRI-1 and MIRI-2 are summarized in Table 1.
As shown in Fig. 2a–c, MIRI-1 was attached externally to a modified

commercial facepiece. Note that the modified commercial facepiece
was essentially an N95 respirator (Model 9322 K, 3M) with the valve
flap and valve cover removed to expose the valve opening. MIRI-1 was
then fitted over the valve opening. In this way, most of the air entered
via MIRI-1. On the other hand, MIRI-2 was attached internally to its
own custom facepiece. Fig. 2d shows the interior of MIRI-2 with the
back cover and MnO mesh removed. The characteristic glow of the
miniaturized corona ionizer can be observed from the rear, via the air
outlet (Fig. 2d and e). Fig. 2f shows the photo of the miniaturized
corona ionizer used in MIRI-2. It has the similar footprint to a 8 pin
integrated circuit dual inline package and can be plugged in or removed
easily. Fig. 2g and h shows the photo and electron micrographs (SNE-
3000MS, SEC, Suwon, Korea) of the MnO mesh (Design A).

During operation, air laden with microorganisms entered via the air
inlet and flowed past the miniaturized corona ionizer. The electron and
gas ion cloud, generated by the corona ionizer, electrically charged the
airborne microorganisms. As the charged airborne microorganisms
entered the electric field of the separator electrodes, they acquire a drift
velocity that was orthogonal to the airflow. The charged microorgan-
isms were captured as they drifted toward, then made contact with, the
separator electrodes. As the miniaturized corona ionizer also generated
ozone, the excess ozone in the airflow was removed by the MnO mesh
(by the following decomposition equations) prior to exiting through the
air outlet [34].

+ → +O * O O*3 2 (1a)

+ → +O O* O O*3 2 2 (1b)

→ +O* O *2 2 (1c)

2.2. Analytical airborne particle removal efficiency

Assuming the airborne particles acquired saturation charge via
combined charging, the particle saturation charge is given by [35,36]
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where Qp
∞ is the particle saturation charge, Kn is the Knudsen number

given by 2λ/dp, λ =65 nm is the air mean free path at 298 K and 1 atm,
dp is the particle diameter, εr=2 is the electrical permittivity of the
particle (conservative estimate), εo=8.85× 10−12 F/m is the elec-
trical permittivity of free space, and EI is the electric field between the
cathode and anode of the corona ionizer.

Given the particle’s charge from Eq. (2), the particle’s drift velocity
is calculated as follows [36,37]:

=
∞

V
Q C E

πμd3drift
p c s

p (3)

where μ=1.8× 10−5 kg/m/s is the dynamic viscosity of air at 298 K
and 1 atm, Es is the electric field of the separator electrodes, and Cc is
the Cunningham slip coefficient that in turn is given by Cc=1+1.647
Kn [38].

The analytical airborne particle removal efficiency Reff-analytical is
calculated using a similar scheme to Chua et al., and is given by [32]

=−R
V τ

Xeff analytical
drift

SE (4a)

=τ U
Y

air

SE (4b)

where XSE is the electrode spacing of the separator electrodes, YSE is the
length of the separator electrodes, τ is the airborne particle residence
time between the separator electrodes, and Uair is the airflow velocity
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(given by the air inlet flow rate divided by the cross-sectional area of
the space between the separator electrodes).

The applied voltages for the corona ionizer (the same as for the
separator electrodes) for MIRI-1 and MIRI-2 were 1600 and 2000 V,
respectively. The same settings were used in the subsequent experi-
ments, unless otherwise stated.

Using airborne particle sizes (diameter) of 0.5, 1.0, and 2.5 μm, the
removal efficiency (%) was calculated for air inlet flow rates from 0 to

40 L/min. As shown in Fig. 1c, the removal efficiencies for both MIRI-1
and MIRI-2 are similar. At an air flow rate of 24 L/min (adult male
walking at 2.5 mph) [39], the MIRI-1 removal efficiencies for 0.5, 1.0,
and 2.5 μm particles were ∼31%, 46%, and 94%, respectively. Simi-
larly, the MIRI-2 removal efficiencies for 0.5, 1.0, and 2.5 μm particles
were ∼33%, 49%, and 100%, respectively. At an air flow rate of 10 L/
min (adult male sitting/standing), the MIRI-1 removal efficiencies for
0.5, 1.0, and 2.5 μm particles increased to ∼74%, 100%, and 100%,
respectively. Similarly, the MIRI-2 removal efficiencies for 0.5, 1.0, and
2.5 μm particles also increased to ∼80%, 100%, and 100%, respec-
tively.

2.3. Experimental corona current versus applied voltage measurement

The miniaturized corona ionizers employed in MIRI-1 (pin-to-plane
configuration) and MIRI-2 (pin-to-curve configuration) were elec-
trically characterized using a bench top high voltage variable power
supply (Model PS 350, Stanford Research Systems Inc, Sunnyvale, CA,
USA). The applied voltage was varied from 1600 to 2600 V, in steps of
100 V. At each applied voltage, the corresponding corona current was
observed from the high voltage variable power supply and recorded. All
measurements were performed three times, unless otherwise stated.

Fig. 1. (a) Top-view operational schematic of MIRI-1. (b) 3D schematic of MIRI-1. (c) Analytical airborne particle removal efficiency (%) versus air inlet flow rate (L/
min) for different particle sizes using MIRI-1 and MIRI-2.

Table 1
Dimensions of miniaturized corona ionizer, separator electrodes and ozone
removal stage for MIRI-1 and MIRI-2.

MIRI-1 MIRI-2

Corona Ionizer Configuration Pin-to-Plane Pin-to-Curve
Corona Ionizer Gap ∼2.0mm ∼2.0 mm
Corona Ionizer Cathode Diameter ∼50 μm ∼50 μm
Corona Ionizer Anode Length 8mm –
Corona Ionizer Anode Height 3 mm 5mm
Separator Electrodes Length 25mm 18mm
Separator Electrodes Height 25mm 40mm
Separator Electrodes Gap 3mm 5mm
Ozone Removal Stage Length 25mm 20mm
Ozone Removal Stage Height 25mm 40mm
Ozone Removal Stage Gap 7mm 7mm
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2.4. Experimental differential pressure measurement

As shown in Fig. 3a, the experimental differential pressure mea-
surement setup consists of a mannequin head attached to an air flow
column (∼80mm diameter). This is connected to an exhaust fan
(Model Gamma29 D09F-12BS1 09, Nidec Corporation, Japan) powered
by a variable DC power supply (Model HY3005F-3, Mastech, China). As
mentioned earlier, MIRI-1 was attached to a modified commercial fa-
cepiece. The pressure drop across MIRI-1 was measured via a differ-
ential manometer (Model GM510, Benetech, China), with one end in-
side the facepiece and the other at atmospheric pressure. During the
experiment, the exhaust fan was powered at 9, 12, and 15 V. The cor-
responding average flow velocities (hence approximate flow rates) for
each setting were measured using an anemometer (Model T8, Benetech,
China). The differential pressure and corresponding flow rate of MIRI-1
were compared to that of a commercial N95 respirator, as well as a
control (unobstructed flow). Each measurement was repeated three

times.

2.5. Experimental ozone removal measurement by manganese (IV) oxide
coated mesh

As shown in Fig. 3b, the ozone removal measurement setup consists
of the in-line arrangement of an air inlet fan (Model MF15B-05, SEPA
Europe GmbH, Eschbach, Germany), MIRI-1, and an ozone sensor
(Model A22, EcoSensors, Newark, CA, USA). During the experiment, a
variable DC power supply (Model HY3005F-3, Mastech, China) pow-
ered both the air inlet fan and the high voltage DC-DC converter of
MIRI-1. The air inlet fan was operated from 3 to 9 V, with 1 V incre-
ments. This corresponded to air flow rates from 12 to 27.6 L/min, as
measured by an anemometer (Model GM8903, Benetech, China). Note
that these flow rates also corresponded to the breathing rate of an adult
male standing and walking (2.5 mph) [39,40]. The air entered MIRI-1
via the air inlet, and ozone was produced as a by-product of the corona

Fig. 2. (a) Photo of MIRI-1 fitted over a modified commercial facepiece. (b) Model of MIRI-2 with its custom facepiece. (c) Photo of MIRI-2 with its custom facepiece
and power indicator LED light. (d) Rear view photo of MIRI-2s interior (manganese (IV) oxide coated mesh and back cover are removed). (e) Rear view photo (via the
air outlet) of MIRI-2 miniaturized corona ionizer in operation with its distinctive glow. (f) Photo of MIRI-2 miniaturized corona ionizer. (g) Photo of the manganese
oxide (IV) coated mesh – Design A. (h) SEM images of a manganese oxide (IV) coated mesh at 92× of magnification.
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ionizer. As mentioned earlier, the ozone in the air flow was reduced as
it flowed past the MnO mesh in the ozone removal stage. MnO mesh
designs A and B were used in the experiment. Prior to exiting the air
outlet, the ozone sensor measured the ozone concentration in the air
flow. The data sampling rate was two readings/sec. At the beginning of
the experiment (at a particular flow rate), a 1min average measure-
ment was used as the baseline ozone concentration. Then the ozone
concentration was allowed to increase for 45min, until it reached a
steady state. The average steady-state ozone concentration was ob-
tained over the next 10min. The final ozone concentration was deduced
by subtracting the baseline ozone concentration from the steady-state
ozone concentration. The experiment was performed at ∼25℃ and RH
of< 30% (monitored by Model RHTemp101A humidity and tempera-
ture data logger, MadgeTech, Warner, NH, USA). Note that a similar
experimental setup was also used to characterize MIRI-2. In this case,
MnO mesh design C was used.

2.6. Experimental airborne bacterial removal efficiency

Escherichia coli K12 (E. coli K12, ATCC 10798, Manassas, VA, USA)
was selected as the target bacteria for the experiment. E. coli K12 is a
Gram-negative bacteria and has a rod shape (diameter: 0.3–1.0 μm;
length: 1–6 μm). E. coli K12 was cultured in 50mL of LB broth (Difco-
BD, Frankin Lakes, NJ, USA) at 37℃ in a shaking incubator (WIS-30R,
Wisecube, Korea) at 180 rpm. The cell concentration of E. coli K12 was
measured by a commercial spectrofluorometer (SpectraMax M2,
Molecular Devices, Sunnyvale, CA, USA) at 600 nm. Prior to the ex-
periment, cultured E. coli K12 was centrifuged at 4500 rpm for 20min,
and washed twice with deionized water. Three-fold serial dilution was
performed with 0.1mol/L phosphate buffered saline (PBS, pH 7.4), and
the final bacterial concentration in the atomization solution was
2.1×108 CFU/L (CFU: Colony forming unit).

As shown in Fig. 3c, the experimental setup is similar to that em-
ployed by Lee et al. [33]. It consists of an inlet vial positioned over an
atomizer, a U-shape exposure chamber, and an exhaust fan (Model
Gamma29 D09F-12BS1 09, Nidec Corporation, Japan). The U-shaped

Fig. 3. Schematic of the experimental setup for (a) pressure drop measurement for MIRI-1, (b) ozone measurement for MIRI-1, and (c) airborne bacteria exposure test
for MIRI-1. (d) Photo of airborne bacteria exposure test for MIRI-2.
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exposure chamber further consists of inlet and outlet columns (poly-
ethylene terephthalate, diameter ∼80mm, heights ∼320 and 580mm,
respectively), and a polypropylene tank as a water trap. The exhaust fan
located on top of the outlet column was powered at 3 V, with a corre-
sponding flow rate of ∼135 L/min (using average flow velocity mea-
sured by an anemometer, Model T8, Benetech). A reference LB agar
plate was positioned just before the exhaust fan, to monitor the viability
of the airborne bacteria. The inlet fan was operated at 3, 6, and 9 V
(corresponding to currents of 40, 60, and 70mA, respectively). This
corresponded to flow rates of 12, 19.8, and 27.6 L/min.

During the experiment, 300 μL of the atomization solution was pi-
petted into the inlet vial. The airborne bacteria was diverted from the
outlet column into MIRI-1, via the inlet fan. The airborne bacteria ex-
iting MIRI-1 was detected via a LB agar plate (Difco-BD) positioned
downstream. MIRI-1 was powered on and off for each setting, and PBS
was used as a negative control. All experiments were performed in
triplicate, at a temperature of ∼28 °C and RH of ∼60%. The total
running time was 3min. Between each run, 300 μL of deionized water
was pipetted into the inlet vial and allowed to run for 1min.

The experimental airborne bacteria concentration could be ap-
proximated by dividing the total bacterial count in the atomization
solution, by the total volume of air flowed during the running time, and
was calculated as ∼1.6×105 CFU/m3. Note that this order of magni-
tude (∼105 CFU/m3) is also environmentally relevant [41]. After each
run, the LB agar plate was incubated at 37℃ overnight, and the in-
cubated colonies were counted by CFU counting. Five runs were per-
formed for each setting. Negative control was obtained with deionized
water as an atomization solution. As shown in Fig. 3d, a similar ex-
perimental setup was also used to characterize the experimental air-
borne bacterial removal efficiency for MIRI-2.

3. Results and discussion

3.1. Experimental corona current versus applied voltage measurement

As shown in Fig. 4a, the experimental corona current for the min-
iaturized corona ionizer in MIRI-1 increased from ∼3 to 33 μA, as the
applied voltage increased from 1600 to 2600 V. Similarly, the experi-
mental corona current for MIRI-2 increased from ∼4 to 55 μA, as the
applied voltage increased from 1800 to 2600 V. The steeper gradient
associated with MIRI-2 may be attributed to the pin-to-curve config-
uration of its corona ionizer.

At an applied voltage of 1600 V, and an experimental corona cur-
rent of 3 μA, the power required to operate MIRI-1’s corona ionizer was
∼4.8mW. On the other hand, MIRI-2 was operated at 2000 V, with an
experimental corona current of 21 μA, and the power required to op-
erate its corona ionizer was ∼41mW. Assuming the high voltage DC-
DC converter efficiency of 50% and maximum inlet fan flow rate (9 V at
70mA, 630mW), the power consumption for MIRI-1 and MIRI-2 were
∼640 and 710mW, respectively.

3.2. Experimental differential pressure measurement

As shown in Fig. 4b, MIRI-1 exhibited higher flow rates at lower
differential pressures compared to an N95 respirator. With the exhaust
fan powered at 9 V (dotted box in Fig. 4b), air flowed through the N95
respirator at ∼195 L/min, with a differential pressure of ∼21 Pa. For
the same exhaust fan voltage, MIRI-1 had a higher flow rate of∼210 L/
min, with a lower differential pressure of ∼14 Pa. For comparison, the
control (unobstructed flow) yielded the highest flow rate of ∼225 L/
min, at the lowest differential pressure of ∼7 Pa. In other words, the
flow resistance of the N95 respirator, MIRI-1, and control (unobstructed
flow) were ∼0.11, 0.07, and 0.03 Pa/L/min, respectively. This means
the flow resistance of MIRI-1 was ∼50% of an N95 respirator.

Similar trends were also observed at higher exhaust fan voltages of
12 and 15 V. At an exhaust fan voltage of 12 V, the N95 respirator,

MIRI-1, and control (unobstructed flow) yielded ∼248 L/min at
∼40 Pa, ∼263 L/min at ∼14 Pa, and ∼278 L/min at ∼ 7 Pa, respec-
tively. At an exhaust fan voltage of 15 V, the N95 respirator, MIRI-1,
and control (unobstructed flow) yielded ∼290 L/min at ∼53 Pa,
∼303 L/min at ∼21 Pa, and ∼330 L/min at ∼14 Pa, respectively. In
this case, the flow resistance for the N95 respirator, MIRI-1, and control
(unobstructed flow) were ∼0.18, 0.07, and 0.04 Pa/L/min, respec-
tively. This means the flow resistance of MIRI-1 was ∼40% of an N95
respirator. Therefore MIRI-1 (and conceivably MIRI-2) should sig-
nificantly improve the user’s ease of breathing, compared to an N95
respirator.

3.3. Experimental ozone removal measurement by manganese (IV) oxide
coated mesh

As shown in Fig. 4c, without the MnO mesh, the ozone concentra-
tion in the air flow exited from MIRI-1 ranged from 0.340 ± 0.025 to
less than 0.010 ppm. The flow rates ranged from 12 to 27.6 L/min. With
MnO mesh (Design A), the maximum ozone concentration (for the same
range of flow rates) was reduced to 0.144 ± 0.004 ppm (at a flow rate
of 19.8 L/min). With MnO mesh (Design B), the maximum ozone con-
centration was further reduced to 0.023 ± 0.007 ppm (at a flow rate of
17.2 L/min).

Similarly for MIRI-2 (Fig. 4d), without the MnO mesh, the ozone
concentration ranged from 0.331 ± 0.009 to 0.078 ± 0.003 ppm.
With MnO mesh (Design C), the maximum ozone concentration was
reduced to 0.117 ± 0.002 ppm (at a flow rate of 14.6 L/min).

At an air inlet flow rate of 27.6 L/min, the ozone concentration in
the MIRI-1 outlet flow was below 0.010 ppm, for both MnO mesh de-
signs. At the same flow rate, the ozone concentration in the MIRI-2
outlet flow was 0.032 ± 0.006 ppm. In both cases, the ozone con-
centration was below the threshold of 0.1 ppm, as stipulated by the
Occupational Safety and Health Administration (OSHA PEL – General
Industry 29 CFR 1910.1000 Table Z-1). This means both MIRI-1 and
MIRI-2 could be worn safely by an adult (male or female) walking at
2.5 mph (breathing rate of 24.10 and 20 L/min, respectively), and by
children playing outdoors (breathing rate of 17.5 L/min).

3.4. Experimental airborne bacterial removal efficiency

As expected, the negative control (with deionized water as atomi-
zation solution) yielded no CFU (Fig. S2), and the reference LB agar
plates showed viable CFUs (Fig. S3). Fig. 5a and b show photo re-
presentations of both MIRI-1 and MIRI-2 airborne bacteria removal
efficiencies. The complete set of LB agar plate photos from the experi-
ment are shown in Figs. S4 and S5. For both MIRI-1 and MIRI-2 in
operation (with the miniaturized corona ionizer and separator elec-
trodes switched on), it is apparent from the photos that the number of
colonies were visibly less for all three flow rates. This means that less
airborne bacteria were able to flow through MIRI-1 and MIRI-2 when
they were in operation.

As shown in Fig. 6a, where MIRI-1 was not in operation and at flow
rate of 12.0 L/min, the average CFU was 1322 ± 387 CFU/plate. When
it was in operation at the same flow rate, the average CFU was reduced
to 171 ± 66 CFU/plate. At the higher flow rate of 19.8 L/min, the
average CFUs were 2549 ± 546 (not in operation), and
612 ± 284 CFU/plate (in operation). Finally, at a flow rate of 27.6 L/
min, the average CFUs were 2650 ± 783 (not in operation), and
513 ± 240 CFU/plate (in operation).

Similarly, for MIRI-2 (Fig. 6b), at a flow rate of 12.0 L/min, the
average CFUs were 30 ± 47 (not in operation) and 0 CFU/plate (in
operation). At a flow rate of 19.8 L/min, the average CFUs were
1239 ± 123 (not in operation), and 197 ± 150 CFU/plate (in opera-
tion). Finally, at the flow rate of 27.6 L/min, the average CFUs were
2238 ± 538 (not in operation), and 787 ± 499 CFU/plate (in opera-
tion).
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The experimental airborne bacterial removal efficiency Reff-experi-

mental was calculated as follows:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

−R average
CFU CFU

CFUeff experimental
not in operation in operation

not in operation (5)

As shown in Fig. 6c, the experimental airborne bacterial removal
efficiencies for MIRI-1, at flow rates of 12.0, 19.8, and 27.6 L/min, were
∼85%, 75%, and 79%, respectively. As shown in Fig. 6d, the experi-
mental airborne bacterial removal efficiencies for MIRI-2, at flow rates
of 12.0, 19.8, and 27.6 L/min, were ∼100%, 85%, and 65%, respec-
tively. Note that the experimental airborne bacteria removal effi-
ciencies for both MIRI-1 and MIRI-2 were within the analytical range,
as shown in Fig. 1c.

3.5. Significance and limitations

As mentioned earlier, the breathing rate of ∼20 L/min corresponds
to an adult walking at 2.5 mph. In this situation, MIRI-1 and MIRI-2
could operate with ∼75% and 85% airborne bacteria removal effi-
ciency, respectively. For an adult standing or sitting (breathing rate of
∼10 L/min or less) [39,40], MIRI-1 and MIRI-2 could operate with
∼85% and 100% airborne bacterial removal efficiency, respectively. It
is important to note that the above mentioned airborne bacterial re-
moval efficiencies were accompanied by a significant reduction in
breathing resistance. Furthermore, it is conceivable that the airborne

bacterial removal efficiency could be further increased by extending the
separator electrodes into the ozone removal stage.

The power consumption of both MIRI-1 and MIRI-2 were ∼640 and
710mW, respectively. Using a commercial portable pocket size power
bank of ∼50,000mA h (250,000mWh at 5 V), both MIRI-1 and MIRI-2
could be powered for over 350 h, which is over 2 weeks of continual
use.

Given the airborne bacterial removal efficiency (∼75%–100%),
significant reduction in breathing resistance (more than 50%), and
ability to be powered for long durations by a pocket-sized power bank
(more than 2 weeks), both MIRI-1 and MIRI-2 could be useful in a
number of scenarios. Note that the differential pressure measurements
were performed at flow rates much higher (∼200 L/min) than its in-
tended flow rate range (∼20 L/min). Therefore, the difference in
breathing resistance at the intended flow rate range may be lower.
Nonetheless, a fractional reduction in breathing resistance would still
be useful and desirable. For example, it could be useful for a healthcare
worker during an airborne pathogenic outbreak, such as tuberculosis.
The healthcare worker would constantly be exposed to the pathogen
while working with patients for an extended duration. Another example
would be an elderly patient, with a compromised breathing capacity,
waiting in a crowded emergency room while exposed to potential air-
borne pathogens. In both scenarios, a reduction in breathing resistance,
with the accompanied portability, would be highly desirable.

A potential limitation of this approach pertains to the corrosion of

Fig. 4. (a) Experimental corona current (μA) versus applied voltage (V). (b) Experimental differential pressure (psi) versus flow rate (L/min). (c) Experimental ozone
concentration (ppm) versus flow rate (L/min) for MIRI-1. (d) Experimental ozone concentration (ppm) versus flow rate (L/min) for MIRI-2.
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the electrodes of the miniaturized corona ionizer. Extended operation in
a high humidity environment may accelerate the corrosion. This means
that periodic replacement would be necessary. Furthermore, the se-
parator electrodes would also need to be cleaned or replaced periodi-
cally. Another limitation of this approach relates to the possible re-
entrainment of MnO powder from the mesh, and hence into the air
flow. This could be circumvented by using a more durable coating, or
by forming techniques such as the hydrothermal method [42]. In ad-
dition, this feasibility study was only performed on bacteria. Though it
is reasonable (and tempting) to extend the usage to other airborne
microorganisms, such as viruses and spores, it would be necessary to
repeat the experiment with other airborne microorganisms in the fu-
ture. In the case of person-to-person airborne transmission of viruses, it
is concievable that they are also transmitted via larger respiratory
droplets. Finally, there is an absence of on-board bacterial detection

mechanism although it may be possible to analyze the captured mi-
croorganisms separately via existing bacterial detection methods
[43,44].

In summary, we have demonstrated that it is possible to remove
airborne bacteria using microorganism-ionizing respirators and their
performance are summarized in Table S1. Both designs have demon-
strated airborne bacterial removal efficiencies of∼75%–100%, for flow
rates ranging from ∼10 to 20 L/min. This range of flow rates corre-
sponds to breathing rates for standing or walking adults. As no me-
chanical filtration was used, the breathing resistance of the micro-
organism-ionizing respirators were lower than that of a commercial
N95 respirator. Finally, its low power consumption would imply that it
could be powered by a portable power bank for an extended period of
time (more than 2 weeks). Therefore, it would be useful for healthcare
workers during an airborne pathogenic outbreak and for patients with

Fig. 5. Airborne bacteria exposure test with an atomizing solution concentration of 2×108 CFU/L for various flow rates (a) MIRI-1 (b) MIRI-2.
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compromised breathing capacity.
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