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A B S T R A C T   

COVID-19 pandemic created a global shortage of medical protective equipment. Here, we considered ozone (O3) 
a disinfectant alternative due to its potent oxidative activity against biological macromolecules. The O3 
decontamination assays were done using SARS-CoV-2 obtained from patients to produce artificial contamination 
of N95 masks and biosecurity gowns. The quantification of SARS-CoV-2 was performed before and after exposing 
the samples to different ozone gas concentrations for times between 5 and 30 min. Viral loads as a function of the 
O3 exposure time were estimated from the data obtained by the RT-PCR technique. The genetic material of the 
virus was no longer detected for any tested concentrations after 15 min of O3 exposure, which means a disin
fection Concentration-Time above 144 ppm min. Vibrational spectroscopies were used to follow the modifica
tions of the polymeric fibers after the O3 treatment. The results indicate that the N95 masks could be safely 
reused after decontamination with treatments of 15 min at the established O3 doses for a maximum of 6 cycles.   

1. Introduction 

The shortage of medical protective equipment (PPE) observed during 
the recent acute respiratory syndrome coronavirus outbreak (SARS-CoV- 
2) [1–5] limited their availability for the hospital personnel leading to a 
high percentage of infected personnel worldwide [6]. One possible 
stratagem for mitigating the demand for PPEs (N95) is their reuse after 
adequate decontamination. The decontamination process needs to be 
easy to implement, safe, able to inactivate any potentially infectious 
material on their surfaces, and preserve the filtration efficiency. 

Different methods have been proposed to achieve the proper 
decontamination of N95 [7–15] facemasks, but few have been officially 

approved [16–18]. Ozone (O3), which has a strong oxidation potential 
and documented antimicrobial properties [19–24], has not been widely 
evaluated [25], and it could be a simple alternative for decontamination. 
However, considering that the PPEs are composed of 4–6 layers of non- 
woven polymeric fibers and polymers are degraded by oxidative species, 
such as O3 [26,27], the integrity of the materials should be evaluated. 
This work aimed to demonstrate whether O3 can be used as a disinfec
tant for high-demand PPEs and determine their lifetime based on the 
joint evaluation of the molecular integrity of the polymers using vibra
tional techniques, the mechanical properties of the straps and the 
filtration efficiency. 
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2. Materials and methods 

Circles (1 cm in diameter) of the outer surface of N95 and biosafety 
gowns (B.G.) were inoculated with 50 μL of SARS-CoV-2 diluted in viral 
preservation media (DOUBANGTM disposable, Biocomma at 1:1, 1:10, 
1:100, 1:1000, and 1:10000). Subsequently, inoculums were incubated 
at room temperature for 40 min for their total absorption in the mate
rials. This artificial contamination test simulates a “real” contamination 
situation through bioaerosols since health personnel is exposed to them 
during the management of COVID-19 patients. Decontamination assays 
were performed using a portable domestic O3 generator. The samples 
were placed in a stainless-steel tray and were introduced in an airtight 
glass chamber 8 mm thick with a 15.6 L capacity kept at room 

temperature (25 ◦C). Ozone was injected through a 4.8 mm internal 
diameter hose at different exposure times (5, 10, 15, and 30 min) using a 
constant dose of 600 mg/h. Assuming an uniform distribution of the gas, 
the O3 concentrations achieved in the chamber after the injection times 
are 3.2, 6.4, 9.6 and 19.2 ppm, respectively. A glass Petri dish with gauze 
soaked with sterile distilled water was introduced to maintain a humid 
environment (40% R.H.) inside the chamber (Fig. S1 and S2). Atmo
spheric oxygen was injected using a fish tank pump during the same 
exposure times for the control group. Control and contaminated samples 
were subjected to detection of SARS-CoV-2 using RT-PCR to quantify 
viral loads. The molecular integrity of the polymeric materials was 
evaluated using Raman and FTIR as a function of O3 exposure time and 
compare with an estimate of the filtration efficiency (F.E.) [28]. More 

Fig. 1. Logarithmic reduction in the viral loads after exposure to the ozone for A. the N95 facemask and B. the biosafety gown. The standard deviations obtained 
from three replications are not visible. The numeric values are present in Tables S1 and S2. 

Fig. 2. A. Raman spectra of the N95 facemasks as a function of the O3 exposure time. B. ATR-FTIR spectra of the N95 facemasks. Carbonyl (1700 cm− 1) groups due to 
the ozonolytic degradation are observed after 120 min. C. FTIR spectra of the elastic straps of the N95 facemasks. Carbonyl and hydroxyl degradation signals and the 
scission of the C.H. bonds are observed. D. FTIR spectra of a piece of the biosafety gowns. 
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experimental details are in the supplementary file. 

3. Results and discussion 

Fig. 1 shows the Log reduction in viral load as the O3 exposure time 
increases for the different dilutions. 

The SARS-CoV-2 virus is not detected after O3 decontamination for 
all viral loads tested in both N95 masks and B.G. at exposure times equal 
and above 15 min, i. e, a 100 % percent reduction value (PRV) was 
achieved. For shorter exposure times, 5 and 10 min, the virus is not 
detected only for the higher dilutions. Meanwhile, for the most 
concentrated samples: undiluted and 1:10 dilution, the virus is still 
detected at 5 and 10 min (Table S1). Nevertheless, the PRV is above 95 
%. This simulated contamination experiment allows us to determine that 
15 min of exposure or “Concentration × Times (CT)” [29] above 144 
ppm min were sufficient to accomplish the undetectability of SARS-CoV- 
2 even at the highest viral concentrations. These CT values are larger 
than those reported for viral disinfection experiments of water [30], but 
much lower than when ozone gas is tested for room decontamination 
using surrogate viruses (4800 ppm min) [31]. 

Tseng and Li [24] evaluated the effects of O3 concentrations (0.6–1.2 
ppm) and exposure times (5–120 min) on the structure of the viral 
capsid of four bacteriophages used as indicators of polioviruses, en
teroviruses, enveloped viruses (such as SARS-CoV-2) and HIV. The vi
ruses required above 47 min of O3 (1.2 ppm) to be 99% inactivated. 
Those times are larger than the 15 min demonstrated in this work to 
inhibit SARS-CoV-2. Lee et al. [25] exposed N95 and KF94 masks 
contaminated with human coronavirus (HCoV-229E), finding that the 
virus lost its infectivity after 1 min at 120 ppm of O3, explained as due to 
damage to the viral envelope. In agreement with Tizaoui [23], who 
showed that O3 could attack the proteins and lipids of the virus’s en
velope, particularly amino acids, such as tryptophan, methionine, 
cysteine, and fatty acids. 

Limitations of the present study are that the null detection of the 
virus by RT-PCR is not a test of the virus infectivity and further studies 
should be performed to measure the real distribution of O3 in the 
chamber and determine the effect of humidity. 

Vibrational spectroscopies were used to determine the molecular 
integrity of the materials for O3 exposure periods up to 180 min, which 
we consider as equivalent to 12 disinfection cycles of 15 min each. N95 
masks and B.G. are made of polypropylene (P.P.) fibers and the elastic 
straps of a thermoelastic material. Fig. 2A and B show the Raman and 
FTIR spectra of the N95 masks, respectively, including the lines from the 
P.P. reference spectra [26]. For the PP, the degradation is characterized 
by changes in the hydroxyl (OH) (3400 cm− 1), carbonyl (C = O, 
1650–1850 cm− 1), and unsaturated (C = C) groups (890 and 1648 cm− 1) 
[26,27]. Fig. 2A and B indicate no significant degradation of the P.P. 
fibers at shorter exposure times. However, the appearance of the 
carbonyl group signal in the FTIR spectra for the samples treated at 120 
(8 cycles) and 180 min indicate the outset of degradation [32–35]. 

Fig. 2C shows the FTIR of the N95 elastic bands. The main functional 
groups identified in the untreated samples are C.H. stretching (s) and 
scissoring (sc), N-O, and free O.H. stretching. Here, essential changes 
can be observed from the 15 min of O3 application. The N-O band dis
appears, and the C.H. modes are broader and shifted to lower wave
numbers, indicating chain scission [36]. Fig. 2D shows the FTIR spectra 
of the B.G. samples that did not show any signs of degradation, probably 
because it was a single P.P. layer. 

A proxy (Fig. S3) of the effect of the O3 treatment time in the 
filtration efficiency (F.E.) is shown in Fig. 3A. The data obtained using a 
homemade equipment suggest that the F.E. reduces slightly with the O3 
treatment time for the smaller particles (0.3 μm), but it is below 95% 
only after 180 min. 

Fig. 3 B, C shows that the maximum tensile strength (σmax) - and 
elongation at break (ε) of the elastic straps remain nearly unchanged for 
treatment times below 120 min. At and above this time, σmax and ε 
increased, which means more extensive deformation for the elastic 
straps exposed to 8 - O3 cycles for the same applied strength. Such 
increased deformation has a negative effect on the fitting of the face
mask, suggesting that less than 8 disinfection cycles should be used to 
preserve the protection. Kumar et al.[15] compared different disinfec
tion methods, finding that the F.E. is less prone to failures than the fitting 
test. 

Fig. 3. Summary of the stress–strain curves of the elastic bands before and after the O3 treatment. A. Tensile strength, B. Elongation at the break.  
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4. Conclusions 

The microbiological evidence indicated that the use of O3 (144 ppm 
min) is an alternative for decontamination for polypropylene-based N95 
masks and biosafety gowns. The results showed that the N95 facemask 
could stand the O3 treatment up to 120 min (8 cycles), but taking a safe 
margin; we suggest that the N95 masks could be reused up to 6 cycles. 
The data from the F.E. test indicates that the number of recommended 
cycles is consistent with those reported by the FDA for the approved 
decontamination tests. 
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