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ARTICLE INFO ABSTRACT
Editor: Dr. Danmeng Shuai Dry heat decontamination has been shown to effectively inactivate viruses without compromising the integrity of
delicate personal protective equipment (PPE), allowing safe reuse and helping to alleviate shortages of PPE that
Keywords: have arisen due to COVID-19. Unfortunately, current thermal decontamination guidelines rely on empirical data
COVID-19 which are often sparse, limited to a specific virus, and unable to provide fundamental insight into the underlying

Dry heat decontamination
Personal protective equipment
Arrhenius equation

inactivation reaction. In this work, we experimentally quantified dry heat decontamination of SARS-CoV-2 on
disposable masks and validated a model that treats the inactivation reaction as thermal degradation of macro-
molecules. Furthermore, upon nondimensionalization, all of the experimental data collapse onto a unified curve,
revealing that the thermally driven decontamination process exhibits self-similar behavior. Our results show that
heating surgical masks to 70 °C for 5 min inactivates over 99.9% of SARS-CoV-2. We also characterized the
chemical and physical properties of disposable masks after heat treatment and did not observe degradation. The
model presented in this work enables extrapolation of results beyond specific temperatures to provide guidelines
for safe PPE decontamination. The modeling framework and self-similar behavior are expected to extend to most
viruses—including yet-unencountered novel viruses—while accounting for a range of environmental conditions.

Reaction rate law

1. Introduction system and exposed frontline healthcare workers to an unacceptable
level of risk. The relatively high reproduction number of SARS-CoV-2
The COVID-19 pandemic has challenged the global healthcare (Sanche et al., 2020; Zhu and Chen, 2020) has resulted in a surge in
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hospitalization rates and, in turn, a shortage of personal protective
equipment (PPE); in many instances, disposable masks had to be reused
(Kolata, 2020; Rowan and Laffey, 2020). Despite the rollout of vaccines,
PPE shortages may continue to occur in countries with a relatively low
Human Development Index for years to come, and this risk is elevated by
the rise of dangerous variants (Callaway, 2021; Mahase, 2021; Samar-
asekera, 2021). Various decontamination methods—including UV irra-
diation, steam sterilization, and chemical disinfectants—have been
implemented, but these methods suffer from several drawbacks, namely:
(i) UV irradiation only inactivates viruses that are illuminated and is
ineffective within folds and crevices commonly present in fabric-based
PPE (Cramer et al., 2020; Jinia et al., 2020; Raeiszadeh and Adeli,

A Modeling
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2020); (ii) steam or moist heat sterilization relies on water vapor at high
temperatures and pressures to sterilize equipment at a relative humidity
of 100%, which can compromise the filtration efficiency of masks
(Campos et al., 2020); and (iii) chemical disinfectants leave harmful
chemical residues within the porous structures of some PPE and may
degrade the material (Jinia et al., 2020; Viscusi et al., 2009).

Dry heat decontamination is performed at elevated temperatures, but
at relative humidities less than 100%, by heating the air surrounding the
equipment to be decontaminated. The high elevated temperatures
applied during typical dry heat decontamination have been shown to
degrade polymer-based PPE (Viscusi et al., 2007). However, when per-
formed at lower elevated temperatures (albeit over longer periods of

Experimental Validation
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Fig. 1. Validation of model with experimental results. (A) The universal model combines the rate law and the Arrhenius equation to determine the activation energy
required to inactivate a specific virus. Surgical mask samples were inoculated with SARS-CoV-2 and exposed to 25 °C, 40 °C, 55 °C, and 70 °C dry heat in an oven. (B)
The samples were assayed at different times; the plots show the corresponding log;( viable virus concentration at each time point for a given temperature. Each
experimental data point was assayed in triplicate, and error bars correspond to the standard deviation among the triplicate measurements. Our universal model based
on the reaction kinetics was plotted, and exhibited close agreement with experimental data.
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time), dry heat decontamination represents a promising alternative to
other approaches and has been shown to effectively inactivate viruses
while retaining the efficacy and integrity of disposable masks (Liao et al.,
2020; Oh et al., 2020). Moreover, appliances for dry heat decontamina-
tion are attainable in most households (e.g., home ovens or rice cookers).
Oh et al. demonstrated the feasibility of dry heat decontamination of N95
respirators using a household electric cooker and found that the filtration
performance and fit of the respirators were not compromised after 20
cycles of heat treatment (Oh et al., 2020). Other experiments on the
thermal decontamination of SARS-CoV-2 have been performed on
various surfaces across a range of temperatures, providing empirical
guidelines for PPE decontamination (Campos et al., 2020; Chin et al.,
2020; van Doremalen et al., 2020). These experimental results are
promising, but they are often sparse, only reflect virus inactivation at
specific temperatures, and do not provide a fundamental understanding
of the effect of temperature on the rate of virus inactivation. On the other
hand, analytical models which treat viruses as macromolecules under-
going thermal degradation have been used to describe the relationship
between temperature and virus inactivation (Yap et al., 2020), but these
models have not been validated with experimental results. A reliable
model would reduce the number of experiments required to capture the
thermal inactivation behavior of a specific virus while also providing
comprehensive thermal decontamination guidelines. In this work, we
experimentally quantified the thermal decontamination of surgical
masks inoculated with SARS-CoV-2, and, using the results, we validated a
model of the virus inactivation reaction that can predict the lifetime of
SARS-CoV-2 as a continuous function of temperature (Fig. 1A).

2. Materials and methods
2.1. SARS-CoV-2 thermal inactivation experiments

We conducted dry heat decontamination experiments at 25 °C, 40 °C,
55 °C, and 70 °C at a relative humidity within the range of 48 - 55% in a
biosafety cabinet. We chose 25 °C to correspond to standard ambient
conditions. We chose 70 °C as our maximum temperature for three rea-
sons: (i) it is the lowest setting in typical home ovens; (ii) it has been
suggested as a dry heat decontamination temperature by the FDA; and
(iii) 70 °C is a typical temperature used for pasteurization (Iijima et al.,
2001; Islam and Johnston, 2006; Xiang et al., 2020; Zha et al., 2021).
Surgical masks (Canuxi Disposable Face Masks, SKU 810484847) were
cut into 5 cm by 5 cm samples and inoculated with SARS-CoV-2 virus
stock. The samples were placed on an oven pan and heated in a home-use
oven (Brentwood, TS-345R) at the specified decontamination tempera-
tures. The countertop oven and stainless-steel oven pan were preheated to
the desired inactivation temperature and monitored with a digital ther-
mometer (Fisherbrand, 14-648-46). The temperature dial settings for the
three temperatures tested in this study were measured and determined
beforehand in a biosafety cabinet (BSC) at a BSL-2 laboratory in order to
replicate potential experimental conditions in a low-risk environment.
Then, either a 1 mL droplet of the low-titer virus culture (for the 25 °C,
40 °C, and 55 °C experiments) or a 100 L droplet of the high-titer virus
culture (for the 70 °C experiment) was pipetted onto the outer layer of
each surgical mask sample and left at room temperature (~25 °C) while
the oven was preheating. When the oven temperature stabilized within
+ 3 °Cofthe desired temperature for 30 min, the oven pan was taken out
and each inoculated mask sample was carefully transferred (taking
approximately five seconds per mask sample) onto the oven pan with the
viral inoculum side facing upwards and placed back inside the oven for
dry heat treatment. Each mask piece was removed from the oven once the
desired time point was attained and immediately soaked in 10 mL of 2%
FBS-MEM virus transfer medium in a 50 mL conical centrifuge tube for at
least 30 min to recover the virus.

After the 30 min elapsed, the recovered virus medium was titrated via
a standard TCIDs assay procedure (Algaissi et al., 2018; Hashem et al.,
2019; Tao et al., 2015) in Vero-E6 cells. We performed 1:10 serial
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dilutions of the virus samples using 50 pL as the starting titer until the
theoretical dilution was equal to 1 TCIDso/mL (i.e., 0 log TCID5/mL);
because the highest viral stock titer was 1 x 1 07 TCIDso/mL, of which we
used only 100 uL to reach a theoretical maximum titer of 1 x 10°
TCIDso/mL, we performed serial dilutions from 107! to 107%. We then
aliquoted 100 pL from each dilution to a well on a 96-well microtiter plate
of fully confluent Vero-E6 cells, with four wells per dilution and four
samples per plate. We incubated the plates infected with the virusat 37 °C
for three days, after which we observed each plate for cytopathic effects
(CPE) and counted the number of “dead” wells showing CPE in each
dilution for each sample. Finally, we estimated the number of viable virus
particles using the Reed and Muench method for TCIDs quantification
(Reed and Muench, 1938).

Each of the four time points at each temperature was performed in
triplicate for a total of twelve samples for each temperature, and forty-
eight samples in total across all temperatures. We used a 500 pL vial of
the virus stock held at room temperature as a positive control and starting
titer quantification, denoted by the virus titer at 0 min in Fig. 1B. For the
room temperature series of experiments, we immediately titrated the
500 pL virus stock vial as the positive control and starting titer.

2.2. Cells, media, and viruses

The Vero-E6 cells (CRL-1580, American Type Culture Collection) were
grown in Eagle’s Minimal Essential Medium (MEM) (Corning, 10-010-CV)
supplemented with 10% fetal bovine serum (FBS) (GIBCO, 10437-028),
2% L-Glutamine (GIBCO, 25030-164), and 1% Penicillin-Streptomycin
(GIBCO, 15140-122), designated 10-MEM. A cell culture medium with a
similar composition to 10-MEM, but supplemented with 2% FBS instead of
10% FBS, was designated as 2-MEM and used to culture and transfer the
virus. The 2-MEM virus culture medium represents a realistic surrogate for
human saliva, through which SARS-CoV-2 is primarily transmitted in the
form of aerosolized droplets, in terms of protein concentration, and in fact
contains a higher protein concentration (at least 2% total protein per
milliliter of medium) than saliva, which has been estimated to contain
about 0.3% total protein in a typical 1-2 mL sample (Lagerlof and Dawes,
1984; Schipper et al., 2007; Woo et al., 2010).

The USA-WA1/2020 strain of SARS-CoV-2, provided to us by Dr.
Natalie Thornburg at the Centers for Disease Control (CDC), Atlanta, GA,
through the World Reference Center for Emerging Viruses and Arbovi-
ruses (WRCEVA), was used throughout this study. The original stock of
SARS-CoV-2 was cultured in 2-MEM and passaged two more times in
Vero-E6 cells to generate the working viral stocks, which were stored at
— 80 °C. The two working viral stocks used throughout this study were
titrated at either 1 x 10° TCIDso/mL or 1 x 107 TCIDso/mL by the
standard TCIDs assay in Vero-E6 cells as previously described (Algaissi
et al., 2018; Hashem et al., 2019; Tao et al., 2015), designated as the
“low-titer” and “high-titer” stocks, respectively. Both of these experi-
mental inoculating titers are greater than the average amount of
SARS-CoV-2 virions detected in saliva of COVID-19 patients as quanti-
fied using quantitative reverse-transcriptase polymerase chain reaction
(qRT-PCR), which does not discriminate between replicative and
non-replicative viral particles (Ceron et al., 2020). All experiments
involving infectious SARS-CoV-2 were conducted at Galveston National
Laboratory (GNL) in the biosafety cabinet (BSC) in an approved
biosafety level (BSL) laboratory (i.e., BSL-3) following all approved
notification-of-use and safety protocols.

2.3. Physical morphology and chemical composition of surgical masks
after heating

We visualized the physical structure of the meltblown filter layer
(i.e., the middle layer of a typical three-layer surgical mask responsible
for filtration) before and after heat treatment at 70 °C for 30 min, 125 °C
for 30 min, 150 °C for 10 min, 155 °C for 2 min, and 160 °C for 2 min
using scanning electron microscopy. The filter layer was first sputtered
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Fig. 3. Chemical composition and physical morphology of a surgical mask before and after heat treatment. The chemical morphology of the disposable mask before
and after heat treatment was observed. (A) Survey XPS spectra and detailed O 1s and C 1s spectra were obtained for both the unheated and heated mask filter layers
(all vertical scalings are identical). The survey spectra show the same elemental composition for unheated and heated mask filter layers. No oxidation is observed
after heat treatment, as evidenced by the detailed O 1s spectra. The detailed C 1s spectra indicate that some sp? carbon was converted to sp® carbon during heating.
(B) Scanning electron microscope (SEM) images show the physical morphology of the meltblown filter layer before and after application of heat treatment at 70 °C
for a period of 30 min. (C) Representative images of a droplet advancing and receding on the hydrophobic outer layer of the 3-ply disposable mask and the average
contact angle measurements before and after heat treatment at 70 °C for 30 min.
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with a 10-nm-thick coating of Au to improve the conductivity of the
surface. A field emission scanning electron microscope (FEI Quanta 400
ESEM FEG) was then used to take images with the secondary electron
detector at an accelerating voltage of 10 kV.

The chemical composition of the meltblown filter layer before and
after heat treatment was characterized using X-ray photoelectron spec-
troscopy (XPS). The XPS measurements were carried out using a con-
ventional Al Ka (1486.6 eV) X-ray source. A survey scan was conducted
to determine the elements present on the surface and detailed scans
show the relative peak magnitudes of carbon and oxygen.

We characterized the wettability of the surgical mask hydrophobic
outer layer before and after heating with a contact angle goniometer
using the sessile drop technique. The advancing and receding water
contact angles were measured at 10 different locations on the surgical
mask. The goniometer utilized a 5.0 MP, 35 FPS camera
(CM3-U3-50S5C-CS Chameleon3, FLIR) equipped with a 0.25x tele-
centric lens (55-349 GoldTL, Edmund Optics), and the liquid droplet was
generated with syringe pump (PHD 2000, Harvard Apparatus) using
deionized water at room temperature and pressure. The values of the
advancing and receding contact angles were determined by processing
the captured images with custom-made Matlab scripts (using polynomial
curve fitting to characterize the droplet profile and solid surface).

3. Results and discussion
3.1. Experimental validation of the reaction kinetics model

We conducted dry heat decontamination experiments on surgical
masks inoculated with SARS-CoV-2 virus culture at the temperatures and
durations shown in Fig. 1B and at arelative humidity (RH) within the range
of 48 — 55% at room temperature. As the temperature for a fixed volume of
air in the oven increases, the RH inside the oven decreases. Based on the
initial vapor density corresponding to a RH of 50% at room temperature
(25 °C), we estimate RH values of 23%, 11%, and 6% at 40 °C, 55 °C, and
70 °C, respectively (the steps to determine RH at elevated temperature are
included in the Supplementary Material). Our experimental results and
model indicate that 70 °C is sufficient to decontaminate surgical masks in
less than 5 min according to the FDA-specified 3-log reduction in viable
virions (CDC, 2008; FDA, 2020; Oral et al., 2020). We applied our experi-
mental results to validate a model of the reaction kinetics based on the rate
law for a first-order reaction and the Arrhenius equation (Yap et al., 2020).
This model (Eq. 1) describes the inactivation reaction as thermal degra-
dation of the proteins that comprise each virion (Qiao and De La Cruz,
2020) to predict the time required to achieve an n-log reduction (i.e., the
ratio of final viable concentration of virus to its initial concentration in
terms of order of magnitude, where [C]/[Co] = 10™).

15
fytog = —Zel%ln(IO’” ) (Eq. 1)

The activation energy, E,, and natural log of the frequency factor,
In(A), were determined for SARS-CoV-2 on the surgical masks tested in
this work using a linear regression approach described in prior work
(Yap et al., 2020) and detailed in the Supplementary Material.

The inactivation behavior of SARS-CoV-2 agrees with the Meyer-Neldel
rule for entropy-enthalpy compensation exhibited by other coronaviruses
(Fig. S3). Furthermore, the E, and In(A) values for SARS-CoV-2 determined
in this work deviate by only 2.5% and 1.5%, respectively, from the values
determined in prior work based on a data-driven analysis (i.e., without
original experimental results) across a range of fomites (Table S6).

This universal model Eq. 1 is plotted in Fig. 1B for the four tempera-
tures studied in this work; the close agreement with the experimental data
serves to validate the modeling framework. The data shown here also
agree with prior experimental results for room temperature inactivation
of SARS-CoV-2 on surgical masks, for which a 3-log reduction requires
approximately 100 h (Chin et al., 2020). From experimental results ob-
tained over 25-70 °C, the decontamination time of SARS-CoV-2 on
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surgical face masks ranges from up to 100 h to as little as 5 min, spanning
more than three orders of magnitude and highlighting the exponential
dependence of virus inactivation time on temperature as shown in Eq. 1.
We note that earlier reports have suggested the possibility of multiple
inactivation reaction pathways at different temperatures (Laude, 1981);
the data shown here follow a single first-order reaction pathway.

3.2. Self-similarity of virus thermal inactivation

We went on to show that the thermal inactivation process exhibits
self-similarity. Self-similar behavior has been identified in phenomena
ranging from fluid flows (Aagesen et al., 2010; Day et al., 1998) to
complex networks (Ganan-Calvo and Hernandez Ramos, 2020; Song and
Havlin, 2005) in prior work, but had not yet been reported for viruses.

To nondimensionalize the relevant parameters, we first define a
thermal decontamination timescale, 7gecon, in Eq. 2:
In(10) s,

= erT

A

(Eq. 2)

Tdecon

Nondimensionalizing time with respect to the thermal decontami-
nation timescale yields the dimensionless time, t* = t/7decon. The con-
centration is then nondimensionalized by dividing by the initial
concentration, [C]*= [C]/[Co].

Plotting the nondimensionalized experimental data, we show that
the data points collapse onto a single universal model prediction
(Fig. 2A) for which n = - t*, indicating that the thermal inactivation
process exhibits fundamental self-similarity and the order of viral
reduction, n, is directly proportional to t*. This new understanding will
allow application of our results across a wide range of temperatures
beyond the four specific temperatures studied here.

From the nondimensionalized plot, we are also able to identify the
experimental temperature and duration that achieves a desired n-log
reduction. We compared our universal model prediction to prior exper-
imental work on SARS-CoV-2 (Chin et al., 2020; van Doremalen et al.,
2020), SARS-CoV-1 (Darnell and Taylor, 2006; van Doremalen et al.,
2020), and MERS-CoV (Leclercq et al., 2014; van Doremalen et al., 2013)
and found that, upon nondimensionalizing the data from these reports,
the inactivation trend was also described by our model and exhibited
self-similarity (Fig. 2B — D). These three coronaviruses were chosen
because they are highly pathogenic human coronaviruses and the results
could be relevant to further understand their inactivation behavior
(Cevik et al., 2021; Zhu et al., 2020). The inactivation results reported in
literature for these three coronaviruses generally follow the self-similar
trend with the exception of two outliers indicated with arrows in
Fig. 2B and D; outliers were determined using a standard procedure based
on the standard deviation of the residuals (Illowsky and Dean, 2021). The
deviation of these two outliers from the universal model prediction may
indicate potential experimental error in the results, suggesting that re-
searchers working on the thermal inactivation of viruses can use this
model as a benchmark to compare against experiments in future work.

3.3. Surgical masks before and after dry heat decontamination

To complement the underlying concept of thermal inactivation of
viruses and enable practical use, prior work has focused on studying the
filtration performance and fit test of disposable masks after dry heat
decontamination. Oh et al. performed filtration performance, pressure
drop, and quantitative fit testing after dry heat decontamination at
100 °C and 5% RH for 50 min. After 20 cycles of decontamination, they
found that the particle filtration efficiency was 97% (above the mini-
mum filtration efficiency requirement of 95% for N95 respirators), with
no significant changes in pressure drop (Oh et al., 2020). The average fit
factor was 139, well above the passing score of 100. Another study by
Xiang et al. conducted dry heat decontamination of N95 respirators and
surgical masks at 70 °C for 1, 2, and 3 h and showed that filtration ef-
ficiencies remained greater than 96% (Xiang et al., 2020). Additional
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work studying the electrostatic charge on mask filter layers, which is
partially responsible for filtering of small particles by electrostatic
adsorption, found that dry heat treatment at low humidities (< 30% RH)
and low temperatures (< 100 °C) for 20 cycles did not decay the elec-
trostatic charges and the efficiency of the filters (Campos et al., 2020;
Liao et al., 2020). Fit tests conducted by Zha et al. after one cycle of dry
heat decontamination at 75 °C for 30 min show that 93% of N95 res-
pirators passed the fit test if the respirator was donned and doffed less
than 5 times prior to dry heat decontamination (Zha et al., 2021).

The results presented in the literature indicate that dry heat decon-
tamination at 70 °C (the maximum temperature applied in this work) for
5 min will not degrade the filtration efficiency of masks; to further sup-
plement prior results, we provide additional characterization of the effect
of dry heat treatment on the material properties of the mask layers at 70 °C
for 30 min (more than six times the duration required for effective
decontamination) to yield fundamental insight into the micro- and
nanoscale morphology and chemical composition of disposable masks and
NO5 respirators (i.e., masks made from nonwoven polypropylene fibers).
We characterized the chemical composition of the meltblown filter layer
(i.e., the middle layer of a typical three-layer surgical mask responsible for
filtration) using X-ray photoelectron spectroscopy (XPS). The XPS survey
spectrum as well as detailed O 1s and C 1s spectra of the unheated and
heated filters are shown in Fig. 3A. Heat treatment at 70 °C for 30 min did
not alter the elemental composition, nor did it result in any oxidation as
evidenced by the detailed O 1s spectra. The detailed C 1s spectra indicate
that some sp2 carbon converted to sp3 during the heating process, which
suggests strengthening of the material in an annealing-like process and a
potential increase in surface hydrophobicity (Paul et al., 2008).

We visualized the physical morphology of the meltblown filter layer
of the surgical mask before and after heat treatment using electron mi-
croscopy (Fig. 3B). The images in Fig. 3B show that there are no
apparent physical changes in the microscale morphology or structure of
the fibers. In contrast, we also heated surgical masks to high tempera-
tures typical for dry heat decontamination (~160 °C) and observed
significant degradation of the meltblown filter layer (Fig. S5), illus-
trating the sensitivity of the material properties and physical
morphology of the meltblown filter layer to temperature, especially
when operating close to the melting point of the polymer.

To ensure that the functionality of the hydrophobic outer layer of the
3-ply surgical mask (i.e., the outermost layer relative to the wearer) was
not altered after dry heat decontamination, water contact angle mea-
surements were taken on the outer layer before and after heat treatment
at70 °C for 30 min; we found that the heat treatment did not significantly
change the surface wettability of the hydrophobic mask layer (Fig. 3C).
We observed small increases in the advancing and receding contact an-
gles (average values shown in Fig. 3C) on the outer layer after heat
treatment, likely due to the conversion of sp? carbon to sp® carbon during
the heating process as observed on the meltblown filter layer. These re-
sults indicate that dry heat decontamination, in addition to effectively
inactivating SARS-CoV-2 in short times and at temperatures available in
most home devices, is also appropriate for delicate PPE, including masks.

3.4. Limitations of the universal model

We note that the model presented here focuses solely on the effect of
temperature and does not consider relative humidity, which has been
shown to affect virus lifetime (Chan et al., 2011; Lin and Marr, 2020);
however, recent work suggests that relative humidity may be integrated
into a reaction-rate-based model, such as the one presented in this work
(Morris et al., 2020). Different fomites are also known to alter virus
lifetime by up to an order of magnitude (Bayarri et al., 2021; Imani et al.,
2020; van Doremalen et al., 2020), and incorporation of fomite material
in the model, interpreted as a catalyst (i.e., by modifying E, and In(A)),
may allow this modeling framework to accurately predict virus lifetimes
across a range of fomites (Roduner, 2014). We also note that the salt and
protein concentrations in the virus culture medium could affect the
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virus’ resistance to heat; in future work, we could use our current work
as a baseline to study the effects of salt and protein concentration on the
temperature-dependent rate of inactivation. The model is limited in
terms of extrapolation to higher temperatures, for which alternate re-
action pathways may dominate. Finally, we note that the samples were
assumed to have a constant temperature during decontamination due to
the short transient heating periods (at most, ~10% of the total heating
duration for the shortest decontamination duration at 70 °C as detailed
in the Supplementary Material); however, time-varying temperature
profiles could be accounted for by adjusting the model for objects with a
larger thermal mass that exhibit longer time-dependent temperatures as
they equilibrate with their surroundings (Yap et al., 2021).

4. Conclusions

This work validates a model based on reaction kinetics to predict the
time required for SARS-CoV-2 decontamination, providing much-
needed guidelines to allow safe reuse of PPE. With this modeling
framework, the number of experiments required to characterize the ef-
fects of temperature for a specific virus can be greatly reduced, and early
dissemination of decontamination guidelines for yet-unencountered
novel viruses will become attainable. In addition to temperature, the
decontamination timescale is a function of the activation energy and the
frequency factor; adjusting E, and In(A) would allow for the thermal
inactivation behavior of most viruses to collapse onto the single unified
model curve presented in this work. Extension of the model to include
environmental conditions such as relative humidity and fomite material
could ultimately provide a pathway toward a comprehensive model of
virus inactivation that applies to all viruses, with the self-similar
behavior of the thermal inactivation process applied as a metric to un-
derstand the requirements for safe and effective decontamination.
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