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Abstract: In the preparation and response to the COVID-19 pandemic, a sufficient supply of per-
sonal protective equipment (PPE), particularly the face mask, is essential. Shortage of PPE due
to growing demand leaves health workers at significant risk as they fight this pandemic on the
frontline. As a mitigation measure to overcome potential mask shortages, these masks could be
decontaminated and prepared for reuse. This review explored past scientific research on various
methods of decontamination of the N95-type respirators and their efficiency against the SARS-CoV-2
virus. Ultraviolet germicidal irradiation (UVGI) and hydrogen peroxide vapor (HPV) show great
potential as an effective decontamination system. In addition, UVGI and HPV exhibit excellent
effectiveness against the SARS-CoV-2 virus on the N95 respirator surfaces.

Keywords: decontamination; N95 respirators; SARS-CoV-2; COVID-19; ultraviolet germicidal irradi-
ation (UVGI); hydrogen peroxide vapor (HPV); heat; microwave-generated steam (MGS); ethanol

1. Introduction

According to the WHO, COVID-19 human cases, which are caused by a novel coron-
avirus named SARS-CoV-2, were first reported in Wuhan City, China, in December 2019 [1].
Due to this unprecedented pandemic, the demand for face mask respirators has surged
significantly. The WHO predicted that mask manufacturing industries need to increase
manufacturing by 40 percent to meet the demand [2]. Frontline workers rely solely on
PPE, especially N95 respirators, to protect themselves from being infected and infecting
others. The N95 respirators should be disposed of after a sole patient visit, according to the
Centers for Disease Control and Prevention.

Nevertheless, under acute PPE scarcity, it advises prolonged use of N95 respirators
(using the same N95 respirator for many patient interactions) with limited reuse (keeping
an N95 respirator during interactions for usage across several patients’ visits). During
the COVID-19 pandemic, due to a shortage of N95 masks, several emergency services
have implemented various N95 prolonged use strategies. However, there is insufficient
scientific proof that they were successful. In one investigation, researchers examined how
often duckbill N95s and dome-shaped N95s masks failed by using fit-tests when they were
reused. They concluded that healthcare systems must closely monitor N95 fit throughout
extended usage or reuse and avoid using duckbill masks if better options are available [3].
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Among the available models of face masks, N95 respirators are designed and intended for
healthcare usage [4].

Developing countries whose populations are mostly made up of people living in
poverty, such as India, Pakistan, and Sri Lanka, face even greater challenges due to a
shortage of masks. The slowed economies in these countries, coupled with a face mask
price hike, made people prioritize daily necessities over face masks, promoting the risk
of the COVID-19 pandemic still existing in the community [5]. Due to these shortages,
health workers were forced to ration their face mask supply to one N95 mask per week
with an additional surgical mask on top. In addition, healthcare facilities are restricted
to performing some non-COVID-related medical care as these supply limitations are
concentrated on COVID-related patients [6].

As a solution, extending the usage of N95 respirators can assist in overcoming the
shortage of masks experienced worldwide. Decontamination procedures of face masks that
reduce the pathogen burden show great potential to alleviate the shortage of mask issues.
According to NIOSH, ultraviolet germicidal irradiation, vaporous hydrogen peroxide, and
moist heat have shown the most potential procedures to decontaminate filtering facepiece
respirators (FFR) [7].

In essence, the mask shortage problem during the pandemic needs to be addressed
immediately. This review aimed to compare the decontamination procedures of the virus
on the N95 respirator, particularly highlighting effective but economical methods.

2. Methods

Relevant studies were searched using the PubMed and Preprint platform (medRxiv)
electronic databases using a combination of specified MeSH terms that were restricted
from 2000 to 2021 (Table 1). Apart from the database searches, several studies were
included based on the relevance to this review. In addition, regulatory documents related
to the decontamination of N95 respirators were obtained from the official websites of
the CDC, the FDA, the WHO, and 3M. Studies were selected for evaluation based on
specified inclusion criteria: (a) studies reporting at least one of the selected N95 respirator
decontamination procedures for this review (UVGI or HPV or heat or MGS or ethanol);
(b) studies reporting at least one of the selected N95 respirator decontamination outcomes
(reduction in pathogen load or mask performance or structural integrity of the mask).

Table 1. Studies search strategies and outcomes.

Database Search Terms Results (n) Studies
Included (n)

PubMed

((“N95 Respirators”[Mesh]) OR
(“Respiratory Protective
Devices”[Mesh]) OR (“Personal
Protective Equipment”[Mesh])) AND
((“Decontamination”[Mesh]) OR
(“Microbial Viability”[Mesh]) OR
(“Virus Inactivation”[Mesh]) OR
(“Equipment Reuse”[Mesh]) OR
(“Sterilization”[Mesh]))

781 35

medRxiv

((N95 respirators) OR (respiratory
protective devices)) AND
((decontamination) OR (microbial
viability) OR (virus inactivation))

149 12

Other Relevant
Studies

Low-cost mask decontamination, N95
decontamination, and SARS-CoV-2
inactivation

- 14
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3. SARS-CoV-2

The WHO named the pathogen that causes coronavirus disease (COVID-19) SARS-
CoV-2 on 12 February 2020. CoVs is a single-stranded positive-sense RNA (+ssRNA)
virus [8]. The schematic structure of the SARS-CoV-2 virus is illustrated in Figure 1. The
SARS-CoV-2 virus was reported to possess 80% similarity in the aspect of the genome
to previous human coronaviruses. Bats were deduced as the vital host and transmitting
medium of the SARS-CoV-2 virus [9]. It was concluded that SARS-CoV-2 is transmitted
mainly via respiratory droplets and direct contact [10]. Evaluation of the stability of
SARS-CoV-2 on different environmental conditions demonstrated that after seven days,
a detectable level of the virus still presents on the outer layer of the surgical mask [11].
The FDA calls for a policy where at least three log reductions must be achieved to sterilize
devices intended for skin contact [12].

Figure 1. Schematic structure of SARS-CoV-2 [13].

4. The N95 Respirator

The N95 respirator is a type of respiratory protective equipment with a specific design
to tightly fit its user. This type of respirator undergoes a testing and evaluation process
by NIOSH [14]. In comparison to other FFRs, the N95 respirator offers a minimum of 95%
filtration efficiency against particulate aerosols [15]. Quantitative fit testing of FFRs proves
the superior protection that the N95 respirator offers [16].

The N95 respirator is made up of four layers, namely, a coverweb, a shell, filter 1,
and filter 2 as illustrated in Figure 2. The coverweb and the shell layers are made up of
polyester; meanwhile, filter layers are made from polypropylene [4]. The filtration efficiency
of the respirator is determined by the internal filtration layer, which is a high-efficiency
melt-blown non-woven material [17].

Figure 2. Multilayer sandwich anatomy of N95 mask. (A) Environmental interface; (B) user interface;
(C) from left to right: inner layer (shell), middle layers (filter 2 and filter 1), and outer layer (coverweb);
(D) light microscope images of the four layers, with a lower row at four-fold higher magnification
(3M model 8210). Adapted from [18] with permission.
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5. Decontamination Treatment for N95 Respirators
5.1. Ultraviolet Germicidal Irradiation (UVGI)

UVGI is a scientifically proven decontamination method that can destroy the protein
coating of the SARS-coronavirus, which possesses similar characteristics as the SARS-CoV-2
virus (COVID-19 virus) [19]. Ozog et al. [20] reported excellent decontamination results
of the SARS-CoV-2 virus with a 1.5 J/cm2 UV dose, which was achieved using a 4 UVC
lamp set-up. Vo et al. [21] produced the required decontamination levels up to a three-log
reduction with a UV dose of 4.32 J/cm2 and complete decontamination with a ≥7.20 J/cm2

dosage against the MS2 virus. A relatively longer decontamination time was reported due
to the low range of UV irradiation used in the research.

Lindsley et al. [22] tested a UV dose up to 950 J/cm2 on N95 respirators, which resulted
in acceptable degradation on filtration performance and no effect in flow resistance. This
study reported a perfect range for UVC-based decontamination treatment cycles. Ozog
et al. [23] reported excellent fit testing results using N95 respirators with a total exposure
of 60 J/cm2.

5.2. Hydrogen Peroxide Vapor (HPV)

HPV-based decontamination systems are regarded as some of the best decontam-
ination systems due to their efficacy against various microorganisms and their rapid
processing cycles [24]. Saini et al. [25] tested the N95 respirator’s decontamination against
three biological indicators: Escherichia coli, Mycobacterium smegmatis, and spores of
Bacillus stearothermophilus using an HPV machine. Excellent decontamination results
were reported where decontamination up to a seven-log reduction was achieved using
11–12% HPV against E.coli. Jatta et al. [26] performed decontamination with a 59% HPV
concentration using a VPRO maX low-temperature sterilization system. These research
results exhibited no significant effect on the filtration performance and fit of the N95 mask
after exposure to 59% HPV up to 10 cycles. The range of treatment time reported in this
study provides a solid foundation for an HPV-based decontamination system design.

5.3. Heat
5.3.1. Moist Heat

Lore et al. [27] tested moist heat decontamination against the influenza virus ap-
plied on an N95 mask. In this study, a contaminated mask was heated to 65 + 5 ◦C for
3 h. The results show that the required decontamination level (>four-log reduction) was
achieved. However, a relatively slow decontamination time can prove to be an inefficient
decontamination procedure for everyday application. Rockey et al. [28] investigated the
effect of humidity in virus heat inactivation against two bacteriophages (MS2 and phi6), a
mouse coronavirus (murine hepatitis virus), and a recombinant human influenza A virus
subtype H3N2 (IAV) using a humidity-controlled oven. Heat treatments illustrated greater
decontamination results with increasing humidity, where six-log reductions were reported
in humidity exceeding 50%.

Bopp et al. [29] tested multiple cycles of autoclaves on N95 respirators. Four different
autoclave cycles (115 ◦C for one hour, 121.1 ◦C for 30 min, 130 ◦C for two minutes, and
130 ◦C for four minutes) were administered to N95 FFRs. N95 FFRs showed negligible
differences in their functionality and integrity even after three cycles. Andregg et al. [30]
applied heating decontamination to N95 respirators with moisture (85 ◦C, 60–85% humid-
ity) in a polypropylene container and a convection oven setup. Post-decontamination N95
FFRs exhibited excellent results in both quantitative fit testing and filtration efficiency.

5.3.2. Dry Heat

Xiang et al. [31] implemented dry heat pasteurization for one hour at 70 ◦C for the
N95 respirator’s decontamination. This study showed that this procedure can kill six
species of respiratory bacteria and one fungi species and can inactivate the H1N1 indicator
virus. In addition, neither the performance nor the integrity of N95 respirators showed
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significant degradation. This study shows that dry heat is capable of deactivating various
pathogens but at a relatively slow rate. Pascoe et al. [32] successfully decontaminated
pathogen (S. aureus) under dry heat of 70 ◦C by reducing log 4 in 90 min using a laboratory
incubator. Despite strong decontamination results, the slow decontamination rate might
prove to be the drawback of this method. Viscusi et al. [33] reported a slight increase in
average penetration at N95 respirators when exposed to 80 ◦C after 60 min. These results
can potentially act as a limitation for dry heat exposure to an N95 mask.

5.4. Microwave Generated Steam (MGS)

Fischer et al. [34] have proved up to a four-log reduction in bacteriophage MS2
pathogenic virus using sealed steam bags on a 1100-W-rated microwave for 90 s. In addition,
tested N95 respirators also passed the minimum required filtration efficiency requirements
of 95%. Zulauf et al. [35] reported a reduction greater than four logs measured in PFU on
the N95 respirator. They tested MS2-phage-contaminated N95 respirators to microwave-
generated steam for 3 min. Moreover, the respirators exhibited the required filtration
performance and integrity even after 20 cycles of 3 min.

5.5. Ethanol

By using ethanol, decontamination of pathogens happens by protein denaturation.
At a concentration of 60%–80%, ethanol proves to be effective against lipophilic viruses and
many hydrophilic viruses [36]. Liao et al. [37] tested N95 respirators using a 75% ethanol
treatment, which was immersed and dried. The filtration efficiency of the N95 respirators
were affected considerably with treatment, which indicates that ethanol treatment could
not retain the mask’s reusability properties.

5.6. Other Methods

N95 respirator decontamination procedures other than the methods selected for this
review (UVGI or HPV or heat or MGS or ethanol) are highlighted based on their potential
as a low-cost and accessible method. Lendvay et al. [38] tested SARS-CoV-2-inoculated
N95 masks under methylene blue (MB) photochemical action for decontamination. They
showed that MB activated by red or white light significantly inactivates SARS-CoV-2 on
N95 mask surfaces without compromising the specimen’s integrity. Excellent virucidal
activity of 99.8%–>99% was reported, and preservation of mask integrity proved up to five
treatment cycles. Their findings suggested a strategy for decontaminating PPE and masks
for reuse that is accessible and inexpensive and that can be used in high-resource and low-
resource situations amid supply disruptions. This is due to the worldwide availability of
MB light at an affordable cost without using specialized instruments. In addition, the New
York City Department of Health and Mental Hygiene has released passive decontamination
guidance to health workers to use a paper bag or other clean, breathable containers to
store used N95 respirators to prolong their efficiency over multiple usages. The method
is as follows. Each day, the healthcare workers would use one N95 respirator with a
tagged name and the number of the day used and would place it in a paper bag or a
ventilated container at the end of the shift. The mask should be disposed of after the
seventh day of use. Healthcare workers must be aware that the N95 respirator could
be contaminated albeit at a substantially lower rate. Limited storage periods may be
considered, although they may raise the chance of contamination. As the more rigorous
disinfecting techniques become accessible, this strategy could be integrated for higher
efficiency [39]. Heimbuch et al. [40] evaluated the ability of wipe products available
commercially to clean filtering facepiece respirators (FFRs) contaminated with pathogenic
or non-pathogenic aerosols. They examined the decontamination effect of benzalkonium
chloride, hypochlorite, and nonantimicrobial wipes on the N95 FFRs. The highest particle
penetration capacity was observed in benzalkonium chloride wipes. They reported effective
decontamination results of S aureus up to 99.72% (exterior of N95) and 98.60% (interior of
N95) using benzalkonium chloride (BAC) wipes. Decontamination using wipes is readily
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available for public usage, but penetration of respirator due to wipe decontamination must
be approached with caution.

5.7. Comparison of Decontamination Treatments for N95 Respirators

The reusability of a disinfected N95 respirator depends on several factors such as
inactivation of the targeted organism, the safety of the user, and consistent filtration
function and fit of the respirator. UVGI and HPV have demonstrated excellent results
as an efficient decontamination method with effective elimination of SARS-CoV-2 virus
while preserving the performance of the respirator. However, extensive studies are needed
to incorporate HPV- and UVGI-based decontamination systems into a household-based
portable commercial-ready product for commercial use. On the other hand, the MGS-based
decontamination method exhibits great potential with rapid disinfection for household
applications. Currently, there are still few studies about this method for decontamination
application. Its rapid method enables a huge potential of applications. However, use in
materials that are sensitive to steam could be a concern for material degradation. The other
method includes the heat-based decontamination method, which has a major drawback for
its time-consuming process and filtration performance degradation in extensive dosages.
The conventional method of using ethanol has shown unavoidable degradation of the
respirator by using this procedure. Table 2 demonstrates the effects of using a specified
N95 decontamination treatment.

Table 2. Advantages and disadvantages of decontamination treatments for N95 respirators.

Decontamination
Treatment Advantages Disadvantages

Ultraviolet
germicidal

irradiation (UVGI)

- Proven efficiency against
SARS-CoV-2
- Fast disinfection
- Easy parameter control (dosage)
- No residue

- Not readily available
- Basic expertise in handling needed
- Mask performance affected at
high doses

Hydrogen peroxide
vapor (HPV)

- Proven efficiency against
SARS-CoV-2
- Excellent virucidal activity
against a variety of viruses.
- Integrity of mask preserved
- Multiple mask decontamination
in one cycle

- Not readily available
- Expensive
- Basic expertise in handling needed
- Complete cycle includes multiple
stages of decontamination
- Require enclosed air circulation
set up

Moist heat

- Readily available
- Good virucidal activity
- No residue
- Better decontamination results
compared to dry heat
decontamination

- Slow disinfection
- Integrity of mask affected at high
temperatures

Dry heat
- Readily available
- Good virucidal activity
- No residue

- Slow disinfection
- Integrity of mask affected at high
temperatures

Microwave-
generated steam

(MGS)

- Readily available
- Good germicidal activity
- No residue
- Rapid disinfection

- Limited to one mask
decontamination per cycle

Ethanol - No residue

- Not readily available
- Significant degradation to
respirator integrity and
performance
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6. Decontamination System Design for N95 Respirators
6.1. Ultraviolet Germicidal Irradiation

Several factors must be taken into account when designing a UVGI-based decontam-
ination system, namely, the wavelength of the ultraviolet rays, the irradiance, and the
exposure time. The effectiveness of a UVGI-based decontamination system depends on
the dosage of UVC administered to the N95 mask. A safe dosage range must be estimated
beforehand because excessive dosage can affect the integrity of the mask. On the other
hand, an insufficient dosage can lead to incomplete deactivation of the virus. The UV dose
for a specific system can be calculated using Equation (1) [41]. The system specifications
and outcomes of studies related to UVGI-based N95 decontamination are listed in Table 3.

UV dose
(

J
cm2

)
= Irradiance

(
W

cm2

)
× Time (s) (1)

Table 3. UVGI-based decontamination system specifications and outcomes.

Study Wavelength
(nm)

Irradiance
(W/m2)

Exposure
Time (s)

Dosage
(J/cm2)

Distance
(cm) Outcomes

Reduction in Pathogen Load (Various Pathogens)

[20] 254 165 60–70 3 11.5 - Log reduction of >3 in viable SARS-CoV-2 virus
- Mask model: 3M 1860

[42] 253.7 NA 0–300 NA 100
- Log reduction of >4.79 in viable
SARS-CoV-2 virus
- Mask model: 3M 1860

[43] 254 54.3 2–420 0.01086–2.2806 10
- Log reduction of up to 3.5 in viable
SARS-CoV-2 virus
- Mask model: 3M 8211

[44] 254 10

300 0.3

NA

- Average log reduction of 3.74 in viable
SARS-CoV-2 virus at 0.6 J/cm2 dosage (3M 1860)
- Average log reduction of 1.68 in viable
SARS-CoV-2 virus at 0.6 J/cm2 dosage (3M 8210)
- Mask model: 3M 1860 and 3M 8210

600 0.6

[45] 254 3.18 1980 0.63 NA
- No significant log reduction in viable
SARS-CoV-2 RNA
- Mask model: 3M 1860

[46] 260–285 5.5 600–3600 0.33–1.98 50 - Log reduction of ≥3 in viable SARS-CoV-2 virus
- Mask model: AOSafety N9504C

[47] 254 64 NA 0.05–1.5 3.4

- Log reduction of >3 in viable SARS-CoV-2 virus at
0.05–0.5 J/cm2 dosage
- Log reduction of >5 in viable SARS-CoV-2 virus at
0.5–1.5 J/cm2 dosage
- Mask model: 3M 1860

[48] 254 2.32 0–3600 0–0.8352 60.96

- Log reduction of >3 (5 min of exposure) and
complete decontamination (15 min of exposure) in
viable NL63 coronavirus
- Mask model: 3M 1860

[49] NA NA 120 2.6 NA

- No virus detection after 2 or 5 cycles (porcine
coronavirus and murine norovirus)
- Mask model: KN95 FFR (Guangzhou Sunjoy
Auto Supplies)

[41] 254 3900 60 1 100 - Log reduction of 3 in viable H1N1 influenza virus
- Mask model: 3M 1860

[27] 254 16–22 900 1.8 25
- Log reduction of ≥4.65 in viable H5N1
influenza virus
- Mask model: 3M 1860
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Table 3. Cont.

Study Wavelength
(nm)

Irradiance
(W/m2)

Exposure
Time (s)

Dosage
(J/cm2)

Distance
(cm) Outcomes

[21] 253.7 4 3600–18,000 1.44–7.2 42
- Log reduction of ≥3 in viable MS2 at 4.32 J/cm2

- No virus detection at ≥7.20 J/cm2

- Mask model: Honeywell N1105

[50] 254 ≥300 60 ≥2 NA - Log reduction of ≥3 in viable MS2
- Mask model: 3M 1860

[51] 254 25 120–15,960 0.0038–0.4707 NA - Log reduction of >3 in viable MS2 at 0.1 J/cm2

- Mask model: 3M 1860

[52] 254 NA

300 0.126

NA
- Complete inactivation of E. coli and B. subtilis after
300 s of exposure
- Mask model: UVEX FFP2

600 0.256

900 0.378

[53] 200–315 0.069–0.1072 300 NA 180

- Log reduction of 0.5–1.3 in MS2
- Log reduction of 0.0–2.0 in phi6
- Log reduction of 0.8–1.7 in IAV
- Log reduction of 1.3–1.7 in MHV
- Mask model: 3M 1860

[54]
254 189

60–1200
1.134–22.68

10
- UVA could not decontaminate as effectively as UVC
- No bacteria recovered after 5 min of UVC exposure
- Mask model: 3M 8210365 312 1.872–37.44

Performance or Structural Integrity

[22] 254 NA NA 0–950 6.2
- Filtration performance slightly affected
- No effect on flow resistance
- Mask model: 3M 1860

[27] 254 16–22 900 1.8 25 - Mean penetration: 0.99% at 300nm
- Mask model: 3M 1860s

[37] 254 NA 1800 NA NA
- Efficiency of meltblown layer: (≥96% at 10 cycles)
and (≥93% at 20 cycles)
- Mask model: 3M 8210

[45] 254 3.18

57,600
(Exterior) 18.4

NA
- Mask integrity was significantly impaired
- Average fit score: ≥ 100
- Mask model: 3M 1860

14,400
(Interior) 4.6

[49] NA NA 120 2.6 NA

- Remained physically unaffected up to 5 cycles
- Filtration efficiency of >95% up to 5 cycles
- Breathability well within allowed range after
5 cycles
- Mask model: KN95 FFR (Guangzhou Sunjoy
Auto Supplies)

[52] 254 NA

300 0.126

NA
- Filtration efficiency maintained up to dosage of
0.378 J/cm2

- Mask model: UVEX FFP2
600 0.256

900 0.378

[55] 254 ≥24.31 NA ≥1 30.48
- Expected penetration: 1.121% (0.3µm, 5 cycles,
3M 1860) and 0.258% (0.3µm, 5 cycles, 3M 8210)
- Mask model: 3M 1860 and 3M 8210

[56] NA NA 300 >1 100 - Filtration performance preserved up to 10 cycles
- Mask model: 3M 8210

[57] 254 55.56 180 1 36.8

- No visual abnormalities on mask integrity
- Mean breaking force of 34.8 ± 5.23 N
- Average filtration efficiency = >95%
- Fit factor = >100%
- Mask model: 3M 8110S

6.2. Hydrogen Peroxide Vapor (HPV)

Most of the studies reviewed here used commercially available HPV-based decontam-
ination machines. The efficiency of HPV-based decontamination systems depends on the
concentration of the HPV used coupled with the time of exposure to the N95 respirator.
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HPV traces on mask surfaces might induce health hazards. Therefore, each HPV-based
decontamination system must be able to produce residue-free N95 respirators upon the
decontamination cycle. The system specifications and outcomes of studies related to
HPV-based N95 decontamination are listed in Table 4.

Table 4. HPV-based decontamination system specifications and outcomes.

Study Method Concentration of HPV
Used/Achieved Exposure Time (min) Outcome

Reduction in Pathogen Load (Various Pathogens)

[45] Bioquell Z vaporizer 30%
(Peak 500 ppm)

Gassing: 20
Dwell: 60

Aeration: 210

- Log reduction of ≈5 in viable
SARS-CoV-2 RNA
- Mask model: 3M 1860

[46] Panasonic
MCO-19AIC-PT ≈ 1000 ppm Gas: 7

- Log reduction of ≥ 3 viable
SARS-CoV-2 virus
- Mask model: AOSafety N9504C

[58] VHP® ARD system
35%

(Peak 750 ppm)

Conditioning: 3
Decontamination: 30

Aeration: 20

- Log reduction of 5.2–6.3 in viable
SARS-CoV-2 virus
- Mask model: 3M 1860 and 3M 8210

[59]

V-PRO maX
low-temperature

sterilization system by
Steris

NA Non-lumen cycle: 28
- Log reduction of 4 in viable
SARS-CoV-2 titer and 5 in HCoV-229E
- Mask model: 3M 8210

[60] Steris ARD1000® 410 ± 83 ppm Gas: 180
- Log reduction of >4 in viable
SARS-CoV-2
- Mask model: 3M 1860

[49]

V-PRO maX
low-temperature

sterilization system by
Steris

59% Non-lumen cycle: 28

- No virus detection after 2 or 5 cycles
(porcine coronavirus and murine
norovirus)
- Mask model: KN95 FFR (Guangzhou
Sunjoy Auto Supplies)

[61] A novel HPV-based
system was constructed

3% Gassing: 3–5
Dwell: 60

Aeration: 15

- Log reduction of >6 in P22
bacteriophage
- Mask model: 3M 1860

[62] Bioquell® BQ-50 35% NA

- No growth of 6-log Geobacillus
stearothermophilus spores post
decontamination
- Mask model: 3M 1860

[63]
VHP®

VICTORY
unit

35%
(400–800 ppm)

Conditioning and
Gassing: 90
Dwell: 180

Aeration: 900–1080

- No growth of 6-log Geobacillus
stearothermophilus spores post
decontamination (1st, 7th day)
- Mask model: 3M 1860s

Performance or Structural Integrity

[26]

V-PRO maX
low-temperature

sterilization system by
Steris

59% Inject: 18
Aeration: 8

- Mask fit and filtration efficiency
preserved up to 10 cycles
- Mask model: 3M 8211

[45] Bioquell Z vaporizer 30%
(Peak 500 ppm)

Gassing: 20
Dwell: 60

Aeration: 210

- Mask integrity minimally affected
- Average fit score: ≥ 100
- Mask model: 3M 1860

[46] Panasonic
MCO-19AIC-PT ≈ 1000 ppm Gas: 7

- Filtration performance preserved
after 1 treatment
- Mask model: AOSafety N9504C
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Table 4. Cont.

Study Method Concentration of HPV
Used/Achieved Exposure Time (min) Outcome

[49]

V-PRO maX
low-temperature

sterilization system
by Steris

59% Non-lumen cycle: 28

- Remained physically unaffected up
to 5 cycles
- Filtration efficiency of >95% up to
5 cycles
- Breathability well within allowed
range after 5 cycles
-Mask model: KN95 FFR (Guangzhou
Sunjoy Auto Supplies)

[55]

V-PRO maX
low-temperature

ster-ilization system by
Steris (Masks were

enclosed within
Vis-U-AllTM

low-temperature
sterilization pouches)

59% Full cycle: 28

- Expected penetration: 0.277%
(0.3µm, 5 cycles, 3M 1860) and 0.424%
(0.3µm, 5 cycles, 3M 8210)
- Mask model: 3M 1860 and 3M 8210

[58] VHP® ARD system
35%

(Peak 750 ppm)

Conditioning: 3
Decontamination: 30

Aeration: 20

- Structural and functional integrity
preserved
- Mask model: 3M 1860 and 3M 8210

[59]

V-PRO maX
low-temperature

sterilization system by
Steris

NA Non-lumen cycle: 28 - Filtration efficiency retained
- Mask model: 3M 8210

[60] Steris ARD1000® 410 ± 83 ppm Gas: 180
- Mask fit and filtration efficiency
preserved after 1 cycle
- Mask model: 3M 1860

[61] A novel HPV-based
system was constructed 3%

Gassing: 3–5
Dwell: 60

Aeration: 15

- Minimum required filtration
efficiency value of 95% preserved up
to 20 cycles
- Mask model: 3M 1860

[62] Bioquell® BQ-50 35% NA
- All processed masks passed fit
testing
- Mask model: 3M 1860

[64]

V-PRO maX
low-temperature

sterilization system by
Steris

NA Non-lumen cycle: 28

- Filtration efficiency significantly
affected (80.4–91.8%), particularly at a
lower particle diameter
- Mask model: 3M 8210

[65]
VHP®

VICTORY
unit

35%
(400–800 ppm)

Conditioning and
Gassing: NA
Dwell: 180

Aeration: overnight

- Integrity (mask fit) of the mask
preserved up to 8 decontamination
cycles
- Mask model: 3M 1860s

[66]

V-PRO maX
low-temperature

ster-ilization system by
Steris (masks were

enclosed within Tyvek
pouches)

NA Non-lumen cycle: 28

- 66% of the respirators failed fit
testing after one decontamination
cycle
- Mask model: 3M 1860s

[67] Bioquell Clarus C 35%
(±480 ppm)

Gassing: 25
Dwell: 20

- All the tested masks passed fit
testing up to 10 cycles
- Mask model: 3M 1870 +
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6.3. Heat

Heat treatments can sterilize microbes by altering their membranes and denaturing
proteins [68]. Heat-related decontaminations can be divided into two main classifications,
namely, moist-heat and dry-heat decontamination. The efficiency of a heat-based decon-
tamination system depends on the working temperature, the presence of humidity, and
the exposure time. The existence of moisture in the heating procedure is proven to pro-
mote better decontamination results. The system specifications and outcomes of studies
related to moist heat and dry heat-based N95 decontamination are listed in Tables 5 and 6
respectively.

Table 5. Moist-heat-based decontamination system specifications and outcomes.

Study Method Temperature
(◦C)

Exposure
Time (min)

Relative
Humidity (%) Outcome

Reduction in Pathogen Load (Various Pathogens)

[69]

- 57 L model BD 56 standard
incubator
- Humidity induced by placing
400 mL of water-filled pan
below the incubator

70 180–360 ≈<5–32

- Complete decontamination
of SARS-CoV-2 at 5 hrs of
exposure
- Mask model: 3M 1860, 3M
8210, and Moldex 1510

[70]

- Multicookers with the sous
vide function
- Humidity induced by placing
500 mL of water in the
multicooker pot

65 30
94 ± 0.5 (measured

inside the paper
bag)

- Inactivation of SARS-CoV-2
virus beyond detection limit
within 10 min of exposure
- Stacked mask does not
hinder decontamination
- Mask model: 3M 1860 and
3M 8210

[27]

- Mask loaded to a sealed
container placed inside a
heated oven
- Container filled with 1 L
tap water

65 ± 5 20 NA
- Log reduction of ≥4.62 log
in viable H5N1 influenza
- Mask model: 3M 1860

[71] - Circulating water bath 60 ± 2 30 80 ± 5

- Log reduction of ≥4.35 in
influenza A virus (InfA)
- Log reduction of >5.32 in
S. aureus
- Mask model: 3M 1860s

[28]
- Conducted using TestEquity
123H temperature/humidity
chamber

72, 82 30 1–89

- Increase in treatment
temperature and humidity
results in an increased log
reduction of pathogen
- Mask model: 3M 1860

[52] - Samples were steamed above
boiling water NA 30, 60, 90 70–85

- Log reduction of >4 in E. coli
and B. subtilis at 30 and
90 min of exposure
- Mask model: UVEX FFP2
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Table 5. Cont.

Study Method Temperature
(◦C)

Exposure
Time (min)

Relative
Humidity (%) Outcome

[53]

- Ziploc container 80 30 ≈70

- Log reduction of >6.9 in MS2
- Log reduction of >7.2 in phi6
- Log reduction of >3.4 in IAV
- Log reduction of >0.4 in MHV
- Mask model: 3M 1860

- Humidity-controlled oven 82 30 ≈50

- Log reduction of >6.6 in MS2
- Log reduction of >6.7 in phi6
- Log reduction of >3.9 in IAV
- Log reduction of >2.7 in MHV
- Mask model: 3M 1860

[72]

- BevLes
heated holding cabinet with
humidity (masks were enclosed
within steril-peel pouches)

70, 90 60 0, 25, 40, 50, 70

- Inactivation of E. coli beyond
detection limit at (70 ◦C,
50%RH) and (90 ◦C, 70%RH)
- Mask model: 3M 1860s

Performance or Structural Integrity

[27]

- Mask loaded to a sealed
container placed inside a
heated oven
- Container filled with 1 L
tap water

65 ± 5 20 NA
- Mean penetration of 1.04% at
300-nm particle size
- Mask model: 3M 1860

[29] - Moist-heat autoclave 115–130 2–60 NA

- Molded N95 respirators
failed all tested fit testing
- Slight degradation to
filtration efficiency was
notable
- Mask model: 3M 1860

[30]
- Conducted using a convection
oven (Despatch LAC1-38-8,
3.7 cu. Ft.)

70–85 30 60–85

- Passed fit testing
- Filtration efficiency not
affected
- Mask model: 3M 1860

[52] - Samples were steamed above
boiling water NA 30, 60, 90 70–85

- Slight decrease in filtration
efficiency from 98.86% and
99.51% to 97.58% and 98.79%
for 50 and 100 nm particles,
respectively
- Mask model: UVEX FFP2

[55]

- Masks were enclosed in
STERIL-PEEL® sterilization
pouches and loaded into the
convection heating system with
controlled humidity.

75 60 75

- Expected penetration:
1.195% (0.3 µm, 5 cycles, 3M
1860) and 1.924% (0.3 µm,
5 cycles, 3M 8210)
- Mask model: 3M 1860, 3M
8210, and Moldex 1510

[69]

- 57 L model BD 56 standard
incubator
- Humidity induced by placing
400 mL of water-filled pan
below the incubator

70 180–360 ≈<5–32

- Structural and functional
integrity of the respirators
preserved up to five cycles
- Mask model: 3M 1860, 3M
8210 and Moldex 1510
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Table 5. Cont.

Study Method Temperature
(◦C)

Exposure
Time (min)

Relative
Humidity (%) Outcome

[70]

- Multicookers with the sous
vide function
- Humidity induced by placing
500 mL of water in the
multicooker pot

65 30
94 ± 0.5 (measured

inside the paper
bag)

- Collection efficiency and
inhalation resistance was
above the required value of
>95% and <35 mmH2O,
respectively, for all tested
masks upon 5 treatment cycles
- A slight change (<10%) in
strap elasticity was noted for
mask model 3M 1860
- Mask model: 3M 1860 and
3M 8210

[72]

- BevLes
heated holding cabinet with
humidity (masks were enclosed
within steril-peel pouches)

70, 90 60 0, 50

- All processed masks passed
fit testing up to 15 cycles
- Excellent filtration efficiency
of >95%.
- Breathing resistance was well
within the tolerable resistant
standard
- Mask model: 3M 1860s and
3M 8210

[73] - Cylindrical chamber tabletop
autoclave (Kronus S18) 121 17 NA

- No visible damage to the
mask after treatment
- Slight degradation to
filtration capacity of
94.4 ± 1.6% after three cycles
- Number of reuse does not
affect the flow resistance of
the mask
- Mask model: 3M Aura 1862+

[74]
- Steris Amsco 400 Series
prevacuum steam sterilizer
model 20

121 30 NA

- 100% (1 cycle) and 86%
(2 cycles) of the samples
passed fit testing
- Mask model: AO Safety
1054S Pleats Plus

[75] NA 121 20 NA

- Decrease of 20 Pa in
respiratory resistance after
4 cycles
- Mask model: Duckbill FPP2

[76] - Sealed respirator container
placed inside boiled water >65 30 50

- Filtration efficiency was
recorded above 97% up to
5 cycles
- Mask model: Kimberly Clark
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Table 6. Dry-heat-based decontamination system specifications and outcomes.

Study Method/Equipment Temperature (◦C) Exposure Time (min) Outcome

Reduction in Pathogen Load (Various Pathogens)

[72]

BevLes
heated holding cabinet
with humidity (masks
were enclosed within
steril-peel pouches)

70 60
- Inactivation of SARS-CoV-2 virus beyond the
detection limit
- Mask model: 3M 1860s and 3M 8210

[77]

Laboratory dry
oven (Fisher Scientific

Isotemp 500 series)
60–75 30, 60

- N95 coupons placed in tissue culture plate wells
yielded better decontamination results compared to the
one placed in parchment paper
- No required SARS-CoV-2 virus inactivation achieved
in suspended intact N95 respirators
- Mask model: 3M 1860, 3M 1860s, and 3M 8200

Open drying (room
conditions) 22–23 7200 - 5/9 coupons contained live SARS-CoV-2 virus

- Mask model: 3M 1860s

[49]

FFRs hung horizontally on
a metal frame were

inserted into an
electrically heated vessel

102 ± 4 60 ± 15

- No virus detection after 2 or 5 cycles (porcine
coronavirus and murine norovirus)
- Mask model: KN95 FFR (Guangzhou Sunjoy
Auto Supplies)

[31] Electric oven 60, 70 60–180
- 1 h of exposure could successfully kill 7 types of
bacteria as well as inactivate the H1N1 virus
- Mask model: 3M 1860

Performance or Structural Integrity

[31] Electric oven 60, 70 60–180
- No significant effect on the shape and filtration
efficiency after exposure up to 3 h
- Mask model: 3M 1860

[49]

FFRs hung horizontally on
a metal frame were

inserted into an
electrically heated vessel

102 ± 4 60 ± 15

- Signs of degradation or burning visible after 5 cycles
- Filtration efficiency dropped to 94.16% after 3 cycles
- Breathability well within allowed range after 5 cycles
- Mask model: KN95 FFR (Guangzhou Sunjoy Auto
Supplies)

[55] VWR® forced air oven 100 30
- Expected penetration: 0.562% (0.3 µm, 5 cycles, 3M
1860) and 8.107% (0.3 µm, 5 cycles, 3M 8210)
- Mask model: 3M 1860 and 3M 8210

[78] 5-sided heating
vacuum oven 75 30 -No effect on the fit factor of the mask up to 5 cycles

- Mask model: 3M 8210

[79]
Oven (masks were

enclosed within nylon
heat-resistant bags)

65, 86 34–56 - All processed masks passed fit testing
- Mask model: 3M 8810, 3M 8833, and 3M 8835

6.4. Microwave-Generated Steam (MGS)

MGS-based decontamination has enormous potential for wide application as it can
be done with household items. It offers a rapid disinfection rate with minimal expertise
needed to perform this treatment. The efficiency of MGS-based decontamination is affected
by exposure time and is specific to the design of the selected face mask model for the
treatment. However, many protocols use commercial steam bags or special materials that
are available in laboratories. The system specifications and outcomes of studies related to
MGS-based N95 decontamination are listed in Table 7.



Sustainability 2021, 13, 12474 15 of 21

Table 7. Microwave-generated steam (MGS)-based decontamination system specifications and outcomes.

Study Method/Equipment Exposure Time (s) Outcome

Reduction in Pathogen Load (Various Pathogens),
Performance or Structural Integrity

[34]

- N95 respirators placed inside Medela Quick
CleanTM MICRO-STEAMTM BAGS
- Steam bags were placed inside Sharp Model
R-305KS (2450 MHz, 1100 W) microwave oven

90

- Log reduction of ≥3 in viable MS2
- Filtration efficiency preserved after
1 cycle
- Mask model: 3M 1860 and 3M 8210

[35]

- 1150 W and 1100 W microwave oven used
- 1st set up: N95 respirator placed on mesh
over mug containing water
- 2nd set up: N95 respirator placed on mesh
over glass container containing water

180

- Log reduction of ≥4 in viable MS2
with one cycle
- Fit, seal, and filtration preserved up to
20 cycles
- Mask model: 3M 1860

[52]

- Household microwave oven (Wave 300,
400 W) was used
- FFR circular samples were placed on a plastic
Petri dish

4–6 (Multiple specified
cycles)

- Log reduction of >4 in E. coli and B.
subtilis at 10 and 20 min of exposure
- Filtration efficiency maintained
- Mask model: UVEX FFP2

6.5. Ethanol

Ethanol-based disinfection is used widely around the world as an effective decontam-
ination method. However, ethanol-based treatment does not produce an efficient result
in the decontamination of N95 respirators. Ethanol is known to degrade the structure of
the mask’s filtration and thus affects the integrity and performance of treated N95 respi-
rators. The system specifications and outcomes of studies related to ethanol-based N95
decontamination are listed in Table 8.

Table 8. Ethanol-based decontamination system specifications and outcomes.

Study Concentration Used Exposure Time (h) Outcome

Reduction in Pathogen Load (Various Pathogens)

[45]
- 70% ethanol was sprayed 10 times on the
mask exterior and 5 times on the interior
- Placed in a sealed plastic bag overnight

Air drying: ~8 - No detection of viable SARS-CoV-2 RNA
- Mask model: 3M 1860

[52] - Samples were immersed in 75% ethanol
for 2 min

Depends on air
drying time

- Complete inactivation of E. coli and B. subtilis
- Mask model: UVEX FFP2

Performance or Structural Integrity

[37] - Samples were immersed in 75% ethanol Depends on air
drying time

- Significant decrease in filtration efficiency
(56.33 ± 3.03%)
- Mask model: 3M 8210

[45]
-70% ethanol was sprayed 10 times on the
mask exterior and 5 times on the interior
- Placed in a sealed plastic bag overnight

Air drying: ~8
- Mask integrity was significantly impaired
- Average fit score: ≥100
- Mask model: 3M 1860

[52] - Samples were immersed in 75% ethanol
for 2 min

Depends on air
drying time

- Significant decrease in filtration efficiency
- Mask model: UVEX FFP2

[80] - Approximately 50 mL of 70% ethanol
solution was poured over each mask Air drying: 2–3

- Filtration efficiency of the mask dropped
by 20–30%
- It was also noted that 99% of their initial
filtration efficiency was restored after
vacuum drying
- Mask model: 3M 8200, 3M 8210, and 3M 8511



Sustainability 2021, 13, 12474 16 of 21

7. Effectiveness of Decontamination Systems against SARS-CoV-2

The effectiveness of a specific decontamination system depends on critical parameters
such as the exposure time. UVGI and HPV were investigated further in this review on their
effectiveness against SARS-CoV-2, specifically from the surfaces of N95 respirators. The
relationship between parameter control and effectiveness against the SARS-CoV-2 virus is
illustrated in Figures 3 and 4.

Figure 3. Log reduction of viable SARS-CoV-2 virus with increasing UV dose (data represented in Figure 3 exhibit minimum
log reduction achieved by specific dosage as upon reaching the limit of detection (LOD)—real data are not quantifiable).

Figure 4. Log reduction of viable SARS-CoV-2 virus with various HPV-based decontamination settings (data represented in
Figure 4 exhibit minimum log reduction achieved by specific dosage as upon reaching the limit of detection (LOD)—real
data are not quantifiable).

7.1. Ultraviolet Germicidal Irradiation

In a study, Ozog et al. [20] had demonstrated successful decontamination when an
N95 mask was irradiated with 1.5 J/cm2 of UVC (254nm). It was concluded that the dose
applied was sufficient. However, a concern on the disinfection of the strap arises due to its
coverage by UVC on the strap surface. Rathnasinghe et al. [43] presented a simple UVC
decontamination device without the mask’s strap decontamination. Golovkine et al. [44],
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Smith et al. [45], Fischer et al. [46], and Geldert et al. [47] investigated and compared
the efficiency of UVC-based decontamination systems for N95 respirators with other
decontamination methods such as ethanol, heat, UVA, ethylene oxide, hydrogen peroxide
plasma and vapor, MGS, bleach, and liquid hydrogen peroxide. Comparing across the
studies, a UVC-based N95 disinfection treatment with a dosage of greater than 0.5 J/cm2

can achieve the minimum pathogen load reduction required of three-log reduction against
the SARS-CoV-2 virus. As Figure 3 illustrates, Geldert et al. [47] demonstrated notable
disinfection of five-log reduction at a relatively low dosage of 0.5 J/cm2. Nevertheless,
the reported sharp decline in the log reduction of SARS-CoV-2 [47] at lower UVC doses
(0–0.5 J/cm2) must be addressed with caution.

7.2. Hydrogen Peroxide Vapor (HPV)

Smith et al. [45], Fischer et al. [46], Kumar et al. [58], Christie-Holmes et al. [59], and
Oral et al. [60] have investigated the efficiency of HPV-based decontamination systems for
N95 respirators against the SARS-CoV-2 virus. All the studies that reported HPV-based
decontamination against the SARS-CoV-2 virus were designed using commercially avail-
able HPV generating machines. The comparison of the HPV-based N95 decontamination
system efficiency across the studies is presented in Figure 4. The concentration of hydrogen
peroxide exposed and the treatment time of a complete cycle comprised of four different
processes are the variables that play a significant part in HPV-based decontamination
systems to deliver the required decontamination efficiency. Notably, Kumar et al. [58]
demonstrated a significant reduction in SARS-CoV-2 of six-log reduction while preserving
the functional integrity of the N95 respirator post-treatment.

8. Conclusions

The COVID-19 pandemic shows the severity of the needed supply of PPE for health-
care workers to stay protected at all times. Decontamination of PPE could be an essential
measure to mitigate the immediate risk of running out of PPE supply. UVGI- and HPV-
based decontamination systems exhibit great potential as a good choice for N95 respirator
decontamination. The study indicated that the UVGI and HPV methods could be used
to deactivate the SARS-CoV-2 virus without affecting the integrity of the respirator. The
excellent virucidal activity of UVGI- and HPV-based decontamination systems suggested
that they are good candidates for N95 respirator decontamination.
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