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Abstract— Dramatic shortages of filtering facepiece respirator
supplies generally occur following the outbreak of a pandemic
such as COVID-19. Here, the decontamination and reuse of
respirators are considered. Among decontamination methods,
microwave irradiation has great potential because of easy access
of microwave ovens. However, can a respirator be heated in
a microwave oven for a certain time and then be reused?
Herein, we demonstrate that dry microwave irradiation cannot
heat infectious aerosols or droplets up to their deactivation
temperature. The microwave absorption performance of a single
aerosol or droplet was analyzed theoretically. The multiphysics
simulation results indicate that a single aerosol or droplet can
be barely heated under dry microwave irradiation. Experiments
were carried out using a traveling wave system to verify the
simulation. Following this, we simulated multiple aerosols and
droplets on a respirator material, with the results indicating
that the aerosols and droplets were at the same temperature
as that of the respirator. Experimental measurements using a
microwave oven demonstrated that the temperature increase of
an N95 respirator under dry heating is less than 10 °C, which is
far less than the temperature required to deactivate the COVID-
19 virus. Although dry microwave heating cannot be used to
heat the aerosols or droplets, microwave-generated steam has
proved effective in deactivating infectious biological organisms.
Therefore, to successfully decontaminate a used respirator in
a microwave oven, a reservoir with a small amount of water
beneath the respirator (or a steam bag to accommodate it) is
essential to the decontamination process.

Index Terms— Aerosols, COVID-19, droplets, microwave, res-
pirator decontamination.

I. INTRODUCTION

HE sudden emergence of respiratory infectious diseases,
such as the unprecedented coronavirus disease of 2019
(COVID-19), generally leads to an international shortage
of filtering facepiece respirator (FFR) supplies, which are
essential for infection control and the protection of health-
care workers [1], [2]. Here, the decontamination and reuse
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of respirators, while suboptimal, can be considered [3]-[6].
Recent guidelines based on laboratory evidence that were
proposed by the Infectious Diseases Society of America has
recommend the use of a reprocessed N95 respirator for reuse
during respirator shortage [6], [7]. A number of decontami-
nation methods, including chemical solution treatment, oven
heating, autoclaving, microwave irradiation, and ultraviolet
germicidal irradiation (UVGI), have been researched and eval-
uated [1]-[6]. In 2020, Liao et al. [1] compared several decon-
tamination methods and found that heat was the most promis-
ing nondestructive method for the preservation of filtration
properties, whereas the solution-based method (e.g., ethanol
or a chlorine-based solution) drastically degrades the filtration
efficiency to unacceptable levels. Meanwhile, autoclaving is
likely to result in physical damage of the FFRs [5]; although
UVGTI is a useful disinfection technique, the exact exposure
or intensity of the UV light influence on the mask surface
must be verified [1]. The UVGI treatments may also lead to
improper fitting problems [8]. Later in 2020, decontamination
methods using direct heating and microwave heating were sys-
tematically reviewed by Gertsman et al. [9] with the summary
of the reported outcomes indicating that moist/dry microwave
irradiation and moist/dry heating between 60 °C and 90 °C can
maintain the fitting and functioning of the respirator. The moist
microwave irradiation and moist/dry heat methods can be used
to effectively deactivate viral pathogens on FFRs, whereas the
germicidal effect of dry microwave irradiation has, as yet, not
been reported [9].

Compared with other decontamination methods, microwave-
based intervention for respirators has great potential because
it presents the least time-intensive method and utilizes items
commonly available in most households, cafeterias, restau-
rants, hospitals, and even research buildings [3], [10]. The
decontamination of FFRs through microwaving was initiated
more than 10 years ago. In 2007, Viscusi et al. [11] reported
that dry microwave heating for 2 min did not result in a dra-
matic increase in penetration, and the inactivation of infectious
biological organisms was not tested or evaluated [11]. Then,
in 2011, Heimbuch ez al. [12] found that more than 4log,
reduction of a viable HIN1 virus could be achieved with six
contaminated FFR models exposed to microwave-generated
steam (MGS) for 2 min. Elsewhere, Fisher er al. [10] tested
steam bags (which are typically used to decontaminate breast
pump and infant feeding accessories) for the microwave
decontamination of FFRs and found that they were 99.9%
effective for inactivating bacteriophage MS2 on the apparatus,
with the filtration efficiency remaining above 95% follow-
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ing decontamination. Later in 2012, Lore et al. [13] demon-
strated that MGS can also effectively deactivate H5SN1 on
NO5 respirators. Meanwhile, the investigation conducted by
Bergman et al. [14] proved that decontamination processing
using MGS does not result in significant degradation of the
performance or physical integrity of N95 FFRs. In 2020,
Zulauf et al. [3] described an MGS protocol for N95 res-
pirators involving easy-access materials, including a glass
container (to contain a small amount of water), a rubber band,
and a household microwave oven.

Although the previous research indicates that microwave
irradiation does not result in significant degradation to the
filtering and fitting of the respirators, their successful decon-
tamination must include deactivation of any present infectious
biological organisms. However, in the previous reports, effec-
tive deactivation always involved a steam bag or a reservoir
of water placed beneath the respirator within the microwave
chamber [3], [10]. Thus, it remains unclear as to whether
dry microwave treatment can directly deactivate the infectious
biological organisms in the aerosols or droplets [14], [15].
Therefore, it is of great importance to determine (and note the
broad masses of people) whether a reservoir of water/a steam
bag is essential to the decontamination of respirators through
microwaving. Since the contamination is mainly caused by
viral aerosols and droplets with sizes ranging from 0.1 to
10 um [16]-[18], the key to addressing the aforementioned
issue lies in the following fundamental scientific question: Can
microwaves directly heat these ultra-small particles? If not,
placing water in the microwave chamber remains essential to
the decontamination of FFRs. Most importantly, results for
broad masses of people should be noted.

When microwave irradiates a dielectric material, scattering
and absorption occur [19], [20], with the scattering and absorp-
tion performance varying according to the size of the heating
sample. For example, as S. Barringer ef al. [21] ascertained,
oil samples heat up faster in a microwave oven than water
samples of the same mass for a sufficiently large size, whereas
the situation is reversed for very small samples. Another
interesting phenomenon is that a bulk metal reflects microwave
energy, whereas a powder metal absorbs it and can thus be
heated fast [22]-[24]. Various other size-effect phenomena in
microwave material processing were also discussed by Gamit
and Chudasama [25]. To answer the aforementioned funda-
mental question, the scattering and absorption performance of
an ultra-small water sphere, which represents an infectious
aerosol or droplet, must first be determined.

In this article, we focus on the fundamental analysis of
microwave heating of aerosols or droplets in an atmospheric
pressure environment. An ultra-small water sphere with a size
range of 0.1-10 um was used to represent the infectious
aerosol or droplet [16]-[18]. Mie theory and Rayleigh approx-
imation were applied to calculate the dissipated microwave
power in the ultra-small water sphere. Multiphysics simula-
tion using COMSOL Multiphysics software was then applied
to calculate the temperature increase of the sphere under
microwave irradiation. Since microwave ovens from different
manufacturers have different cavity sizes and microwave feed-
ing locations, simulation using a specified microwave oven
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model may prevent generalization. Therefore, the microwave
heating was modeled using a uniform plane microwave with an
electric field strength of 6000 V-m~', which is higher than that
of most microwave ovens [26], [27]. Tiny spheres of different
sizes and dielectric properties were first modeled and analyzed
to reveal the situation when a single aerosol or droplet was
heated by microwave. To verify the simulation, we performed
experiments involving a 3-D printed dielectric sphere with a
size far smaller than the wavelength, which was placed in a
traveling waveguide system. Following this, we modeled and
simulated multiple hemispheres on the respirator materials to
demonstrate the microwave heating performance of aerosols
and droplets on a respirator. The temperature profile of a
NO5 respirator heated in a microwave oven for 2 min was
also measured to illustrate the final temperature increase.

II. MICROWAVE HEATING A SINGLE AEROSOL OR
DROPLET

A. Theoretical Derivation

Without loss of generality, a sphere with radius r; is placed
in air. When uniform plane microwaves radiate to the sphere,
scattering, and absorption occur. Therefore, the field at any
point outside the sphere is the sum of the primary and
diffracted field by the sphere. The resultant field can be written
as [19]

—_

E=E,+E, (1a)
H=H,+H, (1b)

where E and H are the resultant electric and magnetic field,
respectively, and the subscripts i and r indicate the primary
and diffracted wave, respectively.

If a concentric spherical surface (with radius R) was drawn
outside the sphere, then, the radial component of the total
complex flow vector can be written as [19]

1
Sg = E(E(,Hq’; — EyHy) 2)
where Sg is the Poynting vector in the regions with radius
R, and the subscripts 6 and ¢ indicate the direction in
the spherical coordinate frame, the superscript * indicates
conjugate. Taken (1) into (2), we can get

—_

1
Sk = _(Ei‘)HiE — EiyHj) + E(Er‘?Hri» — ErH))
1
+3 (EioH}y + EqgHjly — EigH)y — ErgHp).  (3)

When energy is converted into heat within the sphere,
the net flow is equal to the amount of absorbed energy and is
directed inward. Thus, the total energy absorbed by the sphere
can be written as

T 2
P, = —Re / / SrR2sinfdpdo. 4)
0 0
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Take (3) into (4) we can get

1 T 2n
Py = —3Re / / (EigH}ly — EipH;jy) R*sin0d pd0)
0 0
1 k4 2n
—3Re / / (EroH}'y — Eg H) R*sin0d $d0
0 0
1 k4 2n
—5Re / / (EioH}'y + ExgHjy— EigHy— E, s H)
0 0
x R*sinfd¢pde. (%)

The first term on the right side of (5) equals O since the
first term on the right side of (3) measures the flow of energy
in the incident wave [19]. The negative of the second term
on the right side of (5) is the scattered power which can be
written as

1 T 2
P, = ERe / / (EoHy — E,4H}))R*sin0d$d0. (6)
0 0

Then, let us represent the last term of (5) as P, which can
be written as

1 T 21 . . «
o Jo
x R*sinfd¢dfd. (1)

Based on (5)—(7), the absorbed microwave power (P,) can
be calculated by the following equation:

P, = P — Ps. (8)

Here, P, and P; can be calculated by allowing R to
grow very large and introducing the asymptotic values of the
spherical Bessel function and spherical Hankel function of
the first kind. The details of the derivation were demonstrated
in [19]. Then, P, and P, can be calculated using the following
equations:

Eé &0 -
Pi=ng %Re > @n+ D(ay +by) )
n=1

and

E2 [2) —
P, :”170 /#—22(2n+1)(|an|2+|bn|2) (10)
n=1

air
where Ej is the electric field amplitude of the primary incident
wave, o is the frequency of the incident microwave, ki is
the wavenumber in air and can be calculated by (eouo)'/?,
and ¢y and po are the permittivity and permeability of air,
respectively. Here, a, and b, can be calculated using the
following equations [19], [28]:

Ld Jn (Nx)[xjn(x)], — jn(X)[Nxjy (Nx)],

ap =~ ; (11)
Laj,(Nx) [xh,(ll)(x)] - hf,l)(x)[ij,l (Nx)]
and
b, = — e O NV = N ju (N0

,udhfll)(x)[ijn (Nx)]' — N?%j, (Nx)[xh,(ll)(x)]/

where N is the complex refractive index, which can be
calculated by (equq)"/?; &4 and uy are the relative permit-
tivity and permeability of the dielectric sphere, respectively;
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x = (2mry)/7 is the size parameter; and j,(x) and i (x)
denote the spherical Bessel function and the spherical Hankel
function of the first kind, respectively [19], [28].

For a nonmagnetic dielectric sphere, u;, = 1. If x < 1,
Rayleigh approximation can be applied, and only the
first-order electric oscillation needs to be taken into account.
Then, (9) and (10) can be approximated as follows [19]:

3r E?
P~ 0 [DRe(hy) (13)
kair Ho
and
3rE? [
P~ =0 [ (1biP). (14)
kair Ho

The amplitude of the first-order electric oscillation (b;) can
be approximately calculated using the following equation [19]:

2i(N* —1)
C3(N2+2)

For a dielectric sphere, its complex relative permittivity can
be expressed as follows [19]:

By x3. (15)

cqa =&, +ie). (16)
Thus, b; can be expressed as
2¢" 2i (85 + 821’2 +é, — 2)
by = < - ooam

(el + 2)2 + 3¢

Substituting (13), (14), and (17) into (8), we can obtain

P~ 6nﬁoegE3 S
K| (e +2) + ]

In microwave heating, the absorbed microwave power of
the materials is generally transferred into heat, the transport
equation of which can be expressed as follows [22], [29]:

(18)

oT
pdCdE -V (ktCVT) = Puw (19)

where py, C4, and ki denote the material density, heat capac-
ity, and thermal conductivity, respectively; T is temperature;
and P,y is the microwave power dissipated per unit volume.
When the dielectric sphere is extremely small, the dissipated
microwave power and temperature in the sphere can be
approximated to uniform distribution [22]. Thus, P,, can be
calculated by P,/V,,, where V,, is the volume of the sphere.

Here, let us first assume that there is no thermal exchange
between the sample and its surrounding atmosphere. Then,
the temperature increase can be expressed as follows:

B 9nﬁoegEé
PaCalfTig| (24 +2)" + 2]

An interesting point that emerges from (20) is that the
temperature increase of the ultra-small dielectric sphere is not
related to its size if no thermal exchange takes place. This
result is consistent with that of a previous analysis. In 2009,
Moosmuller and Arnott [30] demonstrated that the absorption
cross section of an ultra-small sphere is proportional to r3,

AT

‘. (20)
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Water

PML

Fig. 1. Multiphysics simulation model of an ultra-small water sphere (which
represents a single aerosol or droplet) heated in a uniform plane microwave.

whereas the required power to heat a material to a specific
temperature is also proportional to its volume, which can be
calculated using (4r3)/3 for a sphere, under thermal isolation
conditions. Thus, the temperature increase of an ultra-small
sphere under thermal isolation conditions is only related to the
microwave field intensity, the wavelength, and the dielectric
and thermal properties of the material, as well as the heating
period. Interestingly, the temperature increase is independent
of the size of the sphere.

In practice, thermal convection and emission occur if the
material’s temperature is higher than that of its surroundings,
with the thermal emission being weak and ignorable if the
temperature difference is not dramatic [29]. To obtain the
realistic temperature increase, multiphysics simulation could
be conducted under the convective heat transfer boundary
condition, which was specified as follows [22], [29]:

(T — Tyir) =n - (ke AT) (21)

where & is the convection heat transfer coefficient, and Ty
is the temperature of the surrounding air. With the dissipated
microwave power (18), the heat transport equation (19) and
the boundary condition (21), the microwave heating perfor-
mance could be simulated and analyzed, as demonstrated in
Section II-B.

B. Modeling, Simulation, and Discussion of Microwave
Heating a Single Aerosol or Droplet

Without loss of generality, a multiphysics simulation model
of an ultra-small water sphere in a uniform plane microwave
with frequency of 2.45 GHz was built, as illustrated in Fig. 1.
The water sphere at the center represents an aerosol or
a droplet. The surrounding environment is air with ini-
tial temperature and thermal conductivity of 20 °C and
0.0258 W -m~! . K~!, respectively. The convective heat trans-
fer coefficient at the surface of the water sphere was set to
be 6 W-m~! . K~! [31]. The uniform plane microwave was
set as the background electromagnetic wave with an electric
field strength of 6000 V - m~!, which is higher than that in
most microwave ovens [26], [27]. The whole structure was
covered by a perfect matching layer (PML) to simulate an
infinite space [32]. The parameters of the water, the respirator,
and the 3-D printing material in the simulation are presented
in Table I [21], [33].
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TABLE I
MATERIALS’ PARAMETERS USED IN SIMULATION
Parameters Distilled ~ Respirator 3D printed
water (polypropylene)  sphere
€} 77.4 1.599 3
& 9.48 0.07 0.003
ke W-m™K~1)  0.609 0.22 0.25
pa (kg -m™3) 1000 900 1160
C,( kg K™Y 4190 1900 1000
2.0 0.024
------- Theoretical prediction with thermal insulation boundary
* Simulated results with thermal insulation boundary
s e Simulated results with thermal convection boundary * 10.020
DF .
40.016
. .
@] . —~
95 1.0 }**;:}**m*********' 0.012 ;-)
=
< ¢ ~0.008 &
.
05+
1: -40.004
oo
. e o e eoee
0.0} - 0.000
10" 10° 10'

Radius of water sphere (um)

Fig. 2. Temperature increase of the spheres with different sizes after heating
for 2 min.

In the simulation, the diameter of the water sphere was
changed between 0.1 and 10 gm, which is the size range of the
infectious aerosols and droplets [16]-[18]. The heating time
was set to 2 min in line with most of the previously reported
experiments [11]-[15]. After 2 min of heating, the final
temperatures of the spheres with different sizes under different
thermal boundary conditions were obtained, as illustrated
in Fig. 2. The boundary condition of thermal insulation was
applied in the simulation to verify the theoretical prediction,
whereas the boundary condition of thermal convection was
applied to simulate a realistic situation.

As Fig. 2 indicates, the theoretical temperature increase
calculated from (20) was 0.948 °C. The simulated results
under the thermal insulation boundary condition matched the
theoretical predictions well. However, in the realistic situation
(with the thermal convection boundary condition), the tem-
perature increase was far smaller than that under the ideal
thermal insulation condition. The highest temperature increase
was only 0.022 °C for the sphere with a radius of 10 um,
whereas with a decrease in sphere radius, the temperature
increase became even lower. When the radius of the sphere
was less than 0.2 um, a temperature increase could barely be
observed.

In Fig. 2, the distilled water was used as the sample material.
But realistically, saliva from different individuals may possess
distinctive permittivity [34], thus affecting the heating perfor-
mance. Here, the heating results of sphere samples with differ-
ent dielectric properties were compared in Table II [34], [35].
Notably, AT increases with the increasing of material’s loss
tangent. The increasing of AT under thermal insulation
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TABLE II

TEMPERATURE INCREASE (AT) OF DIFFERENT SAMPLE MATERIALS
AFTER MICROWAVE HEATING FOR 2 min

Sample g Loss  [Radius of the [Simulated AT  [Simulated AT
materials tangent [Sphere (um) [under thermal under thermal
linsulation convection
condition (°C) [condition (°C)
. 0.1 0.94 0.001
B;Stfc‘lled 774 0122 [ 1 0.94 0.002
10 0.94 0.022
0.1 1.23 0.001
69.7] 0.145 | 1 1.23 0.002
10 1.23 0.024
Saliva from 0.1 1.31 0.001
different 68.91 0.153 | 1 1.31 0.003
individuals 10 1.31 0.025
0.1 1.31 0.001
716 0.153 | 1 1.31 0.003
10 1.31 0.025
0.1 3.72 0.004
Sea water 65.5] 0.502 | 1 3.72 0.007
10 3.72 0.072
10° 10°
R Theoretical prediction of dissipated microwave power
% 10k A Simulated results of d?ssipated microwave powei ....... a o~
' e o Surfacetovolumeratio RS A E
2 LA il ~—
% 10-11 l o o ps
''''' o [
& % G 05
o 12 [} —
% 10 ) ...‘ =
S N £
o 10" £ =
o X ® s O
RS to. 1
r 4 ° -
B ¢ © .. 9
= 1004 ° e S
=3 =
2 10-15 A [ I T | 1 1 1 1 1 1 105 5
=) 0 1 2 3 4 5 6 7 8 9 10

Radius of sphere (um)

Fig. 3. Dissipated microwave power and the surface to volume ratio of
spheres with different sizes.

condition is more evident than that under thermal convection
condition, which indicating that thermal convection narrows
the temperature difference caused by the distinctive loss tan-
gent of materials in microwave heating ultra-small samples.
Under thermal convection condition, the variation of AT was
more significant with larger sample size, while the sample with
very small size did not show obvious temperature difference,
though the loss tangent of the sample’s material increased in
the same manner.

To explain the heating results illustrated in Fig. 2 and
Table II, the dissipated microwave power and the surface to
volume ratio of the spheres (with sample material using dis-
tilled water) were determined, as illustrated in Fig. 3. Although
the sphere with a larger size absorbed more microwave energy,
the higher mass consumed more energy in reaching the same
temperature. Consequently, when the thermal exchange with
the surrounding environment was ignored, the temperature
was the same for spheres of different sizes, as was predicted
by (20), provided the Rayleigh approximation was satisfied.
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Fig. 4. Verification of the multiphysics simulation with a traveling wave

system. (a) Simulation model of an ultra-small sphere heated in a waveguide
and (b) experimental verification system with a WR340 waveguide system.

However, in the realistic situation, the thermal convection
strongly affected the heating process, especially when the size
of the sample was extremely small. The large values of surface
to volume ratio of the small samples result in extremely strong
thermal exchange between the sample and its surrounding air.
As illustrated in Fig. 3, the surface to volume ratio reached
3 x 10° m~! when the sphere radius was 10 um, with the
value increasing more dramatically as the size of the sphere
was reduced. The high surface to volume ratio values resulted
in that it was difficult to heat the ultra-small samples in the
microwave.

C. Experimental Verification

To verify the multiphysics simulation, further experiments
were carried out. The very strong sensitivity of the electric
field exerted on a dielectric object on its position and its dielec-
tric nature in a multimode cavity does not allow a quantitative
investigation in a microwave oven. To circumvent this issue,
we built a traveling wave system with WR340 waveguides,
with the experimental system and simulation model illustrated
in Fig. 4. During the simulation, waveguide ports were applied
at both ends of the waveguide to simulate the traveling
microwave. Since a single sphere with a micrometer size
is difficult to produce and handle, and the purpose of this
experiment was to verify the validity of the multiphysics
simulation rather than confirming that an ultra-small sphere
can barely be heated by a microwave, a dielectric sphere with
a radius of 1.5 mm produced using 3-D printing (Wenext
Corporation) was placed in the middle of the waveguide cavity
to be heated. Dielectric and thermal parameters of the sphere
are listed in Table I.

A magnetron (Panasonic 2M244) was used as the
microwave source in the experiments. This magnetron, which
is used in many microwave ovens, can generate 1000 W of
continuous microwave power, which is close to the power
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Fig. 5. Comparison of the simulated heating profile and the experimental
measurements using the travelling waveguide system. The inserted subfig-
ure depicts the simulated and experimental heating profile with a relatively
long period.

level of most microwave ovens. A circulator with a water load
connected was applied to protect the microwave source, and
a waveguide cavity with observation holes was used to place
the sample. Another load was connected to the heating cavity
to absorb the transmitted microwave, thus producing the trav-
eling microwave situation. The load connected to the heating
waveguide in experiments corresponds to a waveguide port
in simulation. The temperature of the sphere was measured
using a thermal imager (VarioCAM high resolution, InfraTec
Corporation) in real time using the observation holes (with the
cut-off structure connected).

The heating profiles of the simulation and the experiments
are illustrated in Fig. 5. As the inserted subfigure indicates,
the sphere experienced a relatively rapid temperature increase
in the first 3 min before the heating rate slowed and the
temperature approached an asymptotic line with thermal equi-
librium. At the beginning of the heating period, there was
almost no temperature difference between the sample and
its surrounding air. The electromagnetic energy transferred to
heat in the sample directly, which caused high heating rate.
As the heating process went on, the thermal exchange between
the sample and its surrounding air became significant due
to the enlarged temperature difference, which slowed down
the heating rate. As the temperature difference got larger
and larger, thermal equilibrium finally reached. Notably from
Fig. 5, the simulated results were almost in line with the
experimental measurements. At the final stage of heating,
the temperature in simulation is a little bit (around 0.15 °C)
lower than that from experimental measurements. The main
reason for this phenomenon should be that the heat generated
on the walls of the waveguide by the surface current and the
temperature increase of the line which hung the sphere were
not considered in the simulation.

III. MICROWAVE HEATING OF MULTIPLE AEROSOLS AND
DROPLETS ON RESPIRATORS

Following the study on microwave heating of a single
aerosol or droplet, multiple aerosols and droplets on the
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Fig. 6. Simulation model with water hemispheres attached on the respirator
material (G represents the gap distance between two hemispheres, a and ¢
represent the side length and thickness of the respirator material).
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Fig. 7. (a) Electric field distribution in the respirator material and water
hemispheres (unit: V-m~1). (b) Surface temperature of the water hemispheres
and the respirator material (unit: °C).

@

NO5 respirators were modeled and simulated to reveal the
practical situations, with the model illustrated in Fig. 6. Here,
a 3 x 3 array of water hemispheres was attached to a piece
of a respirator material (polypropylene). The shape of water
on the respirator material may vary depending on the model
and layer of the respirator due to the change of the material’s
hydrophobicity and hydrophilia. Here, hemispheres were used
for simplification. The length and width of the respirator
material were set to be slightly larger than the size of the
array (the distance from the edge of the array to the edge of the
respirator material was set to be the same as the gap between
two spheres). The whole simulated sample was emerged in a
uniform plane microwave propagating in the +x-direction with
linear polarization of electric field along the Z-direction. The
material of the surrounding environment is air, which forms
a sphere outside the sample. And outside the big air sphere,
PML was applied to simulate an infinite space. The side length
and thickness of the respirator material were represented by a
and ¢, which equals (6r, + 4G) and 10r,, respectively, with
G representing the gap distance between two hemispheres.
First, the effect of the hemispheres radius (r;) on the heating
results was investigated. Here, the gap between each hemi-
sphere (G) was fixed to equal the diameter of the hemisphere.
Fig. 7 presents the simulated surface electric field strength and
surface temperature of the hemispheres and the respirator, with
a hemisphere radius of 1 um, and the average volume tem-
perature increase of the water hemispheres and the respirator,
as well as the absorbed power and power density, are listed
in Table III. From Fig. 7(a), it is clear that the electromagnetic
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TABLE III

COMPARISON OF AVERAGE VOLUME TEMPERATURES, DISSIPATED POWER DENSITY, AND TOTAL DISSIPATED POWER OF THE HEMISPHERES AND THE
RESPIRATOR MATERIAL WITH DIFFERENT SPHERE RADII

Radius of the Average volume Average volume Average dissipated Average dissipated Total dissipated Total dissipated
hemisphere temperature temperature increase  power density in the  power density in the power in the water power in  the
(um) increase of of the respirator water hemispheres respirator material hemispheres (W) respirator material
hemispheres (°C) material (°C) W-m™3) (W -m™3) w)
0.5 0.02 0.02 1.38 x 10° 1.26 x 105 3.26x 10713 3.09 x 10712
1 0.04 0.04 1.38 x 10° 1.26 x 105 2.61x 10712 2.47 x 10710
0.21 0.21 1.38 x 10° 1.26 x 105 3.26x 10710 3.09x 1078
10 0.51 0.51 1.38 x 10° 1.26 x 10° 2.60 x 107° 247 x 1077

field distribution around the hemisphere matched the first-order
electric oscillation [19]. However, the temperature was uni-
formly distributed in all the hemispheres and the respirator.
Meanwhile, as Table III indicates, the average dissipated power
density in the hemispheres is usually a little bit higher than that
in the respirator. Nevertheless, the respirator material absorbed
much more total microwave power than the hemispheres since
the volume of the respirator material is much larger than the
collective volume of the hemispheres. Though the dissipated
power density and total absorbed power are different between
the respirator material and hemispheres, the temperature of
the hemisphere was always equal to that of the respirator.
The main reason for this was that the whole structure was
still extremely small at less than 14 gm when the hemi-
spheres radius was 1 um. The thermal exchange between
these ultra-small structures was so rapid that they reached
the thermal equilibrium in an extremely short period of time.
Once the hemispheres on the respirator material become large
enough (larger than 1 mm), the temperature difference between
the hemisphere and its connecting material would appear.
Therefore, in the study here, the temperature was uniformly
distributed across the whole structure in terms of different
materials.

Moreover, the temperature increase of the structure with
larger hemispheres was higher than that of the structure with
smaller hemispheres because of the increase in size of the
structure as a whole. By comparing the temperature increase
illustrated in Fig. 2 with that in Table III, we can conclude
that the temperature increase of multiple hemispheres is higher
than that of a single sphere, again because of the increase in
size of the entire structure with multiple hemispheres.

For the results presented in Table IV, the hemisphere radius
was fixed at 1 um, while the gap between the hemispheres
was adjusted. The average dissipated power density varied
with the gap of the hemispheres since the scattering of the
hemispheres resulted in microwave field perturbation. But gen-
erally, the average dissipated power density in the hemispheres
was a little bit higher than that in the respirator. But the
temperature of the hemispheres and respirator material was
still the same. When the gap became smaller, the temperature
increase was reduced, which, again, was due to the size of the
whole structure. As the hemispheres moved closer, the size of
the whole structure was reduced.

Table V demonstrated the simulated results with different
dielectric properties of the hemispheres, with radius and gap

of the hemispheres fixed at 1 and 2 um, respectively. Gener-
ally, the average dissipated power density increased with the
increasing of material’s loss tangent. The results are expectable
since the materials with higher loss tangent usually show
stronger microwave absorption. The total dissipated power
in the hemispheres show the same variation trend with the
dissipated power density since the size of the hemispheres is
the same regarding different dielectric properties. However,
the temperature increment of the hemispheres was the same,
regarding different dielectric properties. The main reason is
that the temperature of the hemispheres was always the same
as that of the respirator material due to the ultra-fast thermal
exchange.

In the above results, the temperature was uniformly distrib-
uted since the whole structure size was so small. In practical
situations, the size of the respirator will be larger than the
micrometer size. Therefore, we modeled the hemisphere array
when attached to the central area of a comparatively large
respirator material with size of 5 mm x 5 mm x 0.5 mm. Here,
the radius and the positions of the hemispheres were randomly
distributed to simulate actual aerosols and droplets on the
respirator. The radius of the hemispheres was determined
using a random number generation function. Other simulation
conditions are same to the model in Fig. 6. The background
microwave propagates in the Tx-direction with linear polar-
ization of electric field along the Z-direction. The surrounding
environment is an air sphere with PML outside the sphere. The
simulated temperature distribution after heating is illustrated
in Fig. 8. Here, the temperature was no longer uniformly
distributed in the whole structure, as illustrated in Fig. 8(a).
A higher temperature was observed in the central area, and
the temperature at the fringes was lower since the thermal
exchange in the fringe area was much stronger than that in
the central area. The microwave electric field in the upper and
lower fringes in Fig. 8(a) is also lower than that in the other
areas, which also contributes to the temperature distribution
after heating. The temperature inside the respirator material
was also demonstrated with the thermal profile of the cut plane
(zox plane), as shown in Fig. 8(b). Notably, the temperature
anisotropy along thickness of the respirator material is not sig-
nificant. When we zoomed in on the central area, we observed
that the hemispheres shared the same temperature with the
respirator material, as indicated in Fig. 8(c). Meanwhile,
Fig. 8(d) illustrates electric field intensities in the central area.
Although the randomly distributed hemispheres with random
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Distance Average  volume Average volume Average dissipated Average dissipated Total dissipated  Total dissipated
between two  temperature temperature power density in the  power density inthe  power in the water power in the
hemispheres  increase of increase of the water hemispheres respirator material hemispheres (W) respirator material
(um) hemispheres (°C) respirator material (W - m™3) W-m™3) w)
(W)

1 0.03 0.03 1.29 x 105 1.20 x 105 243 x 10712 1.20 x 1070

0.04 0.04 1.38 x 10° 1.26 x 10° 2.61x 10712 2.47 x 10710
4 0.06 0.06 1.33 x 105 1.21 x 105 2.29 x 10712 6.46 x 10710

TABLE V

COMPARISON OF AVERAGE VOLUME TEMPERATURES, DISSIPATED POWER DENSITY, AND TOTAL DISSIPATED POWER OF THE RESPIRATOR MATERIAL

AND HEMISPHERES WITH DIFFERENT DIELECTRIC PROPERTIES

Sample &4 Loss Average volume | Average volume | Average Average Total dissipated | Total dissipated
materials tangent | temperature temperature dissipated power | dissipated power | power in the | power in the
increase of | increase of the | density in the | density in the | water respirator
hemispheres (°C) | respirator water respirator hemispheres material (W)
material (°C) hemispheres material ( W- | (W)
W-m=) m=3)
gft:iled 774 | 0122 | 0.04 0.04 1.38 x 10° 1.26 X 10° 2.61x 10712 2.47 x 10710
Saliva from | 69.7 | 0.145 0.04 0.04 2.22 X 10° 1.26 x 105 4.19 x 10712 2.47 x 10710
different 68.9 | 0.153 0.04 0.04 2.44 X 10° 1.26 X 105 4.59 x 10712 247 x 10710
individuals | 71.6 | 0.153 0.04 0.04 2.23 x10° 1.26 x 10° 4.21x 10712 247 x 10710
Sea water 65.5 | 0.502 0.04 0.04 5.46 x 105 1.26 x 105 1.03 x 1071 2.47 x 10710
Fig. 9. Measured temperature of a N95 respirator heated in a microwave

Fig. 8. Simulated results of nine hemispheres with random sizes distrib-
uted randomly on a piece of a relatively large respirator material. (a) and
(b) Temperature distribution on the entire respirator material’s surface and at
the cut plane of the respirator material, respectively (unit: °C). (c) Surface
temperature in the sphere area. (d) Microwave electric field distribution in the
hemisphere area (unit: V - m~h).

sizes resulted in nonuniform microwave field distribution, this
did not result in a nonuniform final temperature distribution.

From the aforementioned results, we can conclude that the
temperature of the water hemispheres was always the same
as that of the respirator material, due to the rapid thermal
exchange between them. We also carried out the simulation
of microwave heating a whole respirator with a tiny water
hemisphere on it in a microwave oven cavity. There is still
no temperature difference between the hemisphere and the
respirator material around it. Therefore, once the temperature
of the respirator after dry microwave heating was measured,
the temperature of the aerosols and droplets on it could be
obtained. We thus heated a dry N95 mask in a microwave oven
(Galanz G90F23CN3PV-BM1) for 2 min. The temperature
of the entire respirator was measured immediately using the

oven for 2 min (dry heating).

thermal imager, with the results illustrated in Fig. 9. Here,
the colored central area is the temperature of the respirator,
and the surrounding area represents the temperature of the lab
table. Notably, the maximum measured temperature of the res-
pirator was 22.18 °C, and that of the surrounding environment
was 14.48 °C. The experiments were repeated three times,
with the maximum temperature increase of the respirator being
less than 10 °C on each occasion. According to our analysis,
the aerosols and droplets on the respirator and the respirator
itself were at the same temperature. Thus, the temperature
increase of the infectious aerosols or droplets was also less
than 10 °C, which is far lower than the temperature required
to deactivate the COVID-19 virus (>70 °C) [1], [11]. The
analytical results here are in very good agreement with the
experimental results obtained by Zulauf et al. [3]. In their
experiments, the respirator segments on a mug (with water
inside) exhibited a <4log,, reduction in plaque-forming units
(PFUs), whereas the elastic straps draped over the edges of the
mug exhibited only a 1-3log,, reduction in PFUs. Although



4254

the elastic straps were irradiated by microwave, it cannot reach
the safe decontamination level for reuse due to the minimal
exposure to the generated steam [3]. This significant decrease
demonstrated that dry microwave irradiation cannot be used
to decontaminate a respirator to a safe level for reuse.

To deactivate the COVID-19 virus on a respirator through
microwave heating, the inclusion of water under the entire
respirator is essential. In addition to the reasons discussed
earlier, without water, which is a strong absorption material
for microwaves, the electric field intensity in the cavity would
be fairly high. Thus, arcing damage is more likely to occur
at the wire nose-bridges of a number of respirator models,
especially those with metal nose strips [1], [15]. Furthermore,
as Li et al. [36] emphasized, humidity plays an important role
in the decontamination of respirators through heat. In short,
the inclusion of water in the microwave oven is essential,
but the volume of water should not be too large. In the
experiments carried out by Pascoe et al. [37], the volume of
water under the respirator affected the required time for the
MGS decontamination. By increasing the water volume from
100 to 200 mL, the time to attain a 6log;, reduction of
Staphylococcus aureus on the respirator was increased from
60 to 90 s.

From the foregoing analysis, it would appear that the
correct volume of water in the decontamination process using
the MGS method remains unclear. Pascoe et al. [37] used
volumes of 200 and 100 mL; Zulauf et al. [3] used a volume
of 60 mL; both Lore et al. [13] and Bergman et al. [14] used
a 50-mL volume of room-temperature tap water; and other
water volumes are likely to be found in other published reports.
Here, we believe that there is no need to be precise on the
volume of water because this may vary depending on the
model of a microwave oven, with different models having
differing power or cavity size. However, a number of basic
principles can be suggested to help determine the volume of
water in MGS decontamination. First, the water should be
present in the whole processing period because the generated
steam works for the decontamination and the absence of water
will likely result in arcing. Second, the volume of water should
not be too large because a higher volume of water will slow the
temperature increase and reduce the generated steam. Third,
if arcing does occur in the decontamination process, increasing
the water volume may be a solution, albeit the respirator may
need to be processed for a slightly longer period. Last, and
perhaps most importantly, the reservoir beneath the respirator
should be large enough to incorporate the entire respirator,
including the straps.

Another interesting point of note is that the microwave
heating of aerosols and droplets on a contaminated respirator
is different from that involving a compressed powder sample,
even though both have a basic composition of ultra-small parti-
cles. For the contaminated respirator, the aerosols and droplets
will likely be randomly distributed on and in the respirator,
whereas for the compressed powder sample, the particles will
be compactly connected because the collective particles will be
compressed under high pressure (typically 300-900 MPa) [38].
In terms of the randomly distributed aerosols and droplets,
each element may undergo strong thermal exchange with its
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surrounding air and the respirator material, whereas in terms
of the compactly compressed sample, most of the particles
inside the sample will not undergo any thermal exchange
with the air flow. In fact, the thermal exchange will mainly
occur on the surface of the entire sample. Therefore, although
heating of compressed powder samples in a microwave is
possible, it is difficult to directly heat the aerosols and droplets
on contaminated respirators to the deactivation temperature
using direct microwave irradiation. However, if a small amount
of water is placed beneath the respirator, the microwave
could easily heat the water and generate high-temperature
steam. This explains why MGS is effective for this form of
decontamination.

IV. CONCLUSION

In this work, the dry microwave heating of ultra-small infec-
tious aerosols or droplets on respirators was systematically
investigated. In the process, the microwave absorption perfor-
mance of an ultra-small water sphere representing an infec-
tious aerosol or droplet was theoretically analyzed, while mul-
tiphysics simulation was carried out, with the results indicating
that dry microwave heating can barely heat a single aerosol
or droplet under thermal convection boundary conditions.
We also conducted experiments using a traveling waveguide
system, with the results verifying the multiphysics simulation.
Following this, we modeled multiple hemispheres on the
respirator material to simulate multiple aerosols and droplets.
The simulated results indicated that the aerosols/droplets and
the respirator were at the same temperature. Experiments
involving a N95 respirator heated in a microwave oven for
2 min were then conducted. Here, the final increase of the
respirator temperature was less than 10 °C, which is far lower
than the required temperature to deactivate the COVID-19
virus. Therefore, we can conclude that dry microwave heating
cannot be used to decontaminate respirators for reuse, even
though previous results have indicated that dry microwave
irradiation does not result in significant degradation of the
filtering and fitting of the respirators [11].

However, MGS remains an effective method for deconta-
minating respirators, as tested and reported in many existing
reports [3], [10], [12], [13]. Here, special attention should be
paid to the water beneath the respirator. The presence of water
(or a steam bag) is of vital importance, and the generated
steam should cover the entire respirator, including the straps.
Meanwhile, although the volume of water should not be too
large, the precise amount is, at present, largely indeterminable
because of the variety of microwave oven models and power
settings. However, it can be stated that ensuring that water
is present during the whole process, with its small amount
remaining after the heating, will likely prove to be effective.
In future, the multiphysics simulation which includes the entire
process of heating a respirator on a water tank in a microwave
oven could be studied to help the optimization of disinfection.
Experiments involving the filtering performance, the fitting,
and the germicidal effect could also be conducted to ascertain
the optimal protocols for different microwave models.
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