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• Universal masking using disposable
masks has posed serious environmental
threats.

• Materials and technologies for biode-
gradable/multifunctional masks are
reviewed.

• Functions of a high performance face
mask in respiratory pandemic are pro-
posed.

• More eco-friendly masking approaches
deal with COVID-19 and future
pandemics.
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Providing the greater public with the current coronavirus (SARS-CoV-2) vaccines is time-consuming and
research-intensive; intermediately, some essential ways to reduce the transmission include social distancing,
personal hygiene, testing, contact tracing, and universal masking. The data suggests that universal masking, es-
pecially usingmultilayer surgical facemasks, offers a powerful efficacy for indoor places. These layers have differ-
ent functions including antiviral/antibacterial, fluid barrier, particulate and bacterial filtration, and fit and
comfort. However, universal masking poses a serious environmental threat since billions of them are disposed
on a daily basis; the current coronavirus disease (COVID-19) has put such demands and consequences in per-
spective. This review focuses on surgical face mask structures and classifications, their impact on our environ-
ment, some of their desirable functionalities, and the recent developments around their biodegradability. The
authors believe that this review provides an insight into the fabrication and deployment of effective surgical
face masks, and it discusses the utilization of multifunctional structures along with biodegradable materials to
deal with future demands in a more eco-friendly fashion.
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1. Introduction

Global concerns caused by the recent respiratory coronavirus dis-
ease (COVID-19), urged the widespread use of personal protective
equipment (PPE) by people around the globe (Cheng et al., 2020; Cui
et al., 2019). These include face masks, gloves, gowns, aprons, hoods,
eye-shields, and shoes covers (Cook, 2020; WHO, 2020a), which are
currently used by the healthcare workers (HCWs). Among the men-
tioned PPE for viral respiratory diseases, face masks are useful in con-
trolling the transmission of particulate matters (PMs) (Huang et al.,
2020a; Pacitto et al., 2019; Prather et al., 2020).

Transmission of the severe acute respiratory syndrome coronavirus
(SARS-CoV-2) is more prominent where there are frequent close con-
tacts, for instance between the HCWs and infected patients. This
transmission happens through droplets (>5–10 μm) and bioaerosols
(≤5 μm) in the form of PMs (Pivato et al., 2021; Prather et al., 2020).
The human-to-human spread of SARS-CoV-2 occurs through direct
and indirect pathways (Checchi et al., 2021; Huang et al., 2020a;
Prather et al., 2020). Direct pathways include the airborne spread
through breathing, talking, sneezing and coughing with different gas
Fig. 1. a) size distribution of PMs (Brook, 2008), b) schematic view of exhalation distances of
filtration mechanism in common face mask (Konda et al., 2020).
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flow velocities (1-100 ms-1) (Checchi et al., 2021; Xie et al., 2007).
While indirect pathways transmit PMs (fomite) by close contact routes,
such as saliva droplets and contact with contaminated surfaces (Huang
et al., 2020a; Prather et al., 2020).

Some of the recommended face masks include surgical face masks,
particulate matter surgical face masks (PM1, PM2.5, PM10), and respira-
tors (N95, FFP2 and FFP3) (Oberg and Brosseau, 2008; Tebyetekerwa
et al., 2020). The efficacy of these face masks in blocking virus nanopar-
ticles with a size of around 100 nm in diameter (Huang et al., 2020a) is
an ongoing topic of research. Fig. 1 depicts the size distribution of PMs,
the aerosols spreading pattern during exhalation, and the filtration
mechanism in surgical face masks.

Community-widemasking controls the virus transmission by reduc-
ing the trajectory of the above-mentioned aerosolized droplets and in-
fected saliva (Cheng et al., 2020; Rab et al., 2020). In the case of SARS-
CoV-2, health organizations report that universalmasking is an effective
way to protect the greater public (Huang et al., 2020a; Leung et al.,
2020; Prather et al., 2020). Previous studies about influenza and Ebola
have also shown the significant protection that masking offers to
block the transmission of viruses (Brienen et al., 2010; MacIntyre
aerosol and droplets molecules (Checchi et al., 2021) and c) schematic view of aerosols

Image of Fig. 1
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et al., 2014). Sufficient masking and appropriate use guidelines as non-
pharmaceutical interventions (NPIs) could have saved many HCWs
through breaking the chain of SARS-CoV-2 infection (Rowan
and Laffey, 2020). Masking is particularly important in the case of
COVID-19, since infected individuals are highly contagious for many
days, peaking on or before symptoms occur, leading to wider/
uncontrollable spreads. Aside from universalmasking, social distancing,
personal hygiene, testing (identification & isolation of asymptomatic
individuals), and contact tracing are important measures in controlling
the spread (Kai et al., 2020; Prather et al., 2020; WHO, 2020a). The high
concentration of bioaerosols and droplets in crowded indoor areas such
as hospitals, restaurants, airplanes, and workplaces demands higher fil-
tration efficiency structures compare to outdoor areas where there is a
constant flow of fresh air (Checchi et al., 2021; Wei and Li, 2016; Xie
et al., 2007; Zhou et al., 2018).

Following the above masking guidelines, it is estimated that, only in
Asia, over 2.2 billion face masks are used and thrown away every day
(Sangkham, 2020); adjusted for the world population, this would be
over 3.7 billion masks per day. One study estimated that this would
add up to around 66,000 tons of plastic waste per year, only in the
United Kingdom (Allison et al., 2020). Assuming that each face mask
weighs only 3 g, thiswould translate to around 4.1million tons of plastic
waste per year globally. A staggering 80% portion of such waste goes
into ourmarine environment, and unfortunately, this waste has already
found its way to our water streams (Haque et al., 2021). Disposable sur-
gical face masks are made of synthetic precursors and their wide usage
poses a serious threat to our environment (Aragaw, 2020; Fadare and
Okoffo, 2020; Silva et al., 2020). On the other hand, such huge demands
have resulted in severe face mask shortages in many countries (Ji et al.,
2020). Therefore, biodegradability and life cycle analysis (LCA) of surgi-
cal face masks are of prime concern.

Some strategies to deal with the environmental and supply-demand
challenges include, proper mask-wearing protocols, disinfecting and
reusing N95 respirators, use of cloth masks with disposable inserts
(CDC, 2020; Dennis et al., 2020), and even mask allocation strategies
based on different age ranges and risk levels (Worby and Chang,
2020). On the one hand, face masks are considered disposable since
they gradually lose theirfiltration efficiency (Zhang et al., 2021), and be-
come contaminated hosting sites for virus particles andmicroorganisms
(Zhiqing et al., 2018). On the other hand, up to two-thirds of the filtra-
tion efficiency is provided by the embedded electrostatic charges
(Kilic et al., 2015; Konda et al., 2020) (see Fig. 1c), which decays signif-
icantly over time, based on the using conditions (Konda et al., 2020;
Leung and Sun, 2020; Martin and Moyer, 2000). Some studies report
that contaminated masks may be disinfected and reused (Dennis
et al., 2020; Juang and Tsai, 2020); however, the means for such a pro-
cess is not accessible to the greater public. As shown in the current
COVID-19 pandemic, viruses are among the biggest threats to humanity
that can shut down the world. Viruses have also evolved in such a way
that they are difficult to kill, and therefore introducing a high-
performance surgical face mask is vital.

This review aims to address the mentioned environmental toll by
discussingmaterials options for more eco-friendly facemasks, and ana-
lyzing additional functionalities, such as antibacterial, antiviral, and self-
disinfection characteristics. Using biodegradable precursors along with
such multifunctional properties may be a new approach for controlling
the pandemic while caring for our planet and people. The present re-
view focuses on the general filtrationmechanisms,manufacturing tech-
nologies used to make face mask media, characterization of different
surgical face mask structures, biodegradable materials that have been
used, desired added functionalities, and the future demands for such
effective biodegradable multifunctional face masks.

To accomplish the above, our approach was to briefly review the
available surgical face masks, their environmental impacts during the
COVID-19 pandemic, the materials and processes available to make
such structures, and the innovations thereof. In addition, the same
3

was done to understand the scope of available functions in current
face masks, and the emerging materials and technologies that have
been explored. The intent is not to provide a given solution, but rather
provide insight, connect the research community in this field, and
spark new ideas to solve these issues together.

2. Filtration materials and process

Air filtration takes place through a combination of different mecha-
nisms including gravitation, straining, inertial impaction, interception,
(Brownian) diffusion, intermolecular interaction, and electrostatic in-
teractions. The particle capture capacity of fibrous filtering media
depends on the interactions between the PMs, individual fibers, the tor-
tuous filter structure, and the fluid molecules and their kinetic parame-
ters; this is described by the single-fiber particle collection theory
(Hinds, 1999; Mao, 2017).

The efficiency of each filtration mechanisms is a function of the par-
ticle size (Barhate and Ramakrishna, 2007). Therefore, the size of the
target airborne SARS-CoV-2 bioaerosols and microorganisms must be
considered while designing the porosity and tortuosity of the filter
media (Li et al., 2016). The most penetrating particle size (MPPS) is a
characteristic size of around 0.3 μm, where the particles are too large
to be captured via diffusion and too small for interception effects
(Chuanfang, 2012). The high collection efficiency for particles larger
than 1.0 μm is thanks to interception and inertial impaction mecha-
nisms (Chuanfang, 2012; Mao, 2017).

Nonwovenmedia used in surgical facemasks aremultilayer structures
that are made by processes such as spunbond (S) (Nanjundappa and
Bhat, 2005), meltblown (M) (Ellison et al., 2007), electrospun (E) (Desai
et al., 2009) and the combinations thereof (Khayan et al., 2021; Lee
et al., 2019; Mukhopadhyay, 2014). Some of the common polymers that
are used are polyethylene (PE), polypropylene (PP), polyamide (PA),
polyethylene terephthalate (PET), polyacrylonitrile (PAN), and polylactic
acid (PLA). Electrospun layers are commonly laid over the final substrate
such asmeltblown (ME) or spunbond (SE) to gain the necessarymechan-
ical properties needed in the final application (Erben et al., 2016).

Composite nonwovens can be used to enhance the mechanical integ-
rity of high efficiency filtering layers through consecutive processes
(Amid et al., 2016). Composite structures usually consist of multiple
layers, each layer serving a specific performance in the separation/
filtration process (Mukhopadhyay, 2014). The most popular combina-
tions of such structures are spunbond–meltblown–spunbond (SMS),
spunbond–meltblown–meltblown–spunbond (SMMS), spunbond–
meltblown (SM), spunbond–spunbond (SS), spunbond–spunbond–
spunbond (SSS), and spunbond–spunbond–meltblown–meltblown–
spunbond (SSMMS) in different weight ranges (Ajmeri and Ajmeri,
2011; Chellamani et al., 2013; Zobel and Gries, 2010). Fig. 2a-f show the
scanning electron microscopy (SEM) images of spunbond, meltblown,
and electrospun nonwovens, along with their combined layers. Some of
the other well-known products from these nonwovens include industrial
wipes, diapers, oil spill sorbents, feminine hygiene, surgical face masks,
respirators, air and liquid filters, and gowns (Ajmeri and Ajmeri, 2011;
Mukhopadhyay, 2014; Rasouli et al., 2019). As shown in Fig. 2g, although
surgical face masks are made with one filtering layer (S-M\\S), respira-
tors contain three filtering layers (S-SMM(E)-S) with higher weights
and higher filtration efficiencies. Other composite structures, including
SM, SMS, ME, SE can be used in the filtration of PM in nano and micron
sizes to meet a high degree of filtration (Mukhopadhyay, 2014; Xiong
et al., 2021).

3. Surgical face masks

Surgical face masks are regulated by the food and drug administra-
tion (FDA) in theUnited States of America. The FDAGuidance document
has adopted a number of American society for testing and materials
(ASTM) standards for establishing the criteria for the classification of



Fig. 2. SEM images of nonwoven composite structures in surgical face mask applications; the approximate scale bar added for better comparison. a) PP spunbond (S) (Nanjundappa and
Bhat, 2005), b) PBT meltblown (M) (Ellison et al., 2007), c) PVA electrospun (E) (Oktay et al., 2014), d) PVA/SAP spunbond-electrospun (SE) (Sivri, 2018), e) PCL meltblown-electrospun
(ME) (Erben et al., 2016), and f) Hydroentangled spunbond-meltblown-spunbond (SMS) (Mukhopadhyay, 2014), g) Schematic example of commercial facemasks structure: surgical face
masks and respirators.
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masks (Pourdeyhimi, 2020). There are various types of surgical masks
available on the market which are used in the current pandemic. Surgi-
cal masks and respirators have different structures (see Fig. 2g) and
properties which are summarized in Table 1. Respirators are designed
to protect the wearer against hazardous atmosphere (airborne infec-
tious aerosols containing viruses), while surgical facemasksmainly pro-
tect the public from the infected wearer (Ji et al., 2020; Oberg and
Brosseau, 2008). There are two reasons behind the distinctive and supe-
rior functionality of respirators over surgical masks: 1) the more effi-
cient filter structure, and 2) the better fit of the respirators (Bowen,
2010; Coia et al., 2013; Junter and Lebrun, 2017). Some models have
an exhalation valve that makes exhalation easier and helps reduce the
build-up of heat and humidity. Maskswith exhalation valves are less ef-
ficient in protecting the public from an infected wearer, since the valve
does not filter the exhaled contaminated air (Pourdeyhimi, 2020).

Facemasks filtration efficiency evaluation encompasses three types of
tests: (1) particle filtration efficiency (PFE), (2) bacteria filtration effi-
ciency (BFE), and (3) virus filtration efficiency (VFE) (Bayersdorfer
et al., 2020; Konda et al., 2020; Leonas et al., 2003; Pragadheeswari
et al., 2014). These are reviewed in greater detail in Section 5, but are im-
portant to bear in mind when comparing surgical face masks versus
respirators.

Face masks consist of multiple layers of filter media which are used
as protection devices in respiratory diseases (Mukhopadhyay, 2014;
4

Xiong et al., 2021). The whole structure includes an outer layer (droplet
and stain resistant), inner or middle layer(s) (the filtering layer), an
outer layer (comfort layer for the skin touch), inner and outer nose-
pieces (foam and flexible coated aluminum, respectively, to provide
better sealing), and headbands/earloops (elastic rubber straps)
(Mueller et al., 2018; Oberg and Brosseau, 2008; Tebyetekerwa et al.,
2020).

3.1. Environmental aspects

Most of the commercial surgical face masks are made of synthetic
precursors and are intended to be disposable (Rubio-Romero et al.,
2020). Disposable surgical face masks are manufactured based on con-
ventional synthetic polymers which are sterilized, packaged, and used.
They are then disposed of in dumpsites and landfills, and some are
just littered in the public, and unfortunately they end up in coastal, ma-
rine, and terrestrial environment, causing massive quantities of poly-
meric wastes (Rubio-Romero et al., 2020; Saberian et al., 2021). Fig. 3a
shows the environmental impacts of disposable surgical facemasks dur-
ing the COVID-19 pandemic. The staggering increase in the number of
disposablemasks being used in universalmasking exacerbates the envi-
ronmental risk connected to improper disposal. Experimental results in-
dicated that a single surgical mask may release up to 173,000 fibers per
day into the environment (Saliu et al., 2021). Fig. 3b, c shows the SEM

Image of Fig. 2


Table 1
Specifications of different face mask structures.

Face masks PM's diameter % particle filtration efficiency Characteristics and features

i) Surgical mask
ii) PM0.1, 2.5, 10 surgical mask
ASTM F2100-11

<10 μm
Large respiratory droplets

>95 Loose fitting
Three-layer, (S-M\\S), flat design
pleated and non-pleated
Inward leakage
Fine and ultrafine dusts
Fluid-resistant
Physical barrier for droplets
Disposable/single use
Good breathability

Respirator
PM0.3

i) aN (P, R) 95, 99, 100
United States standard (NIOSH)
ii) bFFP,1,2,3
European standard c(EN149:2001 + A1)

<0.3 μm (MPPS)
High penetrating aerosols

a95, 99, 99.97
b80, 94, 99

Tight fitting (close facial fit)
Multi-layer, (S-SMM(E)-S) flat and cone or cup design
Sealed (when properly donned and fitted)
Most penetrating particle size (MPPS)
High performance filtering mask
Fluid-resistant
Filtration barrier for droplets and aerosols
Higher pressure drop
With or without valve
Discard after each use, but can be used up to 5 times
Poor breathability

a N: not oil resistant, R: oil resistant, P: oil proof.
b Filtering face pieces.
c (European Committee for Standardization (CEN), 2009).
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images of surgical face mask taken before and after experimental frag-
mentation and degradation treatment. The presence of loosely attached
micro-/nano-sized plastics on the surface of fragments is clear. Such dis-
posed microplastics can be easily ingested by organisms, such as fish in
the aquatic life, affect the food chain, and cause chronic health problems
to humans (Aragaw, 2020; Fadare and Okoffo, 2020).

Studies show the likelihood that the household wastes that are gen-
erated from infected patientsmay be contaminated by SARS-CoV-2. The
infectious waste generated by the surgical face mask during COVID-19
outbreak has posed a major environmental and health concern in
many countries. Currently, billions of contaminated face masks, gloves
and materials used for diagnosing, detecting, and treating SARS-CoV-2
Fig. 3. a) The potential environmental fates and impacts of disposable surgical masks during CO
application of experimental fragmentation and degradation treatment (Saliu et al., 2021).
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are already considered as infectious waste. Moreover, while coping
with the COVID-19 pandemic, healthcare facilities tend to generate
larger amounts of infectious waste; the threat that improper disposal
of medical waste could spill over into environmental pollution is palpa-
ble and immediate (Sangkham, 2020). Infectious waste streams may
serve as routes for viral spreading of the virus, not only to the environ-
ment, but also to the operators directly involved in waste management
(Nzediegwu and Chang, 2020).

It is thereforeworthwhile to develop newways to decrease and con-
trol the waste, introduce biodegradable face masks (Das et al., 2020),
and/or introduce alternative wastemanagement processes based on re-
ducing (controlling the overuse and misuse) (Public Health England,
VID-19 (Xu and Ren, 2021), b, c) SEM images of surgical face mask taken before and after

Image of Fig. 3
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2020), reusing (Jeong et al., 2017; Lee et al., 2019; Liu et al., 2015; Quan
et al., 2017; Ullah et al., 2020) and recycling (Achilias et al., 2007;
Šišková et al., 2020) scenarios. The overuse of face masks is a form of
misuse in itself. On the one hand, such misuse depletes the limited
stocks, leads to avoidable shortages, and increases demand for face
masks, thus high volumes of wastes (Eckl and Hansch, 2020; Public
Health England, 2020). On the other hand, the disposed contaminated
face mask is a potential source of biological waste and a means for the
community-wide transmission of COVID-19. Multiple studies show
the great potential for using biodegradable polymers as substitutes for
the traditional materials used in the manufacturing of face masks (Das
et al., 2020; Majchrzycka, 2014).

4. Biodegradable aspects of surgical face masks

Although the protective constituents of surgical facemasks are dura-
ble enough for multiple uses, they are mainly intended for the dispos-
able market. Thus, the environmental impacts of universal making
using such disposable media should be considered. The development
of reusable or substitute fibrous products based on green and biode-
gradable precursors can be one of the solutions to alleviate this problem
(Das et al., 2020; Desai et al., 2009; Neisiany et al., 2020; C. Wang et al.,
2016).

4.1. Biodegradable polymers

Due to environmental reasons, there is a significant interest in mov-
ing away from biostable (non-degradable) materials to biodegradable
(enzymatically and hydrolytically degradable) materials (especially
polymers) formedical applications, e.g., tissue engineering and drug de-
livery (Nair and Laurencin, 2007). Recent studies show the develop-
ment of a new generation of synthetic biodegradable polymers and
analogous natural polymers for biomedical purposes. The driving
force, is the emergence of novel biomedical technologies, e.g., tissue en-
gineering, gene therapy, regenerative medicine, bio-nanotechnology,
and controlled drug delivery, which requires biodegradable materials
to build a platform (Nair and Laurencin, 2007). Biodegradation of bio-
materials (biopolymers) startswith the cleavage of enzymatically or hy-
drolytically sensitive bonds, leading to a complete erosion in the
polymer structure (Nair and Laurencin, 2007). Biodegradable materials
decompose through natural biological processes into non-toxic gases,
water, and carbonaceous soil over time (Leja and Lewandowicz, 2010).

Based on the degradation mechanisms, biopolymers can be further
classified into enzymatically degradable polymers and hydrolytically
Table 2
Existing and potential applications of bio-based media in surgical face masks.

No. Bio-based media Structure and materials

1 Protein Keratin/polyamide 6 nanofiber
Electrospun Sericin nanofibrous mats
Silk nanofibers
Gluten nanofiber
Soy protein isolate/polyvinyl alcohol hybrid nano

2 Cellulose Nanomembrane lyocell fibrous
Cellulose non-woven layers
Cellulose acetate (CA) nanofibers
3-ply cotton-PLA-cotton layered
Fungal hyphae and cellulose fibers (Wood and He

Banana stem fiber
Non-woven cellulosic fiber

3 Chitosan Nanofibrous chitosan non-woven
Chitosan nanowhiskers and poly(butylene
succinate)-based microfiber and nanofiber

4 Poly lactic acid (PLA) Poly(lactic acid) fibrous membranes
3D printed and electrospun polylactic acid

5 Gelatin Gelatin/β–cyclodextrin composite nanofiber
6 Polyhydroxyalkanoates (PHAs) Nano fibroustructure
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degradable polymers. Also, biodegradable polymeric materials can be
classified into natural and synthetic polymers. Most of the natural
biopolymers undergo enzymatic degradation (Nair and Laurencin,
2007). Natural (e.g., chitosan, alginate, collagen, and gelatin) and syn-
thetic (e.g., polyvinyl alcohol (PVA), polyethylene oxide (PEO),
polycaprolactone (PCL), and poly-lactic acid (PLA)) polymers are the
main polymers for fiber production through technologies like melt-
spinning, wet-spinning and/or electrospinning. Natural fibers have bet-
ter biocompatibility while synthetic fibers benefit from easier process-
ing with better mechanical properties. Some studies have shown the
effectiveness of blending strategies for optimum performance as well.
Biodegradable polymers can be good raw material candidates for the
fabrication of future filtration media such as surgical face masks with a
sustainable perspective. The next section describes the biopolymers
with applications in face masks and explains their biodegradation
aspects.

4.2. Biodegradable face masks

Majority of the PPE fabrics cannot withstand reusing, laundering, or
other cleaning methods commonly used for woven and knitted fabrics
(Collier, 2010). Different bio-based filtration media use cellulose, pro-
tein, chitosan, gelatin, and polylactic acid (PLA), and have been patented
and launched as biodegradable surgical face masks in the recent years.
Table 2 summarizes the existing and potential filtration media in bio-
based surgical face masks. Also, different combinations of biopolymers
are used to achieve higher filtration efficiencies and more functionali-
ties, including polylactic acid/polyhydroxybutyrate (PLA/PHB) (Nicosia
et al., 2015), Sericin/Poly Vinyl Alcohol (PVA)/Clay (Cloisite 30B)
(Purwar et al., 2016), cellulose/poly(ethylenimine) (PEI) (Tiliket et al.,
2011), and Ag nanoparticles.

5. Multifunctional surgical face masks

While the development of multifunctional filter media for face
masks is ongoing (Pourdeyhimi, 2020), the existing face masks must
fulfil some basic criteria. These include: (1) high filtration efficiency
against bioaerosols, (2) fluid barrier properties, (3) low differential
pressure (air permeability), (4) ability to kill microorganisms captured
in the structure, and (5) excellent wearing properties (comfort, high
fit, and minimal leakage) (Barbosa and Graziano, 2006; Majchrzycka,
2014; Pourdeyhimi, 2020;Wang et al., 2018). These basic requirements
are vital, since they help reduce the airborne viral concentrations and
the transmission of pathogens (bacteria and viruses) in crowded indoor
Application Ref.

Water and air filtration (Aluigi et al., 2009)
Air filtration mask (Purwar et al., 2016)
Air filtration mask (C. Wang et al., 2016)
Face mask (Das et al., 2020)

fiber Air filtration mask (Fang et al., 2016)
Surgical face mask (Pragadheeswari et al., 2014)
Surgical face mask (Tiliket et al., 2011)
Air filtration (De Almeida et al., 2020)
Face mask (Patil et al., 2021)

mp) Alternative to synthetic melt and
spun-blown materials for PPE

(Filipova et al., 2021)

Face mask (Sen et al., 2021)
Face mask (Catel-Ferreira et al., 2015)
Water and air filtration (Desai et al., 2009)
Face mask filter (Choi et al., 2021)

Air filtration (Z. Wang et al., 2016)
Face mask filter (He et al., 2020)
Respiratory filter (Kadam et al., 2021)
Face mask (Al-Hazeem, 2021)
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and outdoor communities, protecting us from SARS-CoV-2 (Booth et al.,
2013; Chuanfang, 2012; Fadare and Okoffo, 2020; Garibaldi et al., 2019;
Prather et al., 2020). The shortage of PPE during the COVID-19pandemic
continues to be severe (WHO, 2020b), and multifunctional face masks
may help alleviate this issue.

Several high performance multifunctional face masks (including
bioaerosols filtration, antibacterial, antiviral) have been developed and
patented during the past 15 years. The majority of these products,
some of which commercially available, are composite nonwoven struc-
tures that are composed of functional materials. Fig. 4 shows the func-
tionalities required for face masks that are effective against respiratory
diseases. Some of them are already incorporated in surgical face
masks, and the others are needed currently and/or in the near future.

Multifunctional properties can be implemented by embedding (1) a
single layer of a multifunctional structure or (2) using multiple layers of
functional structures into the conventional surgical facemasks. An exam-
ple of such functional modifications is the application of chemically-
bonding materials that filter and sanitize the exhaled bioaerosols
(Huang et al., 2020b).Multifunctional PANnano-fibrous layers containing
TiO2 fillers show high PM filtration efficiency, ultraviolet filtration, and
antibacterial activities (Chen et al., 2019). Electrospun polyimide/metal-
organic framework (MOF) nano-fibrous membranes exhibit superior
thermal stability, high mechanical properties, and low pressure drop for
efficient PM capture in harsh conditions (Hao et al., 2019). Next section
reviews some of these functional face masks in greater detail.

5.1. Antibacterial

The antibacterial activity of surgical face masks has been
investigated based on various ranges of pathogens e.g., Escherichia coli,
Pseudomonas aeruginosa, Candida albicans, Enterococcus faecalis, and
Staphylococcus aureus etc.Majority of these studies have utilized quater-
nary ammonium (Nicosia et al., 2015; Purwar et al., 2016; Tseng et al.,
2016), metals nanoparticles (Hiragond et al., 2018; Li et al., 2006), and
N-halamines (Demir et al., 2015; Ren et al., 2018); which are all well-
Fig. 4. Desired functions of a high performance surgical face mask.
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known antibacterial agents that have been used for infection control be-
fore. Desirable characteristics of such antibacterial agents include effec-
tive inhibition against a broad spectrum of bacteria, non-toxic to the
consumer, compatibility with resident skin microbiota, avert from irri-
tations and allergies, and applicable with no adverse effects on the qual-
ity or appearance of the surgical face masks.

The reduction percent in bacterial count or BFE is calculated through
the ratio of the viable count at a specific period (Li et al., 2006). It is
found that the bioburden of surgical face masks increased with wearing
duration, making them a potential infection source due to bacterial shed-
ding (Liu et al., 2019). Surgical facemaskswith the lowestmean pore size
have shown the highest BFE against the bacteria (Leonas et al., 2003).
Also, antimicrobial electrospun air filtration membranes from PLA and
other components (Nicosia et al., 2015; Z. Wang et al., 2016) such as
Sericin/PVA/Clay (Purwar et al., 2016) have shownhighfiltration efficien-
cies alongwith the goodantimicrobial activity. TheBFEof a typical dispos-
able surgical face mask with 95% microbial barrier has shown efficacy
reduction just after 4 h of wearing (Barbosa and Graziano, 2006).

5.2. Antiviral

Viruses are responsible for respiratory diseases which can easily es-
cape through filtration systems and cause severe infections (Tiliket
et al., 2011). SARS-CoV-2 viral particles are categorized as small
bioaerosols with an elliptical or spherical shape and sizes lower than
150 nm (El-Atab et al., 2020). Most of the conventional surgical face
masks do not provide the best protection due to their large pore sizes
and poor fit characteristics; meanwhile, respirators (e.g., FFP2 or FFP3
and N95) provide efficient protection against airborne viruses (Tiliket
et al., 2011). In addition to capturing the droplets and large aerosols
by filter media, it is also beneficial to deactivate viruses with antiviral
or sanitizing molecules, when they pass through a face mask (Borkow
et al., 2010; Huang et al., 2020a; Tiliket et al., 2011). Applying different
antiviral agents can provide antiviral performance through direct disin-
fection, receptor inactivation, and indirect disinfection mechanisms.
Some of the reported agents include natural viral inhibitors (Lin et al.,
2005, 2014; Yu et al., 2012), metal and metal oxide nanoparticles
(Borkow et al., 2010; Galdiero et al., 2011), sodium chloride (Quan
et al., 2017), poly(ethylenimine) (PEI) (Tiliket et al., 2011), and poly-
phenol (Catel-Ferreira et al., 2015).

The ratio of live viruses sampled outside and inside the face masks
determines the surgical face masks virus filtration efficiency (VFE)
(Booth et al., 2013). Although surgical face masks have been demon-
strated to block the spread of viruses, COVID-19 may survive over a
day on the surface of themask (Chin and Poon, 2020). Ideally, the surgi-
cal face mask materials should capture and, simultaneously, inactivate
those viruses.

5.3. Other functionalities

Although the filtration efficiency of surgical face masks is their pri-
mary functionality, more functions makes for a better PPE package in
such severe pandemic situations (Lin et al., 2021; Yang et al., 2020;
Zhong et al., 2020). Some of the desired functionalities of such surgical
face masks are classified and summarized in Table 3. These functionali-
ties have been developed to increase the filtration performance and the
biocidal activity, and to gain a better user experience (air permeability,
thermal management, design options). Natural and synthetic materials
have been used to incorporate some of these functionalities in surgical
face masks. Face masks that contained activated carbon are reported
to protect thewearer from vaporized anticancer drug inhalation, thanks
to their high adsorptive capacity (Sato et al., 2016). Carbon nanotubes
(CNT)-based filters have shown higher biological aerosol PFE versus
their total aerosol PFE (Zou and Yao, 2015).

Graphical results of some studies on multifunctional structures for
face masks are shown in Fig. 5. As shown, the hydrophobic hybrid filter

Image of Fig. 4


Table 3
Multifunctional properties of surgical face mask during severe pandemic outbreak (HCWS and people).

No. Functionalities Description
(Materials and/or scope of use and effects)

Ref.

1 Biocidal activity (antibacterial,
antiviral)

Increase the protection efficiency against respiratory diseases outbreak,
effective antiviral and antibacterial mask.
Quaternary ammonium, clay

(Nicosia et al., 2015; Purwar et al., 2016; Tseng et al.,
2016)

Nanostructures (CuO, Ag, Ag/TiO2, PLA/TiO2) (Borkow et al., 2010; Hiragond et al., 2018; Li et al., 2006;
Z. Wang et al., 2016)

Chitosan (Desai et al., 2009)
N-halamine (Demir et al., 2015; Ren et al., 2018)
Polyphenol (Catechin) (Catel-Ferreira et al., 2015)
Salts (NaCl) (Quan et al., 2017)
Poly (ethylenimine) (PEI) (Tiliket et al., 2011)
Natural viral inhibitors (Isatis Indigotica) (Lin et al., 2005)

2 Permeability (air, water vapor) Increases the breathing and comfort properties, especially for people with
asthma.
Increases the inhaling rate and blood oxygen level.
Reduces mask-induced hypercapnia.

(Lee et al., 2020; Li and Gong, 2015; Zou and Yao, 2015)

3 Design and wearing properties
(thermal and comfort
properties, fit design)

Allows for longer comfortable wearing time and thermal management of
exhalation by using thermally conductive materials.
Well-designed face mask to improve filtration efficiency with lower
leakage, comfort properties and ease of the donning and doffing process.
Absorb the sweat in the vapor form without transforming into liquid (using
superabsorbent polymer).

(Garibaldi et al., 2019; He et al., 2020; Lee et al., 2020;
Sivri, 2018; Swennen et al., 2020; Yang et al., 2017)

4 Electrostatic properties Recharging and rejuvenation of used or disinfected surgical face masks,
increasing the effective use time of disposable face mask.

(Hossain et al., 2020; Wang et al., 2020)

5 Special high performance
filtering layers

Increases the filtration efficiency (nanofiber, hollow fiber, carbon
nanotubes, activated carbon, graphene).

(Khayan et al., 2021; Lin et al., 2021; Sato et al., 2016;
Zou and Yao, 2015)

6 Biodegradability Eco-friendly face mask See Table 3
7 3R (reuse, reduce, recycle) Reducing through extended mask service time.

Reusing through easy disinfection or recharging procedure.
Recycling through enhanced disposal procedure and management.

(El-Atab et al., 2020; Kumar et al., 2021, 2020; Lee et al.,
2020; Lin et al., 2021; Wang et al., 2020; Yang et al.,
2020; Zhong et al., 2020)

8 Self-cleaning
Self-disinfecting
Self-sanitizing
Self-decontaminating

Photo-sterilize, thermal-sterilize
Applying photo (UV) or thermal disinfecting procedure to introduce
self-sterilization and enable reusability.

(Banerjee et al., 2021; Kumar et al., 2021, 2020; Lin et al.,
2021; Zhong et al., 2020)

9 Fluid repellent and
superhydrophobicity

Increases the effective use time in different conditions specially for HCWs
(anti-splash, …)

(El-Atab et al., 2020; Lin et al., 2021; Zhong et al., 2020)

10 Special features (smart) Uses special materials or designs to increase the performance and
appearance of face masks. The transparent look can help avoid the
threatening appearance of the mask and can allow lip reading for people
with mutism or hearing impairment.
Do it yourself (DIY) face mask with changeable layers.

(Cheng et al., 2017; He et al., 2020; Sarkar et al., 2020;
Yang et al., 2020)
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structure allows for antibacterial/antiviral properties. Also, with the in-
tegration of photo-thermal treatment the created heat currents can effi-
ciently self-disinfect the face masks (Fig. 5a, b, c, d).

Surgical facemasks comfort characteristics call for optimal liquid ab-
sorption capacities, air andwater vapor permeability, design, andwear-
ing properties especially for people with breathing issues (Lee et al.,
2020; Sivri, 2018; Yang et al., 2017). Face masks comfort and perfor-
mance depend on various parameters such as the nature of the textile,
fiber diameter, special surface treatments and finishes, fitting perfor-
mance, microclimate, number of layers or thickness (Lee et al., 2020;
Sivri, 2018), and their composition (such as the presence of high surface
area activated carbons) (Konda et al., 2020). Increasing the absorption
capacity of such face masks can further enhance their comfort by ab-
sorbing the sweat in the vapor formwithout transforming it into liquid
(Sivri, 2018). Some nanofiber filter structures, and custom-made 3D
printed filters and respirators have been developed to increase the com-
fort and design fit to increase the wearing time (He et al., 2020; Li and
Gong, 2015; Swennen et al., 2020). Filter modification through
electroless-plating of Ag enabled high filtration efficiency, low pressure
drop, and excellent radiative cooling properties in hot conditions;
where cooling effect was achieved by reflecting most of the human
body radiation (Yang et al., 2017). It has been reported that wearing
face masks in hot and humid conditions increases heat stress, sweating,
and can even act as breeding sites for microorganisms (Yang et al.,
2017) (Fig. 5e, f).

There are several reports about the fabrication of novel electret filter
structures in combination with bulky and open structures that allows
8

for recharging and rejuvenating after disinfection (Hossain et al.,
2020; Wang et al., 2020) (Fig. 5g). These structures use different poly-
meric materials to deliver high porosity and high filtration efficiencies
without increasing the differential pressure (Fedorova and
Pourdeyhimi, 2007; Quan et al., 2017). These structures are highly
breathable, and the thermal comfort filter layers consist of electret pol-
yethersulfone/barium titanate nano-fibrous membrane (PES/BaTiO3

NFM) and polysulfonamide/polyacrylonitrile-boehmite (PSA/PAN-B)
composites (Neisiany et al., 2020; Yu et al., 2012). Also, smart facial
masks have been developed, where the electrospun polyether imide
(PEI) electret nonwoven provides dual functionalities (Cheng et al.,
2017). It has been reported that a combination of various commonly
available fabrics used in cloth masks can potentially provide significant
protection against the transmission of aerosol particles by mechanical
and electrostatic filtering (Konda et al., 2020). New barium titanate@
polyurethane/polysulfonamide (BaTiO3@PU/PSA) composite nano-
fibrousmembranes have also showngoodmechanical properties, favor-
able flame-retardancy, and sufficient flexibility (Yang et al., 2020)
(Fig. 5h). Reusable polybenzimidazole nanofiber membranes are also
reported to be suitable filters with high breathability and PM dust cap-
ture (Lee et al., 2019).

6. Future perspectives and possible challenges

Surgical face masks that incorporate new functionalities, along
with their efficient PFE, can provide high performance PPE to protect
the people in severe conditions. Due to the high consumption rate of



Fig. 5. Multifunctional surgical face masks. a) Anti-influenza multilayer containing copper oxide face masks with corresponding SEM and XPS analysis (Borkow et al., 2010), b) reusable and
recyclable graphene-coated superhydrophobic, self-cleaning and photothermal face masks (Zhong et al., 2020), c) reusable MoS2-modified durable antibacterial and photothermal self-
disinfection face masks (Kumar et al., 2021), d) reusable copper nanoparticles (CuNPs) antiviral and photo-thermal self-disinfecting face masks (Kumar et al., 2020), e) multifunctional face
masks to protect people from PM pollutants and simultaneously achieve personal thermal comfort (Yang et al., 2017), f) skin temperature when covered with multifunctional face masks
and two commercial face masks (Yang et al., 2017), g) filtration efficiency of a new KN95 mask, washed and dried mask, and recharged mask for 60 min. Decay of the efficiency of the
recharged mask over the course of a day (Hossain et al., 2020), h) multifunctional mask by using BaTiO3@PU/PSA membrane achieved the high capture efficiency, low pressure drop, good
mechanical property, sufficient flexibility, high thermal stability, favorable flame-retardancy as well as superior chemical resistance against acid and alkali (Yang et al., 2020).
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surgical face masks and the severe pandemic, it is needed to design
and produce special bio-based structures. In the case of COVID-19,
encapsulated systems can be incorporated into the filtering layer to
provide a means for in-situ disinfection and drug delivery. This
9

may help treat the infected wearers as they breathe through such
special smart face masks.

Currently, surgical face masks are creating massive amounts of bio-
logical wastes that may cause irreversible impacts on our environment;

Image of Fig. 5
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thismakes the fully biodegradable and self-sanitizingmasks an interest-
ing subject for future investigations. Bio-nanomaterial finishing (or
coatings) is one way to impart biodegradability in surgical face masks.
Biodegradable, reusable, and antivirus masks have gotten special atten-
tion as a sustainable solution to alleviate the current shortage. Besides
filtering and blocking the inhaled aerosols, chemical deactivation of
droplets with antiviral, antibacterial or sanitizing molecules, as they
pass through the fibrous layers, is another sought-after characteristic
in face masks. These molecules need to be released in moisturized and
warm air during exhalation, but can stay fixed on the mask surface
during the inhalation of dry and cold air.

Regarding the exhaled aerosols, it is also useful to engineer non-toxic
durable self-sanitizing surfaces that can slowly release disinfecting
chemicals to mitigate fomite transmission. Fomite contamination is a
well-known problem that is currently solved with chemical and physical
sanitization e.g., wiping or through spraying. It is difficult to trace fomite
transmission, but it is common for many respiratory diseases (Huang
et al., 2020a). Furthermore, patterned surfaces can avoid capillary con-
densation ofwater, which can bring additional self-desiccation properties
to deactivate viruses (Huang et al., 2020a). Therefore,multifunctional PPE
suits have been developed and reported where they take advantage of
smart devices e.g., wireless communication capabilities, actuators and
microsensors for detecting viruses, temperature and humidity setting,
and monitoring physiological conditions without a protective function
(Huang et al., 2020a). Taking advantage of such smart technologies, face
masks could change color if the wearer's body temperature rises above
the certain level associated with the current pandemic.

After all, the appearance of surgical facemasks is another interesting
topic that may increase people's tendency to wear them. The possible
challenges for introducing biodegradable multifunctional surgical face
masks include: the limited sources in supplying bio-based substrate
for such a huge consumption, the price of the final face mask to be
affordable as in universalmasking, the toxicity of the different high per-
formance materials, large-scale manufacturability, and also the durabil-
ity of such effective materials on a surgical face mask. In a future
perspective, these issues should be addressed to develop non-toxic
and high performance durable biodegradable multifunctional surgical
face masks.

7. Conclusions

In the recent century, presence of bacteria and viruses in respiratory
aerosols has played an important role in diseases transmission, especially
with the COVID-19 global pandemic. Facemasks (surgical facemasks and
respirators) have been used globally to protect both healthcare providers
and patients in the recent pandemic. This has resulted in more than four
million tons of plastic waste on a daily basis. Using biodegradable poly-
mers in surgical face mask production can significantly help protect
both the people and our environment at the same time. This paper has
reviewed the viable biodegradable materials options, along with their re-
spective processing requirements and their final performance. In addi-
tion, it is discussed that high-efficiency face masks can be further
functionalized to incorporate other values and benefits beyond biode-
gradability, including temperature/health monitoring, antibacterial, anti-
viral, self-sanitizing properties, and fit and comfort. Each of these
functionalities has been reviewed and potential materials, technologies,
and protocols available to the industry and public have been proposed.
While this review provides a broad perspective on the current status of
multifunctional and biodegradable nonwoven face masks, it also sheds
light on some of the current challenges and the future opportunities.
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