S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Polymer Degradation and Stability 179 (2020) 109251

Contents lists available at ScienceDirect z
Polymer
. . Degradéxtion
Polymer Degradation and Stability Stablity

journal homepage: www.elsevier.com/locate/polydegstab

Extended use of face masks during the COVID-19 pandemic - Thermal N
conditioning and spray-on surface disinfection et

Mathew C. Celina *, Estevan Martinez ?, Michael A. Omana °, Andres Sanchez °,
Dora Wiemann °, Matthew Tezak °, Tim R. Dargaville
@ Sandia National Laboratories, Organic Materials Science Dept.1853, Albuquerque, NM, 87185-1411, USA

b Sandia National Laboratories, Aerosol Characterization Team in Depts. 6633/6775, Albuquerque, NM, 87185- 1104, USA
¢ Institute of Health and Biomedical Innovation, Science and Engineering Faculty and the Centre for Materials Science, Queensland University of Technology,

Brisbane, Queensland, 4000, Australia

ARTICLE INFO

ABSTRACT

Article history:

Received 18 May 2020
Received in revised form

29 May 2020

Accepted 2 June 2020
Available online 4 June 2020

Keywords:

COVID-19

PPE/Mask supplies

Extended use and performance
Thermal and surface disinfection
Filtration efficiency

The current COVID-19 pandemic has resulted in globally constrained supplies for face masks and per-
sonal protective equipment (PPE). Production capacity is limited in many countries and the future course
of the pandemic will likely continue with shortages for high quality masks and PPE in the foreseeable
future. Hence, expectations are that mask reuse, extended wear and similar approaches will enhance the
availability of personal protective measures. Repeated thermal disinfection could be an important option
and likely easier implemented in some situations, at least on the small scale, than UV illumination,
irradiation or hydrogen peroxide vapor exposure. An overview on thermal responses and ongoing
filtration performance of multiple face mask types is provided. Most masks have adequate material
properties to survive a few cycles (i.e. 30 min disinfection steps) of thermal exposure in the 75°C regime.
Some are more easily affected, as seen by the fusing of plastic liner or warping, given that preferred
conditioning temperatures are near the softening point for some of the plastics and fibers used in these
masks. Hence adequate temperature control is equally important. As guidance, disinfectants sprayed via
dilute solutions maintain a surface presence over extended time at 25 and 37°C. Some spray-on alcohol-
based solutions containing disinfectants were gently applied to the top surface of masks. Neither
moderate thermal aging (less than 24 h at 80 and 95°C) nor gentle application of surface disinfectant
sprays resulted in measurable loss of mask filter performance. Subject to bio-medical concurrence
(additional checks for virus kill efficiency) and the use of low risk non-toxic disinfectants, such strategies,
either individually or combined, by offering additional anti-viral properties or short term refreshing, may
complement reuse options of professional masks or the now ubiquitous custom-made face masks with
their often unknown filtration effectiveness.

© 2020 Published by Elsevier Ltd.

1. Introduction

various manufacturers under different trade names. The term
‘NIOSH N95'’ relates to a filter efficiency rating that means the mask

The COVID-19 outbreak is straining hospital and general
response resources in many countries. One supply issue that has
attracted global attention is personal protective equipment (PPE),
in particular, filtering facepiece respirators (FFRs; the desirable N95
type or otherwise widely used face masks), which are suitable for
airborne pathogens filtration and used by millions of healthcare
professionals and public responders. N95 type masks are made by

* Corresponding author.
E-mail address: mccelin@sandia.gov (M.C. Celina).

https://doi.org/10.1016/j.polymdegradstab.2020.109251
0141-3910/© 2020 Published by Elsevier Ltd.

materials block about 95% of particles that are 0.3 um in size or
larger.

PPE options and mask availability will likely remain challenging
given the ongoing divergence in the medical and public responses,
as well as the apparent different strategies and local availability
between the G20 countries and the rest of the world often with
fewer resources. This means additional alternative, perhaps only
temporary solutions must be established for the reuse, refreshing
or extended wear of face masks. This could reduce competition for
newly manufactured masks and PPE, and also allow resource
optimization for countries with limited access to primary supplies.
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For the use and reuse of masks we expect continuing differences
between large scale institutional approaches, strategies ideally
suitable for hospital environments, and methods that can be
quickly applied locally by non-experts with limited resources, for
example the wide use by the general public of improvised home-
made face masks. One of these options is thermal sterilization
based on multiple reports of the successful deactivation of viral
material in the 70—75°C regimes with less than 30 min exposure,
but with relative humidity perhaps also being a beneficial factor [1].
However, the survivability and reliability of multiple face mask
types and their ongoing filtration effectiveness under thermal
conditioning is less well known. In this study and discussion, we
wish to address a few simple questions and provide guidance to the
community dealing with mask and PPE availability for the COVID-
19 response, which touches on underlying material science as-
pects [2]:

e From a materials point of view are there obvious shortcomings
with the thermal conditioning of face masks?

Is there sufficient material robustness as demonstrated by
masks to withstand moderate over-temperatures and extended
exposure times, i.e. beyond rapid 30 min exposures at 75°C?

as well as:

e What is the retention behavior of simple spray-on disinfectant
solutions and their active compounds on surfaces?

Could simple spray-on solutions containing disinfectants of low
toxicity aid mask reuse and also enhance the currently impro-
vised face masks?

2. Face mask and PPE reuse options — sterilization methods
currently applied or under consideration

Following the H1N1, H5N1 and SARS-CoV-1 epidemics there
were a number of journal publications and reports investigating
disinfection/sterilization methods and retention of viral matter for
FFRs [3—5]. These studies acknowledged that in a pandemic the
current manufacturing capacity and vast FFR stockpiles (89 million
per month in the USA) would need to be supplemented by reuse of
FFRs. Indeed, the current 2020 shortage of FFRs in many countries
has precedence in the spot shortages experienced during the
2009—-2010 influenza outbreak [6]. The pre-COVID-19 research and
the recent 2020 research into FFR reuse offers a number of strate-
gies for disinfection, each with their own advantages and
disadvantages.

The similarities in chemical and physical stability of the SARS-
CoV-2 virus to other viruses allows the assumption that methods
used in the study of FFR decontamination of HIN1, H5N1 or SARS-
CoV-1 can be used successfully towards SARS-CoV-2 [7]. This
reasoning is validated by the first emerging investigations of SARS-
CoV-2 stability which tentatively show it can be eliminated with
the usual disinfectants, UV-C irradiation, or elevated temperatures
[8—11]. It should be noted that the substrate also may play an
important role. Chin et al. showed that after two days no infectious
SARS-CoV-2 was detectable on fabric, but on a surgical mask sig-
nificant levels were detected after 7 days [10]. Given the pre-
liminary nature of these studies there is still far more investigation
and validation required including investigation of all decontami-
nation methods to meet the resources available to the disparate
users of FFRs.

High energy irradiation has a long history as a method for
sterilizing medical devices. Energetic photons are known to cause
degradation of nucleic acids, hence is effective in inactivating

pathogens. Gamma-irradiation of FFRs to 10 kGy (1 Mrad) has been
shown to have little effect on the fit of the masks (evaluated using
the saccharin apparatus fit test), however, the filtration of 0.3 pm
particles was compromised [12]. Gamma-radiation is also known to
cause degradation of polyolefins usually in the >50 kGy range with
dependence on dose rate subject to an oxidative sensitivity
[13—16]. Uniquely for masks here, radiation-induced charge carrier
formation affecting the electret filter layers [17] could be a
contributing variable resulting in the reduction of the FFR filter
performance. Access to gamma-radiation sources capable of
reaching kGy doses is also not widespread, so taken together,
irradiation may not be the most convenient choice for large scale
FFR decontamination.

Ultraviolet (UV)-radiation in the UV-C region of the electro-
magnetic spectrum is another form of ionizing radiation and has a
long history of use in sterilizing surfaces. Unlike gamma-radiation it
is readily available in most hospital and laboratory settings. A
number of studies have highlighted the potential of UV sterilization
from common 254 nm lamp sources [18—20] including use of
laboratory bio-safety cabinets [11] and a high throughput process
including steps for tracking FFRs [21]. However, there could be line-
of-sight, penetration aspects for deeper disinfection (UV—C is much
less penetrating than gamma) and potential surface degradation
issues as polymers are relatively sensitive to UV-C (similar to
gamma doses).

Hydrogen peroxide is a strong oxidant and is effective as a
disinfectant either as a gas plasma, vapor or solution. For FFRs,
hydrogen peroxide vapor (HPV) use is well-documented for not
affecting fit or filter performance [19,22] and is promising for high
throughput disinfection. It is one technique that has been tested on
FFRs inoculated with SARS-CoV-2 and shown to be effective,
although the results are only preliminary [23]. It is currently being
used in some parts of the US to disinfect large batches of FFRs for re-
deployment to users [24] with detailed descriptions as to how to
implement HPV use [25]. Hydrogen peroxide gas plasma, however,
has been shown to affect filter performance relative to a standard
sodium chloride particle penetration assay, although no mecha-
nism was proposed [19].

Ethylene oxide (EO) gas is widely used in the medical device and
food industries as a sterilization method and suitable for large scale
operations. The gas itself is toxic and explosive so care is needed
when handling it and absence of residual gas must be confirmed
after treatment [23]. Furthermore, a study into residual chemicals
on FFRs after EO treatment showed the presence of toxic reaction
products believed to be originating from reaction of the rubber
straps [26]. Other less conventional methods for decontamination
include a novel oxidant mixture dimethyldioxirane [26], high en-
ergy plasma generating electrodes as part of a mask [27], and masks
impregnated with copper oxide [28]. These strategies may be useful
in the future but as yet they are unproven approaches.

The use of heat to decontaminate FFRs is an approach that re-
quires minimal resources since ovens are usually easily available.
Microwave heating is the exception, however, as it is known to
cause deformation of FFRs, perhaps due to more uneven local
heating [18]. Previous work with HIN1 and H5N1 have shown that
70°C at 85% humidity for 30 min [4,29] is sufficient to inactive the
viruses on FFRs [30].

Chemical-based sterilization is easily achieved by alcohol con-
tact (ethanol or isopropanol) or the more classic anti-viral and anti-
bacterial compounds than can be commonly found in many com-
mercial products. It is important to distinguish between the
momentary disinfection offered by alcohol contact and evapora-
tion, and longer lasting effects that can be provided by less volatile
active compounds remaining on surfaces. Hand sanitizer usually
has only isopropanol or ethanol as the active compound, whereas a
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disinfectant spray usually has a low amount of an additional active
constituent. Anti-viral properties are given by compounds such as
benzalkonium chloride [10], chlorhexidine gluconate [31], or ionic
substances such as citric acid or perhaps even EDTA, and likely also
some anionic or nonionic surfactants that in essence have the
ability to disrupt the viral envelope [32]. There is usually little
distinction between their activity on enveloped (SARS-CoV-2
causing COVID-19) or non-enveloped viruses (for example the
bacteriophage MS2 simulant), except some comments have been
made that MS2 might be more stable than the SARS-CoV-2. Inter-
estingly, citric acid based buffer solution containing nasal sprays
were quoted to reduce the titer of an influenza A Sydney/5/97
(H3N2) influenza strain by up to 3 logs after 1 min contact time
[32,33]. Similarly, some oils, such as tea tree oil or oil of thyme are
associated with good anti-viral properties [34]. For any use on
masks and on surfaces that are easily touched, it is of course
important to use disinfectants that are low in toxicity and are
ideally found in existing daily use items. Benzalkonium chloride is a
common anti-microbial substance still on the FDA list for hand
sanitizers [35] and also used in commercial disinfectant sprays, and
citric acid or tea tree oil are part of consumer products.

This brings up, again, the idea that masks could perhaps be
simply sterilized by soaking in alcohol or combined solutions
(alcohol plus secondary active constituent). However, there is evi-
dence that some of the commercial N95 masks suffer in their
filtration efficiency when ‘soaked’ with alcohol or IPA based
disinfectant solutions, or similarly even under higher temperature
steam environments [36]. This is due to their complex construction
in terms of a hydrophobic or electrostatic layer that is relatively
easily compromised in the presence of steam and concentrated
alcohol solutions. However, we could also speculate that masks
could perhaps be just surface sterilized with a carefully applied thin
deposit of an active ingredient left behind from an alcohol solution,
basically a top surface treatment rather than a deeper soaking. Such
an approach could be seen as the most basic momentary refreshing
of a mask for extended wear or shorter term reuse if conditions
require such action; in principle no different than often using hand
sanitizer. Of course, any disinfection will likely be limited to the
immediate surface and not necessarily kill viral material trapped
deeply within the filtration layers. Further, there would need to be
cross-checks whether suitable filtration efficiency is in fact main-
tained, and whether a treated surface has indeed the expected
additional anti-viral property. We speculate that this will be less of
a concern for simple cotton or fabric-based masks that are now
often seen with the ‘do it yourself approaches. For these and
similar more forgiving surfaces, the thoughtful application of IPA
based spray-on solutions containing some longer lasting anti-viral
compounds may be one avenue to increase the beneficial nature of
such face masks. Active ingredients should be selected based on
proven low toxicity or compounds already in use with human
contact, i.e. established anti-virals.

Any approach towards refreshing/sterilizing face masks or
improving custom-made cloth masks with the application of small
amounts of a spray-on solution offering added disinfectant prop-
erties, also requires us to consider how long active compounds may
persist on the mask surface. Contact infrared ATR (Attenuated Total
Reflection) spectroscopy is an excellent method to probe how
quickly thin layers in the micrometer range may disappear or could
be retained. The exact anti-viral efficacy of specific compounds
should be corroborated based on existing literature data, by addi-
tional bio-assays, or further established by our bio-medical and
virology colleagues, and is outside the scope of our current study.
Instead, we wish to demonstrate how low amounts of active in-
gredients may display unexpected volatility or tend to stay on
surfaces for extended time at RT and 37°C. This is an essential

foundation to further consider the use of dilute alcohol based
spray-on disinfectants, not only as the simplest method for quick
mask surface sterilization, but also applicable to other PPE surfaces
or shared equipment, key-boards, computer mice or similar.

Any existing sterilization and reuse methods, or alternatives
currently under consideration for masks (filtering facepiece respi-
rators), will need to be assessed on their own specific merits, with
sterilization efficiency, filtration function and overall performance
(mechanical properties and fitting) to be evaluated in parallel. This
study wishes to provide further guidance for thermal disinfection
approaches of mostly N95 masks, disinfection via the application of
dilute spray-on solutions, and the retention of disinfectants on
surfaces.

Table 1

Masks used for controlled aging (screening and 24 h at 80 and 95°C exposure) and
subsequent filter evaluation. *due to limited availability the Moldex mask was only
cumulatively aged, but not separately exposed at 80 and 95°C. **visual checks only.

Manufacturer Model

3M N95 1860

3M N95 1860S (small)
3M Aura 1870+ N95

Kimberly-Clark N95 46767 (PFR95 TECNOL Fluidshield)

Halyard Fluidshield Level 3
Moldex 2400 N95*
MediChoice polyester (PET) based face shield**

TR

3M N95 1860 / 1860S 3M N95 Aura 1870+ NIOSH

. -
Kimberly-Clark N95 46767

Fig. 1. Overview of face masks used for thermal aging in screening study.
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3. Thermal exposure as a simple sterilization method
3.1. Approach

Subject to a limited supply of face masks, a preliminary
screening study consisting of a set of multiple masks was sequen-
tially aged in slightly vented dry circulated air laboratory ovens for
24 h at 65°C, followed by 24 h at 80°C and 24 h at 95°C. All masks
remained in excellent condition after 24 h at 65°C, yet with some
evidence for onset of material weaknesses during the final step of
95°C exposure. It became clear, that higher temperatures or
extended times would certainly be pushing mask reliability into an
unfavorable regime. One fresh set of masks was then aged for
24 h at 80°C, i.e. slightly above the target sterilization temperature
range of 70—75°C, and another set for validation of additional
robustness for 24 h at 95°C. These two sets were then inspected for
signs of visual degradation while the elastic bands were tested in
tensile mode by stretching a specific length (75 mm) by 100%
(doubling of its length).

It is important to point out that the aging conditions here
involved low relative humidity simply generated by heating of
ambient air in the ovens. There is evidence that humidity will aid
virus deactivation on stainless steel at elevated temperatures (up to
65°C) [37], however, in the current study the optimal thermal and

relative humidity conditions for viral kill efficiency were outside
the scope. Our focus is rather on the materials aging behavior for
which thermal oxidation and perhaps shrinkage or other immedi-
ate deformation could be important. Additional relative humidity is
not expected to negatively affect polyolefins and related materials
because they take up very little water and are not hydrolytically
sensitive, but the mask filtration efficiency and charge carrier
capability can be impacted by humidity [36,38]. The most suitable
thermal exposure conditions should be derived based on balancing
the primary viral disinfection needs with material thermal aging
aspects, mask filtration performance and fitting behavior after
exposure, and the availability of dry heat, commercial climate
controlled incubation chambers, or perhaps relative humidity
controlled sealed ovens by added salt solutions (deliquescence)
[39,40]. From a materials aging point of view, in particular here for
polyolefins, exposure conditions of no more than a day in the
temperature range of 75—95°C are not expected to result in sig-
nificant oxidation, even if inexpensive and weakly stabilized com-
mercial materials are involved [41,42]. Further, aside from an
immediate response such as shrinkage or warping (some co-
polymers have lower softening points), thermal aging of polymers
is often also of cumulative nature, meaning a total exposure con-
dition can be composed of multiple successive exposure intervals
[43,44]. This means if a material can easily handle one day at 80 or
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95°C, then one would expect a few repeated 1 h exposures at such
temperatures to be no worse in terms of overall materials perfor-
mance [43,44]. The point is, thermal testing for a day gives confi-
dence of material robustness and that several repetitive short
sterilization steps ought to be achievable.

We obtained face masks (summarized in Table 1 and shown in
Fig. 1) that are commonly encountered in the US health system, and
one example that is more suitable as a N95 dust mask for work
under particulate conditions (Moldex N95). Commonly used mask
production materials are polypropylene and polyester fabrics,
usually as melt or electrospun fibers [45]. Figs. 2—4 offer an over-
view of the layered structure of such face masks and the polymeric
fabrics employed as analyzed by IR spectroscopy showing spectral
absorbance versus wavenumber for material identification pur-
poses. Commercial PPE masks embrace similar filter materials
(mostly polypropylene and polyester) and design principles. Hence
any conclusions on their thermal aging and filter performance
behavior are likely to be more broadly applicable.

3.2. Observations after exposure for 24 h at 80°C and 95°C

Fig. 5 shows a set of thermally conditioned specimens including
one face shield that clearly shows the weakness of a molded PET
sheet. Similarly, Fig. 6 shows thermal conditioning at 95°C with
more evidence for shrinkage of the Halyard Fluid Shield Level 3.
Figs. 7 and 8 show more details of the weaknesses in some mask

types that could be visually recognized after thermal exposure.
Fig. 9 shows some of the edge cracking observed for the Moldex
mask type and its vent deformation at 95°C.

3.3. Summary for the 24h exposure at 80°C, i.e. the moderate aging
condition

3M 1860/1860S — The aged mask appears near identical to the
original un-aged specimen. It has the same color, but the ink
printed on its front has diffused slightly into the fibers (blurry
print). The nose foam and elastic bands are still intact, as much as
the elastic bands retain their initial stretch properties. The elastic
bands appear durable and can easily withstand the extended 80°C
exposure with no obvious degradation.

3M Aura 18704 N95 — This mask maintains its color, there is no
obvious ink diffusion, and the elastics retains its original stretch
ability. The nose foam remains attached securely and there are no
apparent issues with this mask, thereby easily accommodating this
80°C exposure with no obvious degradation.

Kimberly-Clark N95 — This mask maintains its color, but there
is some ink diffusion, shrinkage and partial warping at 80°C. The
top of the ‘duckbill’ has an embedded metal band to mold the mask
to the user's nose. The bottom does not have the metal band and
the plastic there is warped. This could affect the fit at the chin and
could allow particulates to bypass the chin seal. Also, the inner
plastic lining (see Fig. 8) appears partially fused together, and does

Aged 80°C 24h:

M:=DICHOICE
Full Face Shield

Fig. 5. Different masks thermally aged for 24 h at 80°C before and after exposure.



M.C. Celina et al. / Polymer Degradation and Stability 179 (2020) 109251 7

not allow the ‘duckbill’ to be opened easily anymore without
tearing the inner polymer liner from the filter sections (based on IR
it is likely some ethylene copolymer with methyl acrylate). This
inner lining would have to be kept apart while in the oven. It is also
possible that wearing the mask may prevent any subsequent
adhesion as the surfaces may no longer touch as effectively. It may
help having the mask open in its ‘duckbill’ configuration prior to
thermal conditioning (not lying flat and folded). For the exposure,
here, we preferred not to open the mask to get a better picture of
the intrinsic filter performance. Similarly, other masks or objects

Unaged:

3M N95 Aura 1870+ NIOSH

© HALYARD

Halyard Fluidshield Level 3

should not be stacked on top to prevent this inner lining from
coming in contact and fusing. The elastic bands performed with
sufficient elasticity remaining.

Halyard Fluid Shield Level 3 — This mask maintains its color,
but there was some ink diffusion, shrinkage and partial warping at
80°C. In contrast with the Kimberly-Clark model, the bottom of the
‘duckbill’ does not have the metal band and the plastic is warped.
Again, this could affect the chin fit and allow particulates under the
seal. As this mask does not have the inner plastic lining, there is no
issue with any fused polymer liner due to a lower melting material.

Aged 95°C 24h:

3M N95 Aura 1870+ N|OSHA_ ;

~ ARAGAM e

\\Halyard Fluidshield Level 3

Fig. 6. Different masks thermally aged for 24 h at 95°C before and after exposure.

Kimberly-Clark N95 46767

Aged 80°C 24h

Aged 80°C 24h

Halyard Fluidshield Level 3

Aged 80°C 24h

Aged 80°C 24h

Fig. 7. Thermally aged for 24 h at 80°C before and after exposure. Some adhesion between the two layers is noticed for the Kimberly-Clark N95 mask (on left).
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Fig. 8. More pronounced fusing of a specific ‘duckbill’ mask type (Kimberly-Clark 46767 N95) with these images taken at the final stage after cumulative aging for 24 h each at 65,

80 and 95°C.

Cumulatively aged @ 65°C 24h
and 80°C 24h

Cumulatively aged @ 65°C 24h, 80°C
24h, and 95°C 24h

D .

Fig. 9. Moldex mask cumulatively aged for 24 h at 65°C and 80°C showing some edge cracking (highlighted by red circles in pictures), but an otherwise functionally appearing
mask. After additional exposure for 24 h at 95°C the vent assembly in the center was partially deformed (softening) with additional cracking at the bottom of the mask.

Again, the elastic bands had sufficient elasticity remaining.

MediChoice Face Shield — This polyester (PET confirmed by IR)
based face shield displays significant shrinkage and was completely
destroyed. It cannot withstand 80°C for 24 h. We note that the foam
on the forehead and elastic band was still securely attached, and
there were no issues with the foam and elastic. This face shield also
does not withstand shorter times and slightly lower temperatures
(i.e. 30 min at 75°C).

Moldex 2400 N95 — Only a single mask was available as part of
the initial cumulative screening exposure for 24 h at 65, 80 and
95°C. This mask maintains its color and no obvious changes were
observed after the initial aging at 65°C. After aging at 80°C for 24 h
the bottom edge of the mask started to crack slightly. Again, this
could affect the chin fit and could allow particulates under the seal.
The elastic band performance retains its initial stretch properties
after this cumulative aging schedule. Aging at 95°C for 24 h is too
much for this mask as significant structural failures were observed.
Cracking at the chin section was more pronounced, and the high
impact polystyrene (confirmed by IR) vent started to deform and
warp.

Exposures for 24 h at 95°C: Similar observations apply to all
masks described above for 80°C. This means these masks and their
polymeric materials have somewhat predicable behavior for
elevated temperature exposure. The 3M 1860, 1860s and Aura

1870+ N95 types are not anticipated to degrade significantly
should they experience slightly higher temperatures or longer
times than the bare minimum sterilization targets. These masks
have some intrinsic thermal robustness. In contrast unfortunately,
the ‘duckbill’ types (Kimberly-Clark 46767 N95 and Halyard Flu-
idshield Level 3) have a specific material vulnerability with some
warping as a material response, which could compromise their
subsequent best fit. In addition, there is the potential adhesion
issue between the two layers for the Kimberly-Clark N95 via the
additional liner. We encourage any end-users to check for this
behavior and its impact should thermal sterilization be applied.
In summary, the 3M 1860, 1860s, along with the Aura 1870+
NO95 display better thermal performance. Based on the exposure
test results, these masks could certainly be thermally-treated at a
target temperature of 75°C and be reusable, as long as effective viral
deactivation is confirmed and their filter efficiency remains equally
functional. A previous study similarly showed that dry thermal
treatment had little influence on mask performance of a particular
type [36]. The Kimberly-Clark and Halyard ‘duckbill’ masks showed
some deformations at the chin seal which could lead to a
compromised fit. This would need to be verified on a few specimens
with individual fit testing responses in parallel. We also recognize
that the testing for 24 h at 80°C is perhaps more conservative than
only a few sterilization exposures at no more than 75°C. This means
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the ‘duckbill’ type masks may still perform after limited thermal
exposure.

4. Simple improvised disinfectants spray-on solutions to aid
surface disinfection and extend the use of masks or PPE

4.1. Approach

Institutional large scale approaches for sterilization of masks
and PPE exist as hydrogen peroxide vapor treatment, which has
been extensively reported and is now approved by the FDA
[24,25,46], and perhaps gamma irradiation when facilities are
easily available (but polymer materials and filter reliability is to be
confirmed) or UV illumination [12,18—20]. We also recognize that
aqueous solutions of isopropanol or ethanol are used in hospitals
for quick momentary disinfection, with some discussions on the
web that ethanol could be more effective than isopropanol for
SARS-CoV-2. While hard surfaces are easily wiped down and that
can be expanded to suitable PPE, alcohol soaking of masks is so far
seen as detrimental to filtration efficiency and mask performance
[36]. Once the alcohol has evaporated there is also no extended
sterilization effect on any cleaned surface, hence cleaning with
wipes is temporary at best.

This brings up the question of whether simple improvised al-
ternatives may exist in which longer lasting anti-viral compounds
are easily deposited on suitable surfaces including masks. This
would offer an active surface or on-demand touch-up disinfection,
beyond the mask being only an inert physical barrier. With the
rapid propagation of custom-made cloth masks which have un-
known filtration efficiency, there could be added value by such
quick refreshing options, similar to the use of hand sanitizers. In
this sense, we see value in improvised applications of a gentle mist
of alcohol solutions containing a secondary active compound. This
could also be carefully applied to the perhaps vulnerable surface of
face masks, if no other quick disinfectant method is available and
extended use is absolutely necessary. As mentioned earlier, COVID-
19 is a global pandemic which affects numerous countries with
undoubtedly limited opportunities for high-tech mask/PPE disin-
fection and recycling technologies. We envisage simple disinfectant
solutions and hand-held misters that are widely available. We also
recognize that these may already exist and are likely used subject to
existing experience and improvisation skills in local health services
and communities. They may not offer comprehensive, i.e. deep
disinfection of the mask, but can certainly address surface
contamination and assist with repetitive handling.

Simple compounds with known anti-viral disinfectant proper-
ties are ionic surfactants, benzalkonium chloride, chlorhexidine
gluconate or povidone-iodine and similar [10,35,47]. Such sub-
stances are used in many products, for example disodium EDTA is
added to freely available contact lens solutions, stearylkonium
chloride is in hair conditioner, and chlorhexidine gluconate is an
ingredient in mouthwash to treat gingivitis or periodontal disease.
They were more widely available in the past before they have
attracted additional FDA scrutiny recently with ongoing reviews of
over-the-counter antiseptic active ingredients [35], however such
compounds are recognized as the key ingredients in many anti-
viral formulations [47]. Ionic species and substances with strong
hydrogen bonding are expected to disrupt the viral packaging layer
or ‘docking’ surfaces described as trimeric spike glycoproteins [48].
From an alternative point of view, tea tree oil for example has also
been reported as having good anti-viral properties when applied on
surfaces [34], or citric acid which has strong ionic features in the
low pH range that is regarded as anti-viral [10]. Our intent here is
not to specify the exact anti-viral properties and individual pro/
cons of specific disinfectants, but rather to show how such active

compounds could be easily applied in an improvised manner and
whether they can remain on surfaces as very thin layers. ATR
infrared absorption spectroscopy as a surface sensitive technique is
ideally suited to quickly explore the relative volatility and
continued presence of any deposited compounds.

4.2. Deposition of very thin layers of disinfectants

We used a commercially available disinfectant spray and pre-
pared a few representative solutions of anti-viral/disinfectant
compounds dissolved in 70 vol% isopropanol for a simple
screening study. A high fraction of isopropanol has two advantages,
namely momentary disinfection behavior, but also a low solution
viscosity which aids the generation of a fine mist. This is more
difficult to generate from solutions that are richer in water resulting
in larger droplets and more heterogeneous surface coatings. We
evaluated the following solutions involving surfactants, commer-
cial disinfectants, essential oils, or other ingredients that may have
anti-viral properties such as EDTA or copper sulfate. Povidone
iodine may also be effective, but it was not obtained for the current
study:

e Commercial Lysol spray, ethanol 58% with alkyl (50% Cq4, 40%

Cq2, 10% Cq6) dimethyl benzyl ammonium saccharinate 0.1% as

active compound

70 mL isopropanol and 30 mL DI water, with added 25 mL Pine-

Sol multi surface cleaner

70 mL isopropanol and 30 mL DI water, with added 3 wt¥% citric

acid and 1 wt% mild liquid hand soap (a small amount of soap

was added to reduce crystallization of the citric acid after iso-

propanol/H,0 evaporation

e 70 mL isopropanol and 30 mL DI water, with added 1 wt%
disodium EDTA and 1 wt% benzalkonium chloride and 1 wt%
chlorhexidine gluconate. This solution does not mix well, there
is some colloidal precipitation, hence it needed to be shaken
well before its application

e 70 mL isopropanol and 30 mL DI water, with added 3 wt% tea
tree oil (this compound was found to be quite volatile)

e 70 mL isopropanol and 30 mL DI water, with added 3 wt%

limonene (this compound was also quite volatile)

Notes on solubility: EDTA is not easily soluble in 70/30 IPA/H;0.

Copper sulfate is not soluble in 70/30 IPA/H20. Disodium EDTA is

not easily soluble in 70/30 IPA/H,0, but is soluble in H,O.

These solutions were deposited with two short squirts from a
small hand held spray bottle at distances of 20—30 cm. Spectral
acquisition was started and monitored over 24 h at 25 and 37°C.
The isopropanol carrier evaporated quickly leaving a thin film of the
remaining active substance on the ATR crystal.

4.3. Retention of disinfectants on surfaces via ATR spectroscopy

After a thin film of the alcohol/disinfectant solution was
deposited on the ATR crystal, the immediate spectral changes
showed the rapid loss of isopropanol and water, usually on the
order of 10 min at 25 and 3 min at 37°C. For the commercial
disinfectant spray there was evidence of the active compound
(quaternary ammonium saccharinate) remaining for a few hours at
25°C, but quickly disappearing at 37°C (Fig. 10). The residue of a
commercial disinfectant cleaner product (Pine-Sol, mostly surfac-
tant in water) easily remained on the crystal surface for 24 h at both
temperatures (Fig. 11). In contrast, despite its attractive smell and
anti-viral properties [34], tea tree oil dissolved in the alcohol/water
mix quickly disappeared within 1 h at 25°C (Fig. 12). Tea tree oil
might be helpful for short-term disinfection, but clearly will not
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Fig. 12. Rapid loss of a sprayed-on surface layer of 3% tea tree oil in 70 vol %
isopropanol-water deposited from a hand-held spray bottle on the ATR crystal surface
at 25°C.

remain sufficiently on surfaces. A similar disadvantageous volatility
was observed for limonene as the active compound. Citric acid in
combination with some small amount of surfactant, however,
forms a persistent film within 10 min (sufficient time for complete
solvent carrier evaporation) that does not display any further
spectral changes (Fig. 13). This is an example for excellent surface
retention if such a deposited film is not touched after deposition.
Commercial disinfectants in 1% individual concentration applied
here as a screening mixture of benzalkonium chloride, EDTA, and
chlorhexidine gluconate forms a similarly stable film deposit
(Fig. 14). For visualization purposes only, a micrometer-sized thin
film on a reflective bench top is shown in Fig. 15 for the citric acid
spray-on solution. This deposit is non-toxic and easily cleaned up.
Subject to proving that such very small amounts of residue will not
interfere with the filtration efficiency of a mask, we suggest further
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Fig. 13. Excellent retention of a sprayed-on surface layer of 3% citric acid and 1%
surfactant (StepWet DF 90) in 70 vol % isopropanol-water deposited from a hand-held
spray bottle on the ATR crystal surface at 25°C (top) and 37°C (bottom).
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evaluation of such simple disinfectant sprays for mask refreshing
and extended wear options. Basic disinfection solutions are easily
improvised as well and hence widely available. Of course, any
choice for a specific solution and active constituent will need to be
assessed on its own specific merits, with disinfection efficiency and
filtration function to be evaluated. We wish to emphasize that
surface retention is equally important and that relatively non-toxic
disinfectant compounds are also available.

4.4. Application of a dilute spray-on solution on mask surfaces

Considering the global impact of the COVID-19 pandemic we
also have to consider that state-of-the-art disinfection and reuse
approaches may not be available everywhere. Options such as
hydrogen peroxide vapor exposure, irradiation, or basic thermal
conditioning on a large scale may not exist for some countries. In

Clean surface

/

such situations improvised approaches for the reuse of PPE and
masks may be limited to visual inspection, perhaps cosmetic
cleaning or no more than the application of small amounts of
disinfectant sprays. As mentioned earlier deep soaking with iso-
propanol or similar, or actual washing of these masks is strongly
discouraged as it negatively affects the electret filter layers [17] and
is hence expected to reduce particulate filtering performance. But
what about applying a minimal surface treatment to enable a
momentary ‘refreshing’ of the external surface with disinfectant?
As we showed above, isopropanol/water could act as a suitable
carrier for common disinfectant additives and surfactants. In
comparison, tea tree oil spray induced a thin surface deposit that is
surprisingly evaporative. Nevertheless, it would also have some
residence time on the mask surface and aid in temporary surface
disinfection, perhaps even via some penetration of vapors into the
filter layers.

We do not wish to recommend a particular formulation
approach or comment on the exact effectiveness of individual
compounds for their viral deactivation yields on mask surfaces and
its substructure, other than that known disinfectants can be applied
on the outer surface and are expected to have some benefit. Our
focus is on the technical feasibility of spray-on coatings using non-
aggressive ingredients with established anti-viral properties. At the
same time, we also believe that many options exist for suitable
disinfectants combined with some surfactant in alcohol/water so-
lution. We note that in related internal SNL efforts for the cleaning
and disinfection of hard surfaces, a combination of a 3% commercial
all purpose surface cleaner (Pine-Sol) with only 0.3% benzalkonium
chloride in water showed excellent kill efficiency for MS2 viral
simulant in solution plating with a log reduction greater than 5
(<10 ppm residual). Traditional large surface cleaning is expected to
be safer when it is only water based (less alcohol vapor exposure),
but for the spraying of masks the isopropanol contribution gener-
ates a finer mist, meaning there is some additional advantage be-
sides alcohol/isopropanol also offering some immediate contact
virus kill efficacy. Further, viral deactivation in solution is likely
more effective than on dried surfaces which have a disinfectant
deposit. Hence, we explored spraying slightly higher concentra-
tions than would be needed for cleaning/disinfectant solutions,
with the discussion below showing some examples for this
approach.

We showed the surface retention of disinfectants on the ATR
crystal earlier, which was achieved with no more than two gentle
squirts from a small hand-held sprayer. We added a tiny amount
(droplet) of red food dye solution to our ‘disinfectant solution’ for
the purpose of visualizing the spray deposits on masks. With a low-
cost 50 mL fine-mist sprayer we were able to achieve a homoge-
nous surface layer. Solutions were prepared using 70/30 vol% iso-
propanol/water as a carrier with added active ingredients to enable

Dried citric acid / soap solution
(15 minutes) /~

SIS E/RER PRI (N

Fig. 15. Example of a very thin layer of citric acid and surfactant deposited as a mist from a hand-held small spray bottle after evaporation of the isopropanol/water carrier.
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had a small amount of red food-dye added to aid in the visualization of the thin film distribution on a Halyard face mask.

a simple screening of how disinfectants could be deposited. A 3M
Aura 1870+ N95 mask was coated with a weak solution containing
3% citric acid and 1% liquid hand soap resulting in homogeneous
coverage (Fig. 16). The Halyard mask was sprayed with added 25% of
a commercial cleaner (Pine-Sol having a non-ionic surfactant
ingredient) as shown in Fig. 17, and the Kimberly Clark mask with a
solution containing 1% Pine-Sol and 1% benzalkonium chloride (a
rudimentary solution having a trace of surfactant and a known
relatively easily available and low risk disinfectant). A 3M 1860
mask was coated with an addition of 1% benzalkonium chloride, 1%
chlorohexidine gluconate and 1% disodium EDTA (the intent here
being for basic ionic activity) for demonstration purposes only. In
all cases, a thin coating could be easily applied. Commercial
sprayers with enhanced atomization features could of course more
easily apply thin coatings on multiple masks in parallel.

In situations when chemical based disinfectants may not be
available at all, then the most basic approach could be a gentle
exposure of the mask surface to some weak spray of isopropanol/
water or similar as a carrier with some added surfactant as active
ingredient. This is based on reports that even hand soap has some
anti-viral properties [10], as shown in Fig. 17. Of course we recog-
nize that meaningful disinfection in this case is likely not guaran-
teed, but a spray-on approach of this nature would at least assist

the mask user to minimize surface contamination from repetitive
handling and surface resident viral exposure.

5. Filtration performance after thermal conditioning and
application of some disinfectant

The filtration efficiencies of thermally aged and gently coated
masks were characterized to assess if a discernible difference could
be observed when compared against untreated N95 masks. A R&D
filtration system at Sandia National Laboratories was used to
quantify the efficiencies of Kimberly-Clark and Halyard type masks
as a function of particle size. The system simulates, where possible,
the parameters defined by the National Institute for Occupational
Safety and Health (NIOSH) for certification of filter materials for
N95 respirators (NIOSH 2019) [49]. A detailed description of the
system, instrumentation used, and methodology implemented,
may be found in the relevant system description [50].

Full mask geometries were mounted onto custom filter holders
and inserted into the test section of system. A polydisperse NaCl
test aerosol was used, and measurements upstream and down-
stream of the test articles were taken with a TSI Scanning Mobility
Particle Sizer Spectrometer (SMPS) 3938. Each respirator was
tested at two filter-face velocities as suggested for the evaluation of
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Fig. 18. Relative changes in the filtration efficiencies of treated (thermally or coated
with 1% Pine-Sol and 1% benzalkonium chloride in 70/30 isopropanol/water solution)
Kimberly Clark masks in the particle range of 10—-400 nm under low (top) and high
(bottom) flow rate conditions.

the filtration performance of cloth masks and common fabric ma-
terials [51], which were derived from the lower and upper flow
rates defined in the NIOSH standard. Triplicate measurements were
conducted for each test configuration. The filtration efficiency at
each particle size measured was computed from the difference in
aerosol concentration upstream and downstream of the test article.
Care was taken to ensure only statistically significant data are re-
ported. Uncertainties in these measurements were propagated
accordingly through all calculations.

The relative filtration performance of masks was examined in
the 10—400 nm range, i.e. a particle size range that is very impor-
tant to be effectively filtered out, by comparing the performance of
treated specimens to a non-treated reference mask. The data for
low and high flow conditions for the Kimberly Clark mask when
treated at 80°C for 24h and sprayed with a 1% Pine-Sol and 1%
benzalkonium chloride (70/30 isopropanol/water) solution are
shown in Fig. 18. Clearly there has been little effect of the two
treatments, although there is some scatter in the data subject to the
limited mask availability and our inability to test multiple face
masks. We expect some underlying mask to mask variation
anyhow, subject to different batches, perhaps handling during
acquisition, or their relative age as well. Also, while identical in
appearance, these Kimberly Clark models were also provided with
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Fig. 19. Relative changes in the filtration efficiencies of treated (thermally or coated
with 25% of a commercial cleaner (Pine-Sol having a non-ionic surfactant ingredient)
in 70/30 isopropanol/water solution as shown in Fig. 17) Halyard masks in the particle
range of 10—400 nm under low (top) and high (bottom) flow rate conditions.

different branding depending on suppliers (i.e. one mask had an
additional Technol stamp on its rear surface). A comparison, again
for low and high flow rate conditions, for the Halyard mask is
shown in Fig. 19. This mask type has intrinsically less scatter and
despite the spray-on coating being generously applied (see Fig. 17),
evidence is that neither the disinfectant spray nor the thermal
exposure at both 80 and 95°C had any measurable consequences on
filtration performance.

An additional filter efficiency study was conducted on a separate
Filter Penetration Test-bed (FPT) located at SNL. As with the
aforementioned system, this test-bed was also designed to follow,
where possible, NIOSH guidelines for N95 respirator material
testing. The FPT differs from the prior system in that it size-selects a
mono-disperse NaCl aerosol by utilizing a TSI 8020 electrostatic
classifier and TSI 3081L differential mobility analyzer (DMA) up-
stream from a 47 mm stainless filter housing. NIOSH guidance
describes an aerosol with a particle size median diameter of
0.075 + 0.020 pm with a geometric standard deviation not
exceeding 1.86, which the FPT system verified. However, it is worth
mentioning that the monodisperse aerosol does not capture the
FDA recommended mass median particle diameter of 0.3 um.
Additionally, the filter housing diameter used by the FPT is smaller
than the mounts used by TSI 8130 (120 mm). Therefore, flow rates
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Table 2

Relative filter efficiency for two 3M type masks under multiple exposure conditions
measured with a Filter Penetration Testbed (FPT) utilizing mono-disperse 75 nm
NacCl particles with a Filter Face Velocity of 17.34 cm/s. The 3M 1860 mask was coated
with 1% benzalkonium chloride, 1% chlorohexidine gluconate and 1% disodium EDTA
for demonstration purposes only, and the 3M Aura 1870+ N95 (Fig. 16) was coated
with 3% citric acid and 1% liquid hand soap, respectively. Constituents were always
dissolved in 70/30 isopropanol/water solution.

Model Test Condition Efficiency [%] Stdev [%]
1860 Unaged (reference) 97.74 0.38
1860 80°C,24 h 99.57 0.21
1860 95°C, 24 h 99.18 0.10
1860 Coated 98.41 0.08
Aura 1870- + N95 Unaged (reference) 99.63 0.1

Aura 1870- + N95 80°C, 24 h 99.69 0.08
Aura 1870- + N95 95°C, 24 h 99.60 0.07
Aura 1870- + N95 Coated 99.60 0.11

were adjusted according to equivalent filter face velocities, so the
filter housing geometry was mitigated. Finally, in order to calculate
filter efficiency, concentration was compared upstream and
downstream of the filter material tested by a TSI 8022 condensation
particle counter (CPC). Five tests upstream and downstream were
conducted with 1 min intervals. Mask performance tests yielding
relative filtration efficiency are reported below, as summarized in
Table 2, for two N95 face mask types (the 1860 and Aura 1870+
from 3M) under multiple exposure conditions. Once again, the re-
sults show that the disinfectant spray or the thermal exposure at
both 80 and 95°C had no measurable consequences on filtration
performance.

6. Conclusions

We have focused on two directions to enable the extended use
of PPE face masks. One avenue that has also been recognized by
others (see recent literature) is the use of thermal exposure for
mask disinfection in the 75°C range, subject to confirmation of the
most suitable times and temperatures by our bio-medical col-
leagues. Another strategy, particularly if local resources are limited
and institutional large scale mask treatment approaches are not
available, the subtle spraying of a mask's surface with a weak
disinfectant solution might be an improvised option to enable some
topical disinfection, or at least a refreshing of surfaces that are often
touched and could be contaminated.

From a material's performance point of view only a few minor
issues during thermal exposure were observed. Some masks
showed warping and the beginning of material weaknesses, but
most importantly no significant negative impact on filtration per-
formance was observed due to thermal conditioning for no more
than 24 h at 80 or 95°C. Similarly, filtration performance was
maintained despite the application of a spray-on coating on mask
surfaces. There is good confidence for the feasibility of some re-
petitive thermal reconditioning steps, considering that the tested
masks mostly withstood temperature and times higher than
currently discussed for virus kill requirements.

Dilute and gentle spray-on alcohol-based solutions containing
low risk non-toxic disinfectants, perhaps improvised due to lack of
local availability of ingredients and when applied to the top surface
only (i.e. avoid soaking), may complement the now ubiquitous
custom-made face masks with their often unknown filtration
effectiveness. Similarly, this might be a viable option for any masks
and other PPEs to offer quick additional anti-viral properties or
short term refreshing. We do not recommend a particular disin-
fectant formulation, but rather introduce the current concept, and
wish to emphasize that specific viral kill efficacy of any disinfectant

on mask surfaces has not yet been determined. We have, however,
demonstrated that known low toxicity disinfectants can be applied
to masks without affecting filtration and structural characteristics,
and that benzalkonium chloride (still on the approved list for hand
sanitizer [35]) with surfactant in solution is effective against MS2
viral simulant, which corroborates disinfectant efficacy against
COVID-19 [10]. Further, we have not addressed any inhalation risk,
which due to the nature of needing some disinfectant cannot be
zero. Gentle spraying deposits collectively ~100 mg (for two sprays)
of material on the mask surface, which for example with 1% active
content means roughly 1 mg disinfectant mixed with some sur-
factant could be amorphously adhered to the outer mask surface.
The risk of exposure to such quantities cannot be eliminated, but
will have to be balanced against the needs to improve mask
availability, longevity and anti-viral efficacy in the context of other
options perhaps not being available. As with many other aspects of
this pandemic, careful and informed compromises with of course
individual preferences (including disinfectant choice) need to be
pursued, as there are no perfect and zero risk solutions.

Our results on thermal and spray-on approaches represent some
forward looking opinions that should not be misinterpreted. Any
use of thermal and spray-on disinfection on masks should be
considered within the additional risks seen in the use of chemical
disinfectants and mask fitting behavior after thermal recondition-
ing. Further, a surface spraying is not expected to kill any virus
particulates trapped within the interior filter layers. Nevertheless,
commercial masks embrace similar filter materials and design
principles. Hence any conclusions on their reuse and filter perfor-
mance are likely to be more broadly applicable. However,
continued good mask fits and general cleanliness are also impor-
tant for extended use.

Disclaimer

These are subjective and personal opinions of researchers in the
polymer materials reliability and bio-medical field in the context of
the current global COVID-19 pandemic only. There is no intent to
challenge existing guidelines for PPE/mask use policies or give any
preference to PPE/mask manufacturers and any specific technolo-
gies that may already exist or are under development. Due to time
constraints driven by the urgency of the COVID-19 situation, these
screening studies should not be considered as comprehensive
evaluations with any implied recommendations and guidance
outside the scope of these efforts. The parallel work of other re-
searchers is expected to complement our understanding of mask
and PPE performance. Collectively this will guide us towards viable
methods and approaches for mask/PPE reuse and additional
application options. SNL and QUT do not endorse specific mask
disinfection approaches; we only wish to report on their thermal
responses. Medical experts and virologists will have to make de-
cisions based on COVID-19 deactivation properties for suitable time
and temperatures to enable mask and other PPE reconditioning.
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