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Abstract

With the recent emergence of highly transmissible variants of the novel coronavirus
SARS-CoV-2, the demand for N95 respirators is expected to remain high. The extensive
use of N95 respirators by the public is susceptible to demand-supply gaps and raises
concern about their disposal, threatening the environment with a new kind of plastic
pollution. Herein, we investigated the filtration performance of the N95 respirator by
specifically analyzing the structure in the key filtration layers of meltblown nonwoven
after decontamination with one and five cycles of liquid hydrogen peroxide, ultraviolet
radiation, moist heat, and aqueous soap solution treatments. With the aid of X-ray
microcomputed tomography (microCT) analysis, the local structural heterogeneity of the
meltblown nonwoven has been unfolded and subsequently correlated with their filtration
performance at a face velocity that matched with speaking conditions (~3.89 m/s). The
filtration efficiency results of the N95 respirator remain unaltered after performing one
cycle of treatment modalities (except autoclave).
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Introduction

With the recent emergence of highly transmissible SARS-CoV-2 variants 501Y.V1
(B.1.1.7) in the United Kingdom [1], 501Y.V2 (B.1.351), B.1.1.529 in South Africa [2,3],
and B.1.617 in India [4], the World Health Organization (WHO) has strongly recom-
mended the use of face masks for the general public [5,6]. Specifically, the use of
NOS5 respirators has become an essential component to protect the front-line workers from
contracting the deadly virus. Therefore, the demand for N95 respirators is expected to
remain high, increasing the susceptibility to the demand-supply gaps and an environ-
mental threat from a new kind of plastic pollution [7]. N95 respirators are multi-layered
textile materials with key filtration layers of meltblown nonwoven material comprising
fine polypropylene fibers that are cost-effective, chemically robust, and easily scalable to
multiple fiber length scales [8]. Therefore, it is highly pertinent that the healthcare
community continues to uncover innovative ways to overcome the short supply of
NOS5 respirators [9]. Sterilization and decontamination of face masks have recently
emerged as highly resourceful methods to fulfill the limited supply of masks and res-
pirators [10,11]. Several decontamination methods and chemical treatments, including
ultraviolet radiation, hydrogen peroxide vapor, liquid hydrogen peroxide, ethylene oxide,
moist heat incubation, ethanol, microwave-generated steam, rice-cooker steam, and many
others, have been reported as potential ways to treat N95 respirators for their re-usability
[12-22]. Although all the decontamination methods have not been tested for filtration
performance or against SARS-CoV-2, the expired N95 masks reprocessed using ethylene
oxide sterilization maintained excellent filtration efficiency under laboratory
conditions [10].

Recently, seven different methods, including autoclave treatment, ethylene oxide gas
treatment, low-temperature hydrogen peroxide gas plasma treatment, vaporous hydrogen
peroxide exposure, peracetic acid dry fogging, ultraviolet C irradiation, and moist heat
treatment, were used to decontaminate a range of N95 masks after contamination with
SARS-CoV-2 virus as a surrogate [23]. Surprisingly, most of these treatments have not
only successfully deactivated the SARS-CoV-2 virus, but all N95 masks sustained one
cycle of all treatment modalities without loss of functional or structural integrity.
However, the structural integrity of decontaminated N95 respirators should be assessed by
analyzing the internal structure of key filtration layers and/or via understanding the
particle penetration and capture mechanisms. Recently, Vejerano and Ahn [24] suggested
that the filtration performance of decontaminated N95 respirators should be carried out
under velocities representative of normal to active breathing conditions. Significant
proportions of infectious particles are generated and spread by speaking or coughing at
velocities up to 100 times greater than set under the standard test conditions [25]. Various
testing methods and publications do not clearly specify the face velocity but instead
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provide a volumetric flow rate for generating particles [25]. Therefore, it is essential to
evaluate the filtration performance of decontaminated N95 respirators at a face velocity
that emulates speaking or coughing conditions and simultaneously analyze the structure
of the key filtration layers.

Therefore, the central aim of this work was to investigate the morphology of the
meltblown nonwoven layers present in an N95 respirator after decontaminating with one
and five cycles of liquid hydrogen peroxide, ultraviolet radiation, moist heat, and aqueous
soap solution and subsequently correlating with their filtration performance at a face
velocity (~3.89 m/s) that emulates speaking conditions [26]. With the aid of X-ray
microcomputed tomography (microCT) analysis, the variation in the morphological
characteristics has been analyzed to monitor the local inhomogeneities, which has not
been investigated in the literature. Specifically, X-ray microCT served to quantify various
fiber and structural parameters of decontaminated meltblown nonwoven layers, namely,
three-dimensional (3D) fiber orientation distribution, porosity, and pore size distribution.
The multifold novel aspects of the present work can be realized by proposing strategies
that mitigate the short supply of N95 respirators and assist in choosing the facile, scalable,
and inexpensive decontamination treatment. Another merit of this work can be construed
as an alternative solution to overcome the challenges of single-use plastics creating the
most serious environmental threat [27].

Materials and methods

This in vitro study was carried out on a commercially available National Institute for
Occupational Safety and Health (NIOSH)-approved Venus V-4400 disposable N95 flat-
fold respirator. This N95 flat-fold respirator is composed of a single layer of needle-
punched, two layers of spunbonded, and four layers of meltblown nonwoven materials
(see Figure 1). The meltblown nonwoven layers comprising polypropylene fibers
sandwiched between the inner and outer layers act as the ultra-fine microfilter, and thus,
are key functional components of the N95 respirators. Further details of the meltblown
nonwoven layers have been provided in Table 1. The control (untreated) and treated
respirators were evaluated by carefully separating various layers of the respirators.

As aforementioned, the filtration performance of the N95 respirators was assessed after
treating with one and five cycles of various decontamination methods, including treatment
with an aqueous solution of hydrogen peroxide (H,0,), aqueous soap solution, autoclaving,
and ultraviolet (UV) light. The details of decontamination methods are given below.

Decontamination by H,0;: Here, the N95 respirator was decontaminated using an
aqueous solution of H,O,. Samples were dipped in 3 wt.% aqueous H,O, (Y K Lab-
oratories, India) for 30 min, followed by drying at room temperature.

Decontamination by soap solution: N95 respirators were immersed in warm soapy
water solution of a concentration of 1 g/L (made using Dettol bar soap, Reckitt Benckiser,
India) for 10 min at 40°C followed by 72 h of drying.

Decontamination by UV treatment. N95 respirators were irradiated with 15 W ul-
traviolet C (UV-C) light at 254 nm for 15 min per surface. Respirators were placed on the
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Melt-blown Spunbond
(4 layers) _ (GREED)

N-95
facemask

Spunbond Needlepunched
(1 layer) (REVED)

Figure 1. Constituent nonwoven layers of N95 respirator.

Table 1. Specifications of meltblown layers of the N95 respirator.

Particulars Units Meltblown layers
Fiber type — Polypropylene

Mass per unit area, m g/m? 4591

Thickness, t mm 0.58

Fiber density, pf kg/m® 910

Porosity — 0.91 (gravimetric, &)

Mean fiber diameter

pm

0.88 (CTAn, SCTAn)
4.8 (SEM)

working surface of the UV-C sterilization chamber (S K Dent, India) fitted with a 15-W
ultraviolet light for decontamination.

Decontamination by autoclaving: N95 respirators were sealed in an autoclave bag and
treated in a steam pressure sterilizer (Sting II Class B autoclave) at 121°C for 15 min,
followed by drying at room temperature.

The sample IDs were assigned based on the type of treatment (H,O, denotes hydrogen
peroxide, SO refers to soap, UV indicates ultraviolet light, and AU implies the autoclave)
followed by the number of cycles. For instance, sample ID AU-5X denotes that the sample
was treated with five cycles of autoclave treatment.

Filtration efficiency was measured at three distinct regions of each sample on the
equipment shown schematically in Figure 2(a), using the particle size distribution shown
in Figure 2(b). Here, the N95 respirator was mounted on a circular sample port of 1.65 cm
diameter (area of 2.14 cm?), which was connected to the particle counter (Model 9350-03,
TSI Inc., USA). The ambient air was passed through the sample at a rate of 50 L/min for
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Figure 2. (a) Schematic of the apparatus used for the measurement of filtration efficiency and (b)
particle size distribution used for filtration efficiency measurement.

5 min, and the particle counts for sizes of 0.3, 0.5, 1, 3, and 5 um were recorded. To
determine the filtration efficiency, the particle counts in the room were recorded before
and after the filtration test under the same conditions. The filtration efficiency (1) of
NO95 flat-fold respirators was determined by measuring the change in particle concen-
tration with and without filter medium using the equation [28]

(%) = (1 _ ﬁ>*100% 0
N;
where N, and N; are the total number of particles of a particular size measured with and
without filter medium in the filter holder, respectively.

The difference in filtration efficiency due to changes in counts in the air remained
within + 0.5%. Further, the differential pressure was measured on a pressure drop analyzer
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(Model NFA, New York Instruments, USA) separately so that there is no particle loss at the time
of particle counting. Note that the face velocity of air used for filtration efficiency and differential
pressure test was kept at 3.89 m/s, which matches well with the speaking conditions [26].

X-ray microcomputed tomography analysis

3D structural analysis of the swatches of meltblown nonwoven layers of N95 respirators
before and after decontamination treatments was performed using the state-of-the-art
Bruker Skyscan 2211 X-ray nano-computed tomography system. Here, the scans were
performed while the sample stage was rotated for 180° in 0.12° steps to obtain 2300—
2400 images with a resolution of 0.5 pm/pixel. The X-rays were made to focus on the
mounted specimen for 450 ms at each step using a tungsten target with a 40-kV source
voltage and 800 pA current. Subsequently, various attributes of the scanned images were
enhanced by employing defect pixel masking and ring artefact reduction techniques,
which were performed in NRecon® (SkyScan, Bruker, Belgium). Further analysis was
carried out by rotating the sample in one of the principal directions and binarizing the
image dataset, using DATAVIEWER® (Bruker, Belgium) and CTAn® (Bruker, Belgium),
respectively. The three-dimensional (3D) volumes were generated from the binarized
dataset using CTVox® (Bruker, Belgium). A volume of interest (VOI) was chosen ju-
diciously in order to avoid boundary irregularities [29,30].

The “structure thickness” employed under the “3D analysis” module on CTAn®
provided the number-based distribution of the object diameter. In the binarized image dataset,
the white-colored material was referred to as fibers, and the values of fiber diameters were
obtained from the structure thickness values by applying “3D analysis” module on binarized
VOI [29,30]. The pore diameters were obtained in a similar manner after converting the pore
phase into the material phase and vice-versa. The number-based distributions were subsequently
converted into frequency distributions to obtain the pore diameters and their corresponding
distributions of the meltblown nonwoven layers [29,30]. The percentage object volume returned
by the “3D analysis” module in CTAn® is the ratio of the number of voxels occupied by the
fibers to the total number of voxels in the selected VOI [29,30]. This percentage object volume,
therefore, corresponds to the fiber volume fraction (7;) of the meltblown layers. Thus, the
porosity (g) was subsequently computed using the well-known relationship, i.e, e =1 — V.
The porosity values of control and decontaminated meltblown layers have also been ascertained
using the Digital Materials Laboratory Software (GeoDict®). Further details of Geodict based
analysis can be obtained from ref. [31]. In general, the porosity values of control and de-
contaminated samples obtained via CTAn and Geodict analyses are in good agreement. The
“individual 3D object analysis” module on CTAn® provided the in-plane and out-of-plane
orientation angles of the individual objects (fibers in our case). These values of fiber orientation
angles were translated into frequency distributions using Microsoft Excel and MATLAB
R2020a to obtain the corresponding fiber orientation distributions.

Results and discussion

NO5 respirators are multi-layered materials comprising meltblown, needlepunched, and
spunbonded nonwovens, as shown in Figure 1. While the outer layer of spunbonded
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nonwoven materials is designed to be hydrophobic in order to repel pathogen-containing
droplets, the inner layer is made hydrophilic through surfactant treatment for enhanced
wearer comfort. The thicker and stiffer needlepunched nonwoven layer can be molded
into the desired shapes and is expected to perform as a pre-filter. The filtration perfor-
mance is spearheaded by the multiple layers of meltblown nonwoven material comprising
low-cost and chemically resistant polypropylene fibers [8]. The filtration efficiency and
pressure drop values of the N95 respirator for particle size of 0.3 um, determined before
and after performing the decontamination treatments, are depicted in Figure 3.
Meltblown nonwovens are highly porous media composed of a three-dimensional (3D)
network of fibers having diameters in the range of 1-10 um [32]. The structural integrity of
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Figure 3. (a) Filtration efficiency of the N95 respirator for particle size of 0.3 pm. (b) Pressure
drop across N95 respirator determined before and after performing the decontamination
procedure. Note that the sample area used for the measurement of pressure drop was 2.14 cm?.
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the meltblown nonwoven layers after decontamination is instrumental in maintaining the
filtration performance of N95 respirators [15]. This demands a comprehensive evaluation
of the local structural parameters of meltblown layers of N95 respirators before and after
decontamination treatments. The three-dimensional (3D) structure of the meltblown
layers of the N95 respirators before and after the first and fifth cycles of H,O,, soap, UV,
and autoclave treatments has been unfolded using the state-of-the-art X-ray microCT
analysis, as depicted in Figure 4. These volumes were generated using the data obtained
from the X-ray microCT scans. In particular, Figure 4 illustrates a visual comparison
between the control (untreated) and treated samples that endured one and five cycles of
various decontamination methods. Our visual results revealed that the structural integrity

Control

5 Cycles

uv

Autoclave

Figure 4. 3D-rendered volumes of meltblown nonwoven layers of N95 respirator before
(control) and after one and five cycles of H,O,, soap, UV, and autoclave treatments. Here, one
division in the bounding box of figures indicates 100 pum.
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appears to be preserved in autoclave-treated meltblown nonwovens followed by ultra-
violet treatment. Liquid hydrogen peroxide delaminated the meltblown layers after five
treatment cycles, whereas the loss of structural integrity was evident after the first cycle of
aqueous soap treatment. However, our data also indicated modest variations in the
magnitudes of filtration efficiency of the N95 respirator for particle sizes of 0.5, 1, 3 and
5 pum after treatment with various decontamination methods, as shown in Table 2. With the
aid of scanning electron microscopy (SEM), a visual comparison between the control
(untreated) and treated samples that endured one and five cycles of various decontam-
ination methods has also been made, as illustrated in Figure 5. Intriguingly, the en-
trapment of soap particles can be seen after soap decontamination cycles.

Effect of H,0, decontamination treatment

In the literature, contrary views have emerged on whether solution-based treatments can
affect the structure and filtration performance of meltblown nonwoven materials [13,32].
One of the ways to determine the variations in the solution-treated meltblown was
suggested on the basis of structural integrity and its relationship with the pressure drop
[32]. Figure 4 illustrates the creation of voids in the meltblown layers after the first cycle
of H,O, treatment. Such voids yielded an increase in the overall porosity and enhanced
local pore sizes, as shown in Figures 6(a) and (b). However, the rise in voids did not
significantly deteriorate the overall filtration efficiency and pressure drop of the
NOS5 respirator after the first cycle of H,O, treatment (see Figure 3). Viscusi et al. [33] also
reported insignificant differences in the filtration performance of N95 respirator after
being treated with 3% liquid hydrogen peroxide solution. Further, the in-plane fiber
orientation distribution after the first treatment cycle did not show any significant var-
iation compared to the control sample (see Figure 6(c)). However, the spatial movement
of fibers in the Z-direction led to a realignment of the fibers in the thru-thickness direction,

Table 2. Filtration efficiency (#) of N95 respirator for particles sizes of 0.5, |, 3 and 5 um observed
before and after treating with various decontamination methods.

Particle size (um)

Sample ID 0.5 | 3 5
Control 99.1 98.4 97.4 97.9
H,0,-1X 99.3 98.7 97.8 98.4
H,0,-5X 99.0 98.4 95.8 96.0
SO-1X 99.0 97.9 95.3 92.2
SO-5X Blocked

UV-1X 98.9 98.3 97.7 98.6
UV-5X 99.0 98.3 97.9 99.0
AU-1X 99.4 99.3 98.6 98.8

AU-5X 97.0 95.9 94.2 96.6
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Figure 5. SEM micrographs of meltblown specimens of control and decontaminated samples.
Here (a) refers to the control sample, whereas (b), (d), (f), and (h) refer to one cycle of
decontamination treatment of H,O,, soap, UV, and autoclave decontamination treatments,
respectively. Similarly, (c), (), (g), and (i) refer to five cycles of decontamination treatment of H,O,,
soap, UV, and autoclave decontamination treatments, respectively.

as evident from the out-of-plane fiber orientation distributions after treatment cycles (see
Figure 6(d)).

After performing five cycles of H,O, treatment, there was a significant reduction in
porosity and local pore sizes. The experimental filtration efficiency showed a significant
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Figure 6. Elucidating the role of H,O, treatment on (a) porosity, (b) pore size distribution, (c) in-
plane fiber orientation distribution, and (d) out-of-plane fiber orientation distribution. Here, 90°
angle in the out-of-plane fiber orientation distribution refers to the planar or in-plane direction and
X-ray microCT implies the use of CTAn® software.

deterioration after five cycles of H,O, treatment. This can be ascribed to delamination of
certain layers of meltblown nonwoven material after five cycles of H,O, treatment, as
depicted in Figure 4. The loss of structural integrity also corroborates well with the rise in
the magnitudes of pressure drop of the respirator (see Figure 3(b)). Further, the re-
alignment of fibers in the thru-thickness direction can reduce the filtration efficiency, as
demonstrated in simulations earlier [34]. These results demonstrated that the filtration
performance of the N95 respirator after treating with five cycles of liquid hydrogen
peroxide could be compromised by the loss of structural integrity of the meltblown layer.

Effect of soap decontamination treatment

Decontaminating the layers of N95 respirators with soap treatment was detrimental to
their structural integrity. It can be seen that the structural damage after the repeated cycles
of soap treatment amounted to the separation of layers (see Figure 4). Even a single cycle
of soap treatment resulted in a higher pressure drop and the delamination of the meltblown
layers, as evident from Figures 3(b) and 4. The separation of layers gave rise to larger
voids leading to higher porosity and broader pore size distribution, as shown in Figures
7(a) and (b).
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Surprisingly, no significant variation in the fiber orientation of meltblown layers was
observed even after five cycles of soap treatment (see Figures 7(c) and (d)). However, the
filtration performance of the N95 respirators after five cycles of soap treatment could not be
determined experimentally due to a very high pressure drop. To identify plausible reasons, we
analyzed individual layers of the N95 respirators that revealed the entrapment of the soap
particles in the meltblown layers after five cycles (see Figure 5). In general, our findings revealed
that the filtration performance of the N95 respirator was significantly compromised after soap
treatment, which also matched well with the results reported in the literature [20,35].

Effect of UV decontamination treatment

Exposure to UV radiation can be a promising way to decontaminate the N95 respirator,
though it kills the SARS-CoV-2 slowly [23,36]. The number of disinfection cycles and
UV dosage levels play a pivotal role in inactivating pathogens [13,37,38]. In this research
work, ultraviolet light utilized the short electromagnetic waves (254 nm), a well-
established concept to kill viruses [38]. Similar to the results reported by Liao et al.
[32], the filtration efficiency remains unaffected after one cycle of UV treatment, as
depicted in Figure 3(a). The filtration performance after treating with UV corroborated
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well with the visual observation that revealed insignificant changes within the meltblown
layers (see Figure 4). Although a narrow pore size distribution of single-cycle UV-treated
meltblown layers was observed, there was no change in the overall porosity and in-plane
fiber orientation distribution compared to the control sample, as depicted in Figures 8(a)—(c).

With the aid of X-ray microCT analysis, the meltblown layers have been unfolded after
five cycles of UV treatment, as illustrated in Figure 4. It can be clearly observed that the
layers of meltblown nonwoven disintegrated, which resulted in reducing the filtration
efficiency and enhancing the pressure drop (see Figure 3). Such a disintegration of the
layers resulted in the dilation of the structure leading to a slight increase in porosity while
maintaining the local pore sizes within the layers. Although the fragmentation of layers
tended to alter the out-of-plane direction of fibers, the spatial orientation of in-plane fibers
remained the same (see Figures 8(c) and (d)). Historically, the UV radiation with distinct
dosage levels has been effective in neutralizing the viruses but primarily on the surface of
the masks [38—41]. Polypropylene fibers are UV absorbers, which transcends uncertainty
about the deactivation of the smaller viral particles present in the inner layers of the
respirator [32]. Moreover, higher magnitudes of UV dosage have been found to dete-
riorate the layers of the respirators [32,37,38].
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Effect of autoclave decontamination treatment

Sterilization by steam is a well-established non-toxic, cost-effective, and scalable method
successfully deployed in healthcare settings for microbial destruction [38,42]. Recently,
some reports have demonstrated the complete inactivation of SARS-CoV-2 by moist heat
treatment [23,43]. Several types of N95 respirators did not reveal any apparent degra-
dation or loss of fit even at a temperature set at 121°C in the autoclave [44]. In this work,
autoclaving has emerged as one of the least damaging decontaminating methods that
resulted in the limited degradation of the meltblown layers of the N95 respirator. Through
X-ray microCT analysis, the layers of meltblown nonwoven were stratified, and in-
triguingly, no notable damage was visible even after several cycles of treatment (see
Figure 4). There was a decrease in the filtration efficiency of the respirator along with the
reduction in the overall porosity and the pore size of meltblown layers after one cycle of
autoclave treatment, as shown in Figures 3, 9(a) and 9(b). It should be noted that the
morphological changes of meltblown layers can also be observed via the repositioning of
fibers in the out-of-plane direction. Unexpectedly, the porosity and pore size distribution
matched those of the control sample after five cycles of autoclave treatment, as shown
in Figures 9(a) and (b). However, minimal changes were observed in the alignment of the
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and X-ray microCT implies the use of CTAn® software.
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in-plane fibers compared to the control sample (see Figure 9(c)). On the other hand, the
alignment of the out-of-plane fibers has deteriorated, which plausibly resulted in a
significant reduction in the filtration efficiency after five cycles of autoclave treatment (see
Figures 3 and 9(d)).

Polypropylene is a key constituent used in meltblown layers with a melting tem-
perature range of 130—171°C. The semi-crystalline structure of polypropylene can attain a
relaxed state, which inevitably affects the filtration performance via charge relaxation or
other means [43]. Since the autoclave treatment in this study was performed at 125°C, its
repeated cycling caused local structural variations due to the morphological changes
occurring in polypropylene fibers. The poor filtration performance of the five-cycle
autoclave-treated N95 respirator corresponds to a three-cycle autoclave-treated 3 M 1870/
1870+ at 121°C for 30 min, whereby the mean retention of aerosolized particles with
0.3 pm was significantly reduced [44].

Conclusions

The meltblown layers of a commercially available N95 respirator have been analyzed for
filtration performance after decontaminating it with one and five cycles of liquid hydrogen
peroxide, ultraviolet radiation, moist heat, and aqueous soap solution treatments. Spe-
cifically, this work assisted in simulating the significant proportions of infectious particles
generated and spread under speaking conditions, exceedingly with velocities up to
100 times greater than set under the standard test conditions. X-ray microCT analysis
unraveled the local structural heterogeneities of the meltblown nonwoven that tended to
grow with various treatment modalities. It was also revealed that the structural integrity
obtained merely via visual observation might not truly represent the filtration performance
in certain decontamination treatments. Although the structural integrity was found to be
preserved in autoclave-treated meltblown nonwovens after the first treatment cycle, the
filtration performance of the decontaminated N95 respirator was severely affected. On the
other hand, five cycles of solution-based treatments (liquid H,O, and aqueous soap) were
most detrimental to the structure of the meltblown layers and significantly reduced the
filtration efficiency of N95 respirators. After treating with one and five cycles of UV
radiation, the filtration performance corroborated well with the structural information
obtained via X-ray microCT analysis. It is worth mentioning that UV radiation may not
decontaminate the inner layers of N95 respirators [45]. Accordingly, the UV treatment
may be suitable for the sanitation of lightly contaminated rather than soiled
NO5 respirators. The outcomes of our work assist us in recommending that the local
structural inhomogeneities created after repeated treatment cycles limit the use of repeated
decontamination cycles of the N95 respirators. Particularly, the aqueous soap solution
treatment should be avoided entirely in view of the structural delamination and en-
trapment of soap particles observed even in the initial cycles. In the past, some of the
investigated decontamination methods have successfully deactivated the SARS-CoV-
2 virus [23]. Future research efforts can be directed towards correlating our results with
the virus inactivation especially using the decontamination methods at lower cycles.
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