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• Reprocessing of PPE during COVID-19
for healthcare occurs in many countries
under emergency crisis situations

• Social marketing will inform attitudes,
barriers and acceptance of PPE reuse by
healthcare workers.

• Appropriate decontamination and reuse
of face coverings by the public are im-
portant disease countermeasures.

• Post-COVID-19, the changes in medical
practice will drive high demand for PPE.

• Sustainable PPE, made from bioplastics,
will facilitate effective waste manage-
ment and inform technology disruption.
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Currently, there is no effective vaccine for tackling the ongoing COVID-19 pandemic caused by SARS-CoV-2 with
the occurrence of repeat waves of infection frequently stretching hospital resources beyond capacity. Disease
countermeasures rely upon preventing person-to-person transmission of SARS-CoV2 so as to protect front-line
healthcare workers (HCWs). COVID-19 brings enormous challenges in terms of sustaining the supply chain for
single-use-plastic personal and protective equipment (PPE). Post-COVID-19, the changes in medical practice
will drive high demand for PPE. Important countermeasures for preventing COVID-19 transmission include mit-
igating potential high risk aerosol transmission in healthcare setting using medical PPE (such as filtering
facepiece respirators (FFRs)) and the appropriate use of face coverings by the general public that carries a
lower transmission risk. PPE reuse is a potential short term solution during COVID-19 pandemic where there is
increased evidence for effective deployment of reprocessing methods such as vaporized hydrogen peroxide
(30 to 35% VH2O2) used alone or combined with ozone, ultraviolet light at 254 nm (2000 mJ/cm2) and moist
heat (60 °C at high humidity for 60 min). Barriers to PPE reuse include potentially trust and acceptance by
HCWs. Efficacy of face coverings are influenced by the appropriate wearing to cover the nose and mouth, type
of material used, number of layers, duration of wearing, and potentially superior use of ties over ear loops. Inser-
tion of a nose clip into cloth coverings may help with maintaining fit. Use of 60 °C for 60 min (such as, use of
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domestic washing machine and spin dryer) has been advocated for face covering decontamination. Risk of virus
infiltration in improvised face coverings is potentially increased by duration of wearing due to humidity, liquid
diffusion and virus retention. Future sustained use of PPE will be influenced by the availability of recyclable
PPE and by innovative biomedical waste management.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3. Knowledge that informed PPE use and potential reuse from a Republic of Ireland perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
4. Currents status and challenges for the reprocessing of PPE for COVID-19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

4.1. Translating knowledge from use of medical face masks to informing efficacy of commercial or homemade cloth face coverings . . . . . . . . 6
5. Reprocessing of PPE during COVID-19 to meet critical shortages in supply chain using different technologies and approaches. . . . . . . . . . . . . 6

5.1. Reprocessing of PPE using dry and moist heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.2. Reprocessing of PPE using ozone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
5.3. Reprocessing of PPE using hydrogen peroxide vapour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
5.4. Reprocessing of PPE using ethylene oxide (EO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
5.5. Reprocessing of PPE using ultraviolet light (UV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
5.6. Use of bleach for PPE reuse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

6. Enhanced production of PPE that encompasses improvisation for COVID-19 crisis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
7. Waste management, resource utilization and environmental impact of existing PPE usage to address COVID-19 with

green opportunities for innovative change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
7.1. PPE has added to single-use-plastic global challenges for our environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
7.2. Bio-based plastics as potential alternative sustainable materials for PPE for COVID-19 and future viral pandemics . . . . . . . . . . . . . . 12
7.3. Medical waste management – a global challenge for PPE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
CRediT authorship contribution statement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Funding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Declaration of competing interest. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1. Introduction

Since first reported as a cause of serious human pneumonia in
Wuhan, Hubei, China in December 2019, the novel coronavirus
COVID-19 has spread worldwide with devastating consequences. At
the time of writing (29th August 2020), there has been 25.1 million
cases of COVID-19 reported (in accordancewith the applied case defini-
tions and testing strategies in the affected countries) including 845,343
deaths (European Centre for Disease Control and Prevention, 2020).
There is evidence of resurgence of the SARS-CoV-2 globally with the
emergence of second waves of infection in many countries (European
Centre for Disease Control and Prevention, 2020). HongKong is address-
ing its third wave of COVID-19 infections, where Australia is battling a
second wave of infection having previously reduced viral transmission
cases close to zero. COVID-19 has also emerged strongly in developing
low-resource countries that already have significant healthcare chal-
lenges, such as across the African continent that is also challenged
with Acquired Immunodeficiency Syndrome (AIDS) andMycobacterium
tuberculosis as co-morbidities (African Centre for Disease Control and
Prevention, 2020).

Currently, there is still no effective vaccine or anti-viral therapy for
COVID-19 with reliance upon the prevention of transmission by way
of imposing a lockdown, cocooning, social distancing, and wearing of
facemasks in order to protect vulnerable groups and to safeguard front-
line healthcare professionals (Murphy et al., 2020) Epidemiological
studies show that social distancing prevents person-to-person trans-
mission of SARS-CoV-2, which is relevant given that there is growing
recognition that asymptomatic carriers may also contribute to this
transmission (Li et al., 2020). There is evidence to suggest that COVID-
19 is a super-spreader of infectious airborne viral particles where sev-
eral people can be infected at the same time (Li et al., 2020). Clusters
of COVID-19 infection reflect vulnerabilities, such as nursing homes
2

catering for the elderly or meat packing industry (Carswell, 2020),
where there are challenges in practicing appropriate safe social distanc-
ing. However, recent epidemiology studies for past 14 days from the
Health Service Executive in the Republic of Ireland shows that 55% of
COVID-19 occurred in people aged below 35 years of age that would
not have been considered to be a highly susceptible group earlier, thus
highlighting the challenges of reopening countries too quickly. Global
studies have revealed that there is insufficient herd immunity to
COVID-19 due to low exposure levels typically at ca. 5% of total popula-
tion (Carswell, 2020). Many countries have introduced innovative ap-
proaches to flattening the curve of infection, such as, in the Republic
of Ireland where a mobile phone COVID-19 tracker alerts users as to
the status of SARS-CoV-2 in the community.

In pandemic situations, such as the ongoing COVID-19 pandemic,
hospital resources are frequently stretched beyond capacity (Derraik
et al., 2020). There is a pressing need to sustain the supply chain of dis-
posable personal and protective equipment (PPE) in order to prevent
the spread of COVID-19 to and from healthcare workers (HCWs) and
patients. The availability and effective use of PPE are essential that in-
cludesmasks, eye protection, gloves, gowns, and, for aerosol generating
procedures in particular, N95 and KN95 filtering facepiece respirators
(FFRs) or equivalent (Derraik et al., 2020; Rubio-Romero et al., 2020).
This interest in PPE reuse, arising from the ongoingCOVID-19 pandemic,
is also attested by the 52 journal citations that used best-available infor-
mation provided in our initial opinion article on this topic thatwas pub-
lished on 4th April 2020 (Rowan and Laffey, 2020).

Subsequently, there has been a pressing need to provide safe and
simple solutions to disinfect and reuse improvised or homemade
(non-certified) cloth face coverings in order to prevent person-to-
person transmission in the community and workplace. Wearing a face
covering reduces the spread of coronavirus in the community as it
helps to reduce the spread of respiratory droplets from people infected

http://creativecommons.org/licenses/by/4.0/
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with SARS-CoV-2. Use of face coverings helps to stop peoplewhoare not
aware they have the virus from spreading (HSE, 2020). Face coverings
are not recommended for children under the age of 13 unless attending
a healthcare setting, as young children may not follow the advice about
wearing a face covering correctly such as not touching it. Silva et al.
(2020) noted that over 50 countries have mandatory wearing of
facemasks or coverings for the general public. Medical face masks are
typically worn by healthcare workers and by people in self-isolation
who cannot keep a distance of 2 m between themselves and other peo-
ple in their household (HSE, 2020). For those who find it difficult to
wear a cloth face covering, it's appropriate to wear a full face visor or
face shield instead. However, use of face shields are not as good aswear-
ing a face covering, but they provide some level of protection (CDC,
2020). The visor should wrap around the sides of your face (ear to
ear) and extend to below the chin. Reusable visors should be cleaned
after each use and then stored in a clean place until needed. Coordinat-
ing the supply chain for PPE in the midst of a pandemic with many
closed borders and limited freight compounds the challenge (Derraik
et al., 2020). Derraik et al. (2020) also noted that people need to have
trust in systems set up to support supply chain for PPE in theworkplace.
Arising from the unprecedented surge in single-use plastic PPE usage,
there also appears to be a need to consider effective wastemanagement
and recycling strategies to limit SARS-CoV-2 cross-transmission.

Therefore, given the aforementioned, there is a pressing need to un-
derstand the efficacy of disinfection methods and for reuse of medical
PPE in high risk healthcare environment where there is a supply chain
shortage. Also, to define simple solutions for reuse of non-certified
cloth or fabric face coverings used by general public in low risk settings,
which the focus of this study. Consequently, we carried out a rapid re-
view to summarize the literature with two inter-related aims – first,
to examine the current knowledge about survival of SARS-Cov-2 on sur-
faces and to provide an update on studies conducted in the Republic of
Ireland (Rowan and Laffey), − second, to examine current knowledge
on the efficacy and potential barriers for implementing key PPE disin-
fection methods against SAR-CoV-2; and third, to examine biomedical
waste management strategies to meet surge in PPE usage across the
globe. Given the very recent discovery of SARS-CoV-2, our study also
encompassed appropriate review articles and primary data sources
that focused on SARS-CoV-1 as this is sister virus from the same species
(Gorbalenya et al., 2020; Derraik et al., 2020).

2. Methods

Wecarried out a rapid review of the literature to inform the research
questions that addressed a search strategy involved Google Scholar,
Scopus, Web of Science, and PubMed as per approached described re-
cently by Tiedeken et al. (2017). Searches were restricted to publication
from 1 January 2003 (as the first recorded human infection of SARS-1
occurred in November 2002 (as per Derraik et al. (2020)) and 8 August
2020. Titles and/or abstracts were screened by the first author and
where appropriate, full text of individual research studies, opinion
pieces and reviews were consulted. Key words used were PPE; reuse;
reprocessing; disinfection; decontamination; N95; COVID-19; SARS-
CoV-1; SARS-CoV-2; UV; hydrogen peroxide vapour (VH2O2); ozone;
waste management; recycling. Data extraction and rapid analysis was
supplemented by conducting a short observation study where the first
author noted the types of facemasks and face coverings worn by the
public on entering a large shopping centre in the Republic of Ireland
on 14th and 15th August 2020.

3. Knowledge that informed PPE use and potential reuse from a Re-
public of Ireland perspective

At the time of initial writing (3rd April, 2020) (Rowan and Laffey
et al., 2020), the number of confirmed COVID-19 cases had reached 1
million, including 51,515 deaths, which highlights that a 25-fold
3

increase in the prevalence of SARS-Cov-2 has occurred in only 4months
(European Centre for Disease Prevention and Control, 2020). Rowan
and Laffey (2020) had predicted an unprecedented high demand for
PPE across the globe and therefore, it was prudent to consider PPE
reuse as a potential option to meet the critical shortage in the supply
chain for frontline HCWs. Rowan and Laffey (2020) intimated that the
structure of SARS-Cov-2 is such that is sensitive to harsh environmental
stresses. Moreover, the structure of SARS-CoV-2, and related
coronaviruses, includes a RNA genome, a protein capsid, and an outer
envelope. Viral inactivation is linked to the alteration of one of these
structural elements by an environmental stress, such as, heating, ultra-
violet light, and biocides (Bentley et al., 2016; Pinon and Vialette, 2018;
Gorbalenya et al., 2020). The proteins and lipids of the envelopemay be
disrupted more easily than the other parts of the virus (Howie et al.,
2008; Pinon and Vialette, 2018). Thus, naked viruses are generally
more resistant than enveloped viruses (such as SARS-Cov-2 and other
coronaviruses) to similar levels of the same or different adverse envi-
ronmental conditions (Fitzgibbon and Sagripanti, 2008; Pinon and
Vialette, 2018). The enveloped structure of SARS-Cov-2 (Meo et al.,
2020), and Influenza (cited in Li, 2016), is such that these viruses are
more likely to be sensitive to disinfection technologies (Pinon and
Vialette, 2018; Rowan and Laffey, 2020). Kampf et al. (2020) had also
analysed 22 studies of different human coronaviruses where SARS,
MERS, HCoV (but not including COVID-19) were efficiently inactivated
by disinfection on variety of contact surface using 62 to 71% ethanol,
0.5% hydrogen peroxide, or 0.1% sodium hypocholorite within 1 min
of exposure, but survived on untreated surfaces for up to 9 days. van
Doremalen et al. (2020) also conducted tests that showed that SARS-
CoV-1 remains on plastic, stainless steel, copper and cardboard for up
to 72 h. These and other studies (Zhao et al., 2020) have informed selec-
tion of many current disinfection procedures to address SARS-CoV-2
pandemic, including PPE reuse.

Given that disposable, plastic-based, PPE (gowns, eye protection,
gloves, facemasks, filtering facepiece respirators (FFRs)) are heat sensi-
tive, existing healthcare technologies were considered to be either not
available, unsuitable or not configured for reprocessing of PPE in
healthcare for emergency use (Rowan and Laffey, 2020). However, po-
tential solutions for effective reprocessing of PPE that considered virus
inactivation, material compatibility and device functionality (filtration
efficacy, penetration, fit test and so forth) post processing included
use of low temperature hydrogen peroxide vapour (VH2O2), ultraviolet
germicidal light (UVGI), moist heat, and use of weak bleach for liquid
decontamination (Rowan and Laffey, 2020; CDC, 2020). McEvoy and
Rowan (2019) had published a comprehensive review on the back-
ground and efficacy of VH2O2 for terminal sterilization of medical de-
vices that was used to provide supportive technical information in
choice of procedures. This information was supported by prior findings
of Bentley et al. (2016) who reported on 4 log10 viral titre reductions for
the recalcitrant naked Norovirus in a variety of hospital settings (stain-
less steel, glass, vinyl flooring, ceramic tile, PVC plastic cornering) using
30% w/w hydrogen peroxide vapour. Rowan (2019) had also reviewed
potential microbial mechanistic information underpinning UV disinfec-
tion that also provided supportive foundation knowledge for the poten-
tial use of pulsed light technology for PPE.

Information underpinning these candidate technology solutions in-
cluded best-published information of efficacy of these approaches to
surface disinfection cornoavirus (COVID-19) or related viruses and sur-
rogate biological indicator organisms on different surface materials
(Kampf et al., 2020).

The FDA had authorized use of VH2O2 technology, under emergency
use authorization (EUA), for the reprocessing of critical N95 face masks
in the United States in order to help address COVID-19 transmission.
This was informed by Columbus-based Battelle process studies
(Battelle, 2016). Given exceptional circumstances, original equipment
manufacturers (OEMs) of PPE had also suggested possible appropriate
reprocessing strategies, but they also reiterated that their products
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had been manufactured with the sole intention of single use. The con-
tingency plan to be adopted in hospitals on the west of Ireland was to
procure, install and seek approval from competent authority for the de-
ployment of VH2O2 (Bioquell BQ50 system) for filtering face-piece res-
pirators (FFRs) and surgical gowns, UV technologies (NanoClave low-
pressure UVGI system and Claranor Pulsed Light system) for simple
PPE such as face shields, and use of mild sodium hypochlorite
(4000 ppm) for liquid decontamination of critical Starmed hoods. The
VH202, UVGI and mild liquid disinfection strategies have been set up,
but there remains a requirement to gain trust and confidence by
HCWs for PPE reuse post treatments.

4. Currents status and challenges for the reprocessing of PPE for
COVID-19

Coronavirus SARS-CoV-2 transmission has become a significant
global challenge where the number of confirmed cases has increased
twenty five times in just over 4 months to ca. 25 million cases (Rowan
and Laffey, 2020) highlighting the high demand for PPE (European Cen-
tre for Prevention andDisease Control, 2020). There has been increasing
concerns about the potential exposure to frontline healthcare workers
from SARS-CoV-2, and the commensurate need to deploy effective PPE
disinfection procedures to ameliorate the threat of cross-transmission
and infection (Barceló, 2020; Faridi, 2020). Silva et al. (2020) have re-
ported that over 50 countries across the globe have mandated the use
of PPE by the general public to help prevent person-to-person transmis-
sion of SARS-CoV2.

Several authors have reported on the viability of SARS-CoV1 and
SARS-CoV-2 on various contact surface such as printed paper, printed
tissue, cloth, wood, glass, banknotes, plastic, stainless steel, surgical
mask layers over different environmental temperatures, relative hu-
midity and durations (Li et al., 2003; Lai et al., 2005; Pagat et al., 2007;
Chan et al., 2020; Chin et al., 2020; Fischer et al., 2020; Kasloff et al.,
2020; Behzadinasab et al., 2020; Biryukov et al., 2020). In general,
lower environmental temperatures support the longer survival of
SARS-CoV-2 on materials as reported by Chin et al. (2020) where only
a 0.7 log10 reduction was observed for SAR-CoV-2 at 4 °C after 14 days
compared with ≥4.5 log10 reduction at 22 °C (room temperature) after
14 days and ≥ 4.5 log reduction at 37 °C after just 2 days. Similarly,
Chan et al. (2020) also noted only a 2 log10 reduction of SARS-CoV-1
at 4 °C after 14 days when the virus was inoculated onto glass surfaces.
The longer survival of SARS-CoV-2 at colder temperatures may have fu-
ture implications for viral persistence on contaminated face coverings as
we are approaching the winter flu season.

However, public health practices that have been put in place to mit-
igate the spread of SARS-CoV-2 are likely to have a positive impact on
the occurrence of influenza cases given that these viruses share similar
modes of transmission to cause illness. Derraik et al. (2020) comprehen-
sively reported on the viability of SARS-CoV-1 and SARS-CoV-2 on dif-
ferent contact surfaces, without and with UV or heat treatments, and
noted the importance of virus load and inoculum size on inactivation
performance. Lai et al. (2005), who looked specifically at PPE,
highlighted the variability in SARS-CoV-1 viability of 2 days on a dispos-
able polypropylene gown and 24 h on a cotton gown for same 6 log10 re-
duction. Akin to studies reported by Derraik et al. (2020), we also
observed that the majority of researchers used medium tissue culture
infective dose (TCID50) to report inactivation of SARS-CoV-1 and
SARS-CoV-2 on various surfaces. Kasloff et al. (2020) simulated typical
infectious body fluids of infective patients and showed that to achieve
a 5 log10 reduction in SARS-CoV2 at 20 °C (room temperature), it took
ca 14 days on nitrile gloves and as much as 21 days on plastic face
shields, N100 respirators and polyethylene overalls, with some residual
infectivity evident on N95 respirators after 3 weeks. This highlights the
importance of safely discarding soiled PPE, which are not fit for reuse.

Surface disinfection studies against SARS-CoV-2, such as use of so-
dium hypochlorite, hydrogen peroxide or alcohol (Kampf et al., 2020;
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van Doremalen et al., 2020), have informed the suitability of different
technologies for PPE reuse (Table 1). In is notable that Yang et al.
(2020) used a chlorine-containing disinfectant spray (2000 mg/L) for
treating a variety of contaminated areas in hospitals in Wuhan city,
Chinaduring SARS-CoV-2pandemic. All healthcareworkers donned sig-
nificant layers of PPE in the following sequence: white coats, N95 respi-
rator, surgical masks, surgical hat, protective goggles, shoe coverings,
isolation gowns, gloves, protective suits, another pair of gloves, protec-
tive hoods, and boot coverings where hand disinfection and spraying of
75% ethanol is applied to PPE again on entering the hospital. This high-
lights the emphasis placed on implementing rigorous infection control
strategies to remain safe from SARS-CoV2 and the enormous quantities
of PPE used to prevent SARS-CoV-2 transmission.

The U.S. Food and Drug Administration (FDA) led the way in the
strategic authorization of PPE and related medical devices processing
under Emergency Use Authorization (EUA) where a number of
established sterilization companies have been issued authority to
meet these critical supply chain needs arising from this COVID-19 pan-
demic (FDA, 2020). The common reprocessing technology across these
sterilization industries is use of hydrogen peroxide in vapour state
(VH2O2) for PPE treatment, where Battelle demonstrated it's potential
early in pandemic (Rowan and Laffey, 2020). Stryker STERIZONE VP4
Sterilizer, was approved for N95 face mask reprocessing by the FDA
under this EUA, which also incorporates the use of ozone combined
with VH2O2 for this purpose. As part of this EUA, the FDA reviews the
totality of scientific evidence available, including testing data that was
submitted within previous applications supporting device clearance
for other uses that considers different types of polymer materials, in-
cludingmaterials, consistent with those found in compatible N95 respi-
rators. The FDA also reviews performance data such as sporicidal test,
residual analysis, bioburden reduction validation demonstrating loga-
rithmic reductions of a non-enveloped virus challenge; testing regard-
ing material compatibility, functionality and filtration performance of
compatible N95 respirators after multiple decontamination cycles; and
testing regarding VH2O2 residuals after decontamination of compatible
N95 respirators. Typically, reprocessed PPE are discarded after ≤10
treatments as per respective factsheet for facilities and personnel
furnished to FDA. It is appreciated, that EUA reprocessing of PPE in
healthcare settings will reflect supply and demand, if there is sufficient
supply of PPE, then the use of reprocessing technologies will not be
required. Many countries recommend VH2O2 for N95 respirator decon-
tamination, leaving the decision to health service managers (Kobayashi
et al., 2020).

Preparations in the Republic of Ireland for PPE reprocessing are still
ongoing with a trajectory towards use of VH2O2 (Bioquell BQ50, UV
germicidal irradiation (UVGI, NanoClave) and sodium hypochlorite liq-
uid decontamination by trained healthcare staff within the hospital set-
ting. Challenges observed include unexpected delay in the delivery of
reprocessing technologies that took several months, where the low-
pressure UVGI system is turn-key innovation for ease and reliability of
operation. Standard operating procedures (SOPs) were generated for
safe use to meet expected PPE reprocessing needs. It is likely that de-
ployment of the technologies will be met by use of emergency authori-
zation issued by the hospital through infection control and crisis
management committee. This would infer that PPE reprocessing tech-
nologies, if authorized by this committee, can only be deployed within
that specific hospital for fixed purposes under emergency use.
Kobayashi et al. (2020) described extended use of N95 respirators,
defined as respirator was used, removed, stored and used again at
least 1 more time. The maximum duration of extended use of N95 res-
pirators ranged from 4 h (France, New Zealand, and Sweden) to 40 h
(Mexico), and the maximum number of cycles of decontamination
ranged from 2 (Germany) to 5 (United States).

At the time of writing, there is still no consensus in the Republic of
Ireland as to the strategic deployment of these technologies for PPE
reuse, such as, for extended community needs where there has been



Table 1
Frequently cited publications for PPE reuse, decontamination, waste management and recycling.a

Filtering Facepiece Respirators (FFRs such as N95) Face Shields
or Visors

Cloth or Fabric Face
Coverings

(Homemade or
Commercial)

Surgical and
Procedural

Masks

PPE (other including
Gowns)

Bio-medical waste
(including PPE)
Management and

Recycling

Hydrogen
Peroxide Vapor

(VH2O2)
± Ozone

UV Germicidal
Irradiation (UVGI)
UVA, UVB, UVC

Heat-based Procedures

Boškoski et al.
(2020)

Zhao et al. (2020)
[N95s]

Liao et al. (2020)
[≤85 °C, 30% RH, 10 min]

Flanagan and
Ballard (2020)
[3D Printed]

Van der Westhuizen
et al. (2020)

Sickbert-Bennett
et al. (2020])
Filtration
efficacy]

Jessop et al. (2020)
[PPE reuse]

Horton and Barnes
(2020)

Rowan and
Laffey (2020)

Mills et al. (2018)
[N95s]

de Man et al. (2020)
[121 °C]

FDA (2020) CDC (2020) Zorko et al.
(2020)

Hegde (2020) [choice] Aeschelmann and
Carus (2020)

Rubio-Romero
et al. (2020)

Ratnesar-Shumate
et al. (2020) UVB

Auerswald et al. (2020) Perencevich
et al. (2020)

Rubio-Romero et al.
(2020)

Dangaville et al.
(2020)
[shortage]

Saini et al. (2020)
[overalls]

Barceló (2020)

Saini et al.
(2020) [Low
Cost]

O'Hearn et al.
(2020b)

Price and Chu (2020) dry
heat 70 °C/30 min [FFRs

Cook (2020) WHO (2020) Elhadi et al.
(2020) [low
resource
countries]

Lockhart et al. (2020)
[use In Anaesthesia]

Silva et al. (2020)

Derraik et al.
(2020)

Fisher and Shaffer
(2011)

Ma et al. (2020) O'Hearn et al.
(2020b)

European Center for
Disease Prevention
and Control (2020)

Rubio-Romero
et al. (2020).

Skrzypczak et al.
(2020) 3D printed

Ilyas et al. (2020)

Srinivasan and
Peh (2020)

Lowe et al. (2020)
[ca 300 mJ/cm2]

Spanish Society of
Preventive Medicine,
Public Health and Hygiene
(2020)

Saini et al.
(2020)

Mueller et al.
(2020)

Ahmed et al. (2020) European Commis-
sion (2020)

Schwartz et al.
(2020)

Inagaki et al.
(2020)
[DUV-LEDs]

Toon (2020)
[Ozone]

MacIntyre et al.
(2015)

Boškoski et al.
(2020)

Martín-Rodríguez et al.
(2020) [pain]

Ghodrat et al. (2017)

Grossmann
et al. (2020)
[N95s]

3M™ (2020) Rengasamy et al.,
(2010)

Radonovich et al.
(2019)

Rowan and Galanakis
(2020)

Prata et al. (2020)

FDA (2020c) Rowan and Laffey
(2020)

Rubio-Romero et al.
(2020)

Shakya et al. (2017) Rengasamy et al.
(2010)

Suppan et al. (2020)
E-learning

Singh et al. (2020)

Steinberg et al.
(2020)

Card et al. (2020) MacKenzie (2020)
[Household Use]

MacIntyre et al.
(2015)

Toon (2020) [Gowns] Clark (2020)

Jatta et al.
(2020)

Liao et al. (2020) Batéjat et al. (2020) FDA (2020) Park (2020) Rhee (2020)

CDC (2020) &
CDC, 2020)

Steinberg et al.
(2020)

Steinberg et al. (2020) Ou et al. (2020) Rowan and Laffey
(2020) [Surgical
Gowns, Starmed Hoods
for ICU]

Hutti-Kaul et al.
(2020)

Toon (2020)
[Ozone]

Ou et al. (2020) Derraik et al. (2020) Wang et al. (2020)

Battelle (2016) Derraik et al.
(2020)

Ou et al. (2020) Barceló (2020) Liu et al. (2017)

Liao et al.
(2020)

Ou et al. (2020) Kobayashi et al. (2020)
[Dry heat]

Ou et al. (2020) Ozog et al. (2020) Daeschler et al. (2020)
Perkins et al.
(2020)

Heilingloh et al.
(2020)

Pastorino et al. (2020)

a Powered-air purifying respirators (PARPs); Filtering Facepiece Respirators (FFRs); Relative Humidity (RH).
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clusters of infections. However, there has been significant progress
made on important guidance documents (NSAI, 2020) that also includes
Health Products Regulatory Authority (HPRA) regulatory derogation
pathways. The PPE that were observed to be in short supply were surgi-
cal gowns and Starmed Hoods for use in ICU, with less pressure on sup-
ply of face mask and FFRs. Surgical gowns have similar material
consistency to that of surgical wrapping used for reprocessing of endo-
scopes, but the chamber size of in house plasma-generated VH2O2 is
too small to cater for large throughput of PPE for user needs. A limiting
factor for bespoke in-house reprocessing of PPE is the ability to test vi-
ruses along with biological indicator to confirm efficacy of decontami-
nation along with expertise and capacity to demonstrate functionality
(Rowan and Laffey, 2020). There is also a pressing need to explore atti-
tudes, perceptions and possible barriers for use of reprocessed PPE by
frontline clinicians and nurses that would entail conducting a social
marketing study so as to inform overall acceptance and to overcome be-
haviour change factors for PPE reuse.

Increased use of facemasks bypeople in communities in Irish society
is aligned with similar recommendations in other countries across the
globe (Rubio-Romero et al., 2020; Holland et al., 2020; Government of
Ireland, 2020). WHO (2020) also advocate that “use of face masks
alone are insufficient to provide adequate level of protection, and
other measures should also be adopted”. WHO (2020) also advises for
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each country to apply a risk-based approach that considers benefits
(such as reduction of potential risk of exposure), along with potential
risk (such as self-contamination, false sense of security, impact of PPE
shortage) when deciding to use facemasks by general population. The
Centre for Disease Control and Prevention (2020) and Health Service
Executive (HSE) in the Republic of Ireland (2020) recommends the
use of cloth face coverings to help slow down the spread of COVID-19.
Face cloths can be decontaminated and reused after putting through a
washing machine and dryer where the combination of elevated
temperature and use of detergent the virus inactivates SARS-Cov-2
(Zhao et al., 2020).

TheWHO (2020b) estimates that approximately 89 million medical
masks will be required each month to respond to COVID-19 reflecting
general use of these across both community and healthcare. Given
that approximately 230,000 new cases of SARS-CoV-2 have been re-
ported daily (European Centre for Disease Prevention and Control,
2020), there has been global interest in gaining an understanding of ap-
propriate procedures for safe PPE reuse (Table 1). It is notable that the
term “N95” refers to the US National Institute or Occupational Safety
and Health (NOISH) certification (Derraik et al., 2020). N95 filtering
facepiece respirators (FFRs) are defined as respirators no resistant to
oils, but with a particle filtration efficiency ≥95% when challenged
with sodium chloride particles of a median diameter of 0.075 μm at a
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flow rate of 85 L/min (Derraik et al., 2020). The equivalent Conformité
Européen (CE) certifications are FFP2 and FFP3 respirators that have
minimum required particle filtration efficiencies of 94% and 995 respec-
tive. Thus, we have referred to this generic group as FFRs.

Disposable PPE are regulated by Regulation (EU) 2016/425 of the
European Parliament and repealing Council Directive 89/686/EEC
(European Parliament and the Council of the European Union, 2016,
which obliges the manufacturer to apply the aforementioned CE mark-
ing and to follow the procedure for evaluating and complying with the
requirements for that marking. The full suite of European standards
and certifications for manufacturer respiratory protective devices are
described by Rubio-Romero et al. (2020). However, the European Com-
mission also published specific Commission Recommendations (EU)
2020/43 of March 13, 2020 on conformity assessment and market sur-
veillance procedures with the context of COVID-19 threat to allow for
commercialization of PPE or medical devices that comply with non-
European standards, even if they do not have CE marking in the event
of shortage of supplies, but an adequate level of protection must be
guaranteed and the corresponding authority informed (European Com-
mission, 2020). Similarly, the United States government published au-
thorizations to import Non-NIOSH-approved filtering facepiece (FFP)
respirators from other countries (Food and Drug Administration,
2020). The situation of widespread shortages of PPE has led civic society
making different kinds of improvised facemasks using a variety ofmate-
rials without any guarantee of certification internationally (Rubio-
Romero et al., 2020). In order to help standardize this practice, some
standard organization released reference documents such as French As-
sociation for Standardization published AFNOR SPEC S-76-001 that ad-
dresses mass manufacturer of homemade masks (AFNOR, 2020).
Effectiveness of disposablemasks varies depending on the type and cer-
tification standards, which focuses on the leakage of all particles in the
interior at 22%, 8% and 2% for FFP1, FFP2 and FFP3 respectively (Rubio-
Romero et al., 2020).

4.1. Translating knowledge from use of medical face masks to informing ef-
ficacy of commercial or homemade cloth face coverings

Sickbert-Bennett et al. (2020) recently reported on the aerosol filtra-
tion efficiency for FFR alternatives that have been used during the
COVID-19 pandemic. Surgical masks with ties were shown to have fil-
tration efficiency (FFE) of 71.5%(±5.5), while procedural masks with
ear loops had lower FFE at only 38.1% (±11.4%). The FFE of 3 M's N95
Respirator (Model 1830) was reported to be high at 98.5% (±0.4)
(Sickbert-Bennett et al., 2020). Quality improvement studies of 29 fitted
face mask alternatives, expired N95 respirator with elastic bands sub-
jected to ethylene oxide or hydrogen peroxide vapour had unchanged
fitted filtration efficiency (FFE) of more than 95%, while performance
of N95 respirators in wrong size resulted in decreased FFEs between
90 and 95%. As a group, surgical and procedural masks had lower FFEs
related to N95 respirators with masks secured with elastic ear loops
showing lowest performance. Clinicians and HCWs have voiced con-
cerns about discomfort arising with ear loops from wearing face
masks for prolonged period. Thus, there appears merit in use of head
ties, instead of ear loops, for securing face masks or face coverings to
protect against infectious aerosols harbouring SARS-CoV2.

A short observational study of the types of face masks and face cov-
ering used by 1043 shoppers as they entered a large retail centre was
conducted in the Irish midlands on 14th and 15th August, 2020. Find-
ings revealed that 461 wore coverings with ear loops, 320 wore proce-
dural masks with elastic ear loops, 140 wore KN95/N95 respirators, 38
wore face shields, 5 wore bandanas, 3 wore scarfs, and 56 shoppers
did notwear face coverings. Therewas no evidence of anyoneusing sur-
gical masks secured with ties. It was observed that 64 appeared to be
wearing face masks or coverings over their mouth only, or below their
chin, or were improperly fitting such that these did not cover the nose
or mouth. Some shoppers removed their face masks, or raised their
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face shields to the top of their head, in order to have conversations,
which indicated a lack of understanding of their purpose and function.
Recnet evidence from Fischer et al. (2020) with FFRs suggests that
face masks and face coverings should consider use of adjustable cloth
ties, as this design potentially offers better filtration efficacy of the
virus compared to using a face coverings that have elasticated ear
loops. Creativity in the design of cloth coveringswas observed including
insertion of a clear panel to facilitate lip reading. Face cloths are likely to
be disinfected through use of domestic washing machine for re-use
where combination of moist heat above 60 °C and detergent will kill
COVID-19 (Zhao et al., 2020; Rubio-Romero et al., 2020). CDC (2020b)
report that it is not known if face shields provide any benefit as source
control to protect others from the spray of respiratory particles. CDC
does not recommend use of face shields for normal everyday activities
or as a substitute for cloth face coverings. If face shields are usedwithout
a mask, they should wrap around the sides of the wearer's face and ex-
tend to below the chin.

5. Reprocessing of PPE during COVID-19 tomeet critical shortages in
supply chain using different technologies and approaches

Albeit limited, published studies have demonstrated efficacy of var-
ious chemical biocides at mild concentrations against several viruses
(including SARS, MERS, HCoV) on different inanimate surfaces (Kampf
et al., 2020; van Doremalen et al., 2020). This informed PPE re-use stud-
ies, such as in theUS, where HCWswere providedwith 5 FFP respirators
to a factor in one usage per day where at the end of the working day,
used FFP respirator must be kept in a breathable paper bag and stored
by order of usage (Centre for Disease Control and Prevention, 2020). If
the workers store and use FFP respirators in order of each day, which
would infer that 5 days would have occurred between initial usage of
each respirator (Rubio-Romero et al., 2020. The focus of this review is
to describe decontamination procedures that are readily scalable for
safe PPE reuse based upon best published information.

Procedures that have been reported in the literature for the reuse of
PPE in healthcare focus on applying mild treatments that seeks to
achieve a balance between exploiting the sensitivity of SARS-CoV-2
with that of ensuring viral bioburden reduction and functionality of
PPE post processing. Themajority of reported approaches have adopted
use of hydrogen peroxide in vapour state (VH2O2) that are authorized
by competent authorities (such as FDA), with one company reporting
combiningVH2O2with ozone. The authorized use of other processes in-
clude moderate heat with steam, low-pressure UV technologies and
mild liquid disinfection (CDC, 2020). Physical technologies (such as
gamma irradiation) are not been pursued as they affect material func-
tionality of treated PPE (Rowan and Laffey, 2020). The majority of stud-
ies have reported on reduction in surrogate microorganisms, but there
has been limited publications addressing holistic component aspects
such as complex functionality testing such as filtration efficacy of FFRs
(Table 1). Several studies have used SARS-CoV-2 as test organism for vi-
ability and for reprocessing of PPE with an emphasis on cell culture de-
terminations (Table 1). Others studies have used a range of virial
surrogates at different concentrations, such as T1, T7, phi-6 and MS2
bacteriophages, Influenza A H1NI, N5NI, H7N9, MERS-CoV, SARS-CoV,
or established bacterial endospore indicators such as Bacillus atrophaeus
or G. stearothermophilus (CDC, 2020; Rowan and Laffey, 2020).

5.1. Reprocessing of PPE using dry and moist heat

Some studies have been reported on the use of different regimes of
heating for PPE processing. Heating causes irreversible structural dam-
age in virus proteins that prevents binding to host cells (Derraik et al.,
2020); the challenge is for thermal procedures is to eliminate SARS-
CoV-2 with damaging PPE. The guiding principle, similar to the concept
of pasteurization for use with heat sensitive foods, is that one can
achieve a similar one-log reduction in viral load by reducing exposure
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time with increasing temperature. For example use 72 °C for 15 s pro-
vides similar level of lethality to that of using a holding temperature of
60 °C for 30 min. In general, heat treatment at 60 °C for ≥30 min
would lead to ca 4.6 to 7 log10 reduction in SARS-CoV-2 (Table 1). How-
ever, doubling exposure duration at 60 °C to 60 min would be prudent
given the variability in heat inactivation studies reported for SARS-
CoV-1 and SARS-CoV-2 (Derraik et al., 2020). For example, Darnell
et al. (2004) reported on residual infectivity after exposure of SARS-
CoV-1 to heating at 65 °C for 90min. Also, there is considerable variabil-
ity in the manner by which the viruses have been tested by researchers
that includes use of artificial solutions, surfaces and materials, with and
without soiling, where the lack of harmonized procedures makes it
challenging to appreciate significance of findings and relevance to prac-
tice, such as PPE (Table 1). Variable factors influencing the efficacy of
heat inactivation procedures for SARS-CoV-1 and SARS-CoV-2 include
number of viruses present (viral load), presence of organic matter
(soiling), temperature, humidity and duration of treatment (Table 1).

Song et al. (2020) reported on the use of heating of face masks in an
oven at 56 °C for 30 min combined with hot air from a hair dryer for
30 min to inactivate influenza virus without observing efficacy in filter-
ing capacity. Rubio-Romero et al. (2020) noted that findings from this
particular study was used by the International Medical Center of
Beijing (2020) and the Spanish Ministry of Labour and Social Economy
as basis for indicating that FFRs maintain their filtration efficiency
after decontamination at 70 °C for 30min, although fit and deformation
testing is not reported. Price and Chu (2020) and Spanish Society of
Preventive Medicine, Public Health and Hygiene (2020) recommend
use of dry heat at 70 °C for 30 min in a convection oven to ensure con-
stant and uniform temperature maintenance. However, there is a gen-
eral lack of information on the effect of dry heat on filtration, fit-test
or deformity over several decontamination cycles (N95DECON, 2020a;
Rubio-Romero et al., 2020; Derraik et al., 2020).

The CDC (2020) stated that, based on limited research available as of
April 2020, moist heat has shown promise as a potential method to de-
contaminate FFRs. The CDC's National Institute for Occupational Safety
and Health (2020) reiterated that before using any decontamination
method, it should be evaluated for its ability to retain 1) filtration per-
formance, 2) fit characteristics achieved prior to decontamination, and
3) safety of the FFR for the wearer (e.g. by inactivating SARS-CoV-2).
Moist heat, consisting of 60 °C and 80% relative humidity (RH) caused
degradation in the filtration and fit performance of tested FFRs
(Bergman et al., 2010; Bergman et al., 2011; Viscusi et al., 2011).
Heimbuch et al. (2011) disinfected FFRs contaminated with HINI influ-
enza using moist heat of 65 °C and 85% RH that achieved a minimum
of 99.99% reduction in the test virus. CDC (2020) noted that one limita-
tion of the most heat method is the uncertainty of disinfection efficacy
for various pathogens. This is particularly relevant as there could be
more than one respiratory virus or pathogen on contaminated FFRs in
healthcare environment and during COVID-19 pandemic.

5.2. Reprocessing of PPE using ozone

Ozone can disrupt lipids and proteins in the cell envelope of viruses
exposing vital genetic material, thus causing oxidative inactivation
(Rowan, 2019). Zhang et al. (2004) had previously reported on decon-
tamination of FFP respirators using ozone where SARS-CoV1 was
inactivated using different concentrations of ozone solution disinfection
with efficacy at 27.73 mg/L for 4 min exposure. Toon (2020) also de-
scribed the efficacy of ozone for decontaminating PPEwhere the relative
humidity needed to be maintained above 50%, Dennis et al. (2020) re-
ported virucidal potential of ozone where they implemented a simple
disinfection-box system for treating FFRs. The authors recommended
ozone concentrations at 10 to 20 ppm combined with an exposure of
at least 10 min. Dennis et al. (2020) note advantages of ozone that in-
clude rapid virucidal action that is effective for fibrous material, which
included addressing crevices and shading. However, Dennis et al.
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(2020) also stated that ozone is a lung irritant and can be dangerous
to humans, animals, and plants. There is very limited published infor-
mation on ozone for broader PPE and medical device treatment due
possibly to the risk associated with its volatility and lung health
implications.

5.3. Reprocessing of PPE using hydrogen peroxide vapour

The majority of authorized approaches advocated by competent
bodies deploy hydrogen peroxide vaporization (VH2O2) for emergency
reprocessing of PPE where there is critical shortage (Table 1). Jatta et al.
(2020) reported on effective filtration efficiency and fit testing of N95
respirators (3 M 8211FF and 9210FF) after 5 and 10 cycles of VH2O2
by V-PRO®maX Low Temperature Sterilization System at higher con-
centration of 59% VH2O2 to prolong the supply of respirators. Battelle
and Duke University had validated hospital protocols for
decontaminating respirators using 30 to 35%. VH2O2 (Jatta et al.,
2020; Rowan and Laffey, 2020). The background and benefits of using
VH2O2 as a reprocessing agent or sterilisingmodality formedical device
application have been comprehensively reviewed by McEvoy and
Rowan, 2019. However, VH2O2 compatibility with cellulose-based ma-
terials in PPE needs consideration (Zhao et al., 2020).

Grossmann et al. (2020) noted that several VH2O2 sterilization sys-
tems are currently approved for use under Emergency Use Authoriza-
tion (EUA), but these technologies can be difficult to obtain due to the
significant demand around the world. Grossmann et al. (2020) de-
scribed the VH2O2 process (closed and sealed off room using Bioquell
Z-2 disinfection cycle) for N95 respirators. These FFRs had been placed
in Tyvck pouches where the process includes conditioning, gassing,
dwell, and aeration of the VH2O2. Grossmann et al. (2020) demon-
strated a reproducible and scalable process for decontaminating N95
respirator within a large academic hospital and healthcare system.

The CDC (2020) reviewed all relevant publications on VHO2H de-
contamination of FFRs in order to provide evidence of minimal effects
to filtration and fit, while demonstrating 99.9999% efficiency in killing
bacterial spores. VH2O2 did not reduce the filtration performance of
ten N95 FFR models tested while showing a 6-log reduction in
Geobacillus stearothermophilus spores (Viscusi et al., 2009; Bergman
et al., 2010; Battelle et al., 2016; van Doremalen et al., 2020). In a report
prepared by BattelleMemorial Institute, the 3M1860 FFRwas shown to
maintain filtration performance for 50 treatment cycles of V2HO2, using
the Clarus® R HPV generator form Bioquell (utilizing 30% H2O2). Addi-
tionally, FFR fit was shown to be unaffected for up to 20 VH2O2 treat-
ments cycles using NPPTL's Static Advanced Headform (Bergman et al.,
2014; Battelle et al., 2016). Strap degradation occurred after 20 treat-
ment cycles. Kenney et al. (2020) contaminated 3 M 1870 FFRs with
three bacteriophages, T1, T7, and Phi 6, and decontaminated the FFRs
using VHP generated from the Bioquell's BQ-50 system. The V2HO2
treatment was shown to inactivate >99.999% of all phages which was
below the limit of detection. Viscusi et al. (2009) found that 9 FFR
models (three particulate N95, three surgical N95 FFRs and three
P100) exposed to one cycle of VH2O2 treatment using the STERRAD
100S H2O2 Gas Plasma Sterilizer (Advanced Sterilization Products, Ir-
vine, CA) had filter aerosol penetration and filter airflow resistance
levels similar to untreated models; however, Bergman et al. (2010)
found that three cycles of gas plasma treatment using the STERRAD
100S H2O2 Gas Plasma Sterilizer negatively affected filtration perfor-
mance. Table 1 lists themost frequently published papers on the decon-
tamination of reuse of PPE using VH2O2.

5.4. Reprocessing of PPE using ethylene oxide (EO)

The CDC (2020) reported that ethylene oxide (EO) is not recom-
mended as a decontamination method for FFRs as it is carcinogenic
and teratogenic and may be harmful to the wearer, even at very low
concentrations. NIOSH set a low exposure limit due to residual cancer
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risk below the quantitative limits of detection, i.e., preferring lowest fea-
sible exposure (CDC, 2020). The CDC reviewed several studieswhere EO
was shown to not harm filtration performance for the 9 tested FFR
models. All tests were conducted for one hour at 55 °C with EO gas con-
centration ranging from 725 to 833 mg/L (Viscusi et al., 2007a; Viscusi
et al., 2009; Bergman et al., 2010). Also, six models that were exposed
to three cycles of 736mg/L EtO all passed the filtration performance as-
sessment (Bergman et al., 2010).

5.5. Reprocessing of PPE using ultraviolet light (UV)

Ultraviolet (UV) irradiation causes inactivation of viruses by damag-
ing RNA or DNA via a photo-dimerization process (Darnell et al., 2004).
UV decontamination exploits different wavelength bands where UVC
(200–280 nm) is superior to UVB (280–300 nm) and UVA
(320–400 nm). Optimum irreversible molecular damage occurs around
the 254 nm wavelength, hence the reason why this fixed wavelength
has been successfully exploited by thewater industry for ca. 50 decades
(Rowan, 2019). Microbial pigments have evolved for peak absorbance
to match 254 nm for to protection, however, viruses (including SARS-
CoV-2) do not produce pigments or other defence mechanisms against
UV and are not capable of independent lift. Hence, they require a host
such as people for replication. Thus, the majority of PPE decontamina-
tion studies have focused on exploiting UVC, rather than UVB or UVA
(Table 1) Next-generation, pulsed UV light technology exploits an
ultra-short, intensive broad light spectrum (ca 200 nm to 1100), and
has been previously shown to be superior to conventional low-
pressure fixedwavelength UVCmethods. However, PUV is an emerging
disruptive technology (Rowan, 2019) that is used commercially by the
food industry, such as for decontamination of packaging. Only one
study, Jinadatha et al. (2015), reported on the disinfection of PPE mate-
rials prior to doffing by a pulsed xenon light source that was artificially
contaminated with Ebola viral surrogate with reduction in viral load.

There is growing interest in the use of UV technologies for treating
COVID-19 with varied findings (Torres et al., 2020; Rubio-Romero
et al., 2020; CDC, 2020; Derraik et al., 2020). The CDC (2020) also
noted that ultraviolet germicidal irradiation (UVGI) is a promising
method for PPE reuse, but stated that not all UV lamps provide the
same intensity, thus treatment timeswould have to be adjusted accord-
ingly (Table 2). Moreover, UVGI is unlikely to inactivate all the viruses
and bacteria on an FFR due to shadow effects produced by the multiple
layers of the FFR's construction. The CDC (2020) noted that acceptable
filtration performance was recorded for eleven FFR models exposed to
various UV doses ranging from roughly 0.5–950 J/cm2 and UVGI was
shown to have minimal effect on fit. Heimbuch and Harnish (2019)
tested filtration and fit of 15 FFRs and found no adverse effects to FFR
performance. An approximate inactivation of 99.9% of bacteriophage
MS2, a non-enveloped virus, and H1N1 influenza A/PR/8/34 on FFPs
were achieved with approximately UV dose of 1 J/cm2 (Fisher and
Shaffer, 2011; Heimbuch et al., 2011). Heimbuch and Harnish (2019)
also tested the performance of 1 J/cm2 of UVGI against Influenza A
(H1N1), Avian influenza A virus (H5N1), Influenza A (H7N9) A/Anhui/
1/2013, Influenza A (H7N9) A/Shanghai/1/2013, MERS-CoV, and SARS-
CoV and reported virus inactivation from 99.9% to greater than
99.999% (Fisher and Shaffer, 2011). Bodell et al. (2016) also reported
on the use of UV technology to destroy HINI influenza viruses where
≥3 log reduction was achieved after 60 to 70 s at irradiance of 17 mW/
cm2. However, these authors reported on significant variably in efficacy
depending upon the prototype and operating conditions used. Lindsley
et al. (2015) reported treatment of FFP respiratory N95 with low pres-
sure UV light at 950 J/cm2 produced greater particle penetration (up
to 1.25%) and had little effect on flow resistance. However, higher
fluence levels (such as 2360 J/cm2) reduced the strength of filtered
layers and the breaking strength of straps. O'Hearn et al. (2020a) con-
ducted systematic review of 13 papers focusing on UV-disinfection of
N95 respirators where they recommended a cumulative UV-dose or
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fluence of 40,000 J/m2 in future validation studies including filtration,
fit and deformation testing.

Card et al. (2020) reported on the potential efficacy of FFP respirator
decontamination using UVGI using biosafety cabinets that describes ir-
radiation for 15–20 min per side with a fluence of 100 μW/cm2. Lowe
et al. (2020) reported that use of UVGI effectively inactivates a range
of complex human pathogens including coronaviruses with a focus on
FFP respirators (N95) disinfection. This online Nebrasca Medicine also
reported on fit and functionality efficacy of UVGI-treated N95 were
not affected at different levels of fluence (Lowe et al., 2020;
N95DECON, 2020a). The Spanish Society of Preventative Medicine rec-
ommends decontamination of FFP respirators using UVGI with double
lamps at 36 W for 148 s exposure. However, Rowan and Laffey (2020)
and Rowan (2019) reported on technical challenges of using UV irradi-
ance for disinfecting complex devices that includes variance in UV
fluence and complex shading affects such as presented in filter mesh.
The InternationalMedical center of Beijing (2020) does not recommend
UV disinfection for FFP respirators as the efficacy of disinfection it pro-
duces for COVID-19 is to be determined. The Centres for Disease
Control and Prevention (2020) also advocates against use of UV disin-
fection of filtering facepiece respirators due to “shadowing effects pro-
duced by the multiple layers of the filtering respirators construction”.
Rubio-Romero et al. (2020) noted that the advantages of UV could be
that ≥ J/cm2 of UV-C inactivates viruses similar to SARS-CoV2 on N95s
that maintain fit and filtering performance after 10–20 cycles but
shadowing may affect disinfection efficacy (N95DECON, 2020b). Straps
also become degraded after multiple cycles of UV (Mills et al., 2018).

Zhao et al. (2020) reported on the treatment of N95-ratedmasks and
nonrated surgicalmasks,where they demonstrated that neither 254nor
265 nm UV-C irradiation at 1 and 10 J/cm2 had adverse effects on the
masks' ability to remove aerosolized virus-sized particles. The authors
noted that additional testing showed no change in polymer structure,
morphology, or surface hydrophobicity for multiple layers in the
masks and no change in pressure drop or tensile strength of the mask
materials. Inagaki et al. (2020) recently reported (via a non-peer
reviewed paper), that a deep ultraviolet light-emitting diode (DUV-
LED) instrument generating around 250–300 nm wavelength (fluence
3.75 mW/cm2) showed potential for inactivating (in vitro) a strain of
SARS-CoV-2 that had been isolated from a patient who developed
COVID-19 in the cruise ship Diamond Princess in Japan in February
2020. This strain was obtained from the Kanagawa Prefectural Institute
of Public Health (SARS-CoV-2/Hu/DP/Kng/19–027, LC528233). Proper
precautions are required to avoid UVGI exposure to skin or the eyes,
as UVGI is harmful. Rowan (2019) described a reliable protocol for har-
monizing the UV dose of fluence generated from different technologies
in order to enable repeatability. Generally, the consensus for use of UV
technologies, is that one needs to apply extended doses of UV light for
PPE material decontamination to at least a UV dose of 2000 mJ/cm2

for efficacy. However, fixed UV lights sources produce significant heat
over extended treatments and it is not clear frommany of the published
studies that focused on UV decontamination of SARS-CoV-1 or SARS-
CoV-2 how temperature was monitored and controlled (Table 2). UV
technologies are only effective when treating 2D surfaces as they need
to irradiate the target; thus, a virus that is trapped in crevices or hidden
behind amesh such as found in the layers of material in FFRs will not be
inactivated as it will not have received treatment (CDC, 2020; Rowan,
2019).

5.6. Use of bleach for PPE reuse

Rowan and Laffey (2020) reported on the use of bleach (sodium hy-
pochlorite at ≤4000 ppm), alongwith a counter water immersion phase
to remove residuals, for testing disinfection performance of Starmed
Hoods for ICU. While 3 M stated that Viscusi et al. (2009) measured
the filtration performance of two FFR models submerged into a range
of sodium hypochlorite solutions (0.525% - 5.25% sodium hypochlorite)



Table 2
Recommended information to be reported in studies on microbial/virucidal (SARS-CoV-2) inactivation by UV technologies for harmonization of PPE reuse and for scalability.

Main factors Recommended information for reporting

Microorganism, recovery and enumeration Genus, species and strain of microorganism
*Provide appropriate culture collection reference number and/or include type strain for test
microorganism(s) in studies
*Include Bacillus atrophaeus and/or Geobacillus stearothermophilus endospore along with test organisms
*Confirmation of identify of test microorganisms by biochemical, physiological, morphological,
immunological and/or
molecular means (provide name of supplier for rapid test kits)
*Method of storing cultures (cryoprotectant) and frequency of sub-culturing (using fresh microbial
slope every month kept at
4 °C where bacterial indicators used)
Initial inoculum
* Description of procedures for microbial cultivation including name of supplier company for media (to
include in vitro analysis)
* Growth medium composition, growth temperature, pH, incubation time, and growth phase
(exponential or stationary)
* Growth achieved under static or orbital cultivation (rpm)
* Confirm purity by identifying 3 randomly selected isolates
Recovery conditions and enumeration methods for test strains
* Composition of media used for recovery to include basal media or physiological saline as diluent
* Time and storage conditions between treatment and microbiological analysis
* Description of procedure for enumerating viral test strains post treatments, such as use of in vitro
tissue culture procedures

UV treatment medium properties and conditions For commercial: description of power unit used for generating pulses to include equipment name of the
supplier company and
model
For prototype: adequate description of components including treatment chamber, electrical
configurations and specifications
Auxiliary devices –
∗ Temperature probe
∗ Thermophile power detector and software for total broad-spectrum dose received by sample
∗ Transmissivity sensor to monitor %UV transmittance
Ensure microbial population density is ≤5-log orders to mitigate against influence of protective shading
effects
Include description of media composition, pH, aw
Composition of menstruum used as diluent for treated samples
Sufficient number of treatment trials and replications to provide statistical confidence of findings at 95%
level; description of
statistic test and version of software package (such as Minitab or SPSS)
Description of method used to generate bacterial endospores (natural aged for 7 days or incorporation
of manganese sulphate to
expedite conversion of vegetative cells to spores on agar surfaces)
Include native microflora along with artificially seeded test microorganisms due to variability in
resistance profile to PL
Consider occurrence of cavities in plant surface microstructures that may protect microorganisms from
incident light due to shading

As part of EUA, the FDA (2020) reviews the totality of scientific
evidence for PPE reprocessing including specialist testing

*testing submitted within previous applications supporting device clearance for other uses that
considers different types of polymer materials, such as materials consistent with those found in
compatible N95 respirators.
*performance data such as sporicidal test, residual analysis, bioburden reduction validation
demonstrating >3 log reduction of a non-enveloped virus challenge; testing regarding material
compatibility, functionality and filtration performance of compatible N95 respirators after multiple
decontamination cycles
*testing regarding residuals after decontamination of compatible N95 respirators.
*Typically, reprocessed PPE are discarded after 10 treatments as per respective factsheet for facilities
and personnel furnished to FDA
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and noted some degradation in filtration performance, but not below
acceptable levels. Viscusi et al. (2009) and Bergman et al. (2010) also
examined the performance of multiple FFR models submerged into 6%
sodium hypochlorite and found filtration performance not to be af-
fected. However, residual bleach odours and chlorine off-gassing was
noticed and Viscusi et al. (2009) concluded that bleach decontamina-
tion of FFRs should be further evaluated using lower concentrations of
sodium hypochlorite and to consider chemical methods for neutralizing
residuals. Based upon published information, use of liquid bleach (so-
dium hypochlorite) should only be considered for simple PPE
configurations, such as visors or starmed hoods, which must have a
water rinsing post-process step to ensure residuals are removed in a
vented environment so as to remove chlorine vapour. A comparison of
different potential approaches for decontaminating PPE is presented in
Table 3.
9

6. Enhanced production of PPE that encompasses improvisation for
COVID-19 crisis

There has been a staggering increase in the production of ventilators
and supply of single-use PPE to meet unprecedented demands globally
(Health Products Regulatory Authority, 2020; Global News Wire, 2020).
Cocking (2020) report on the innovative activities of Irish researchers in
production of bespoke hoods for ICU and to support decontamination of
PPE in healthcare setting. Flanagan and Ballard (2020) also reported
that healthcare workers have been improvising and rationing: sometime
outside the lines of CDC and FDA guidelines (Ranney et al., 2020). For ex-
ample, Flanagan and Ballard (2020) have noted that that healthcare
workers have worn refuse/bin bags or rain ponchos due to shortage of
PPE as healthcare have distributed policies regarding reuse and rationing
for frontline staff. In response to FDA not objecting to the distribution of



Table 3
Properties of different decontamination approaches considered for PPE reprocessing and reuse.a

Hydrogen Peroxide
Vapour (VH2O2)

Ethylene Oxide
(EO)

Ultraviolet Germicidal
Light

Moist
Heat

Chemical Liquid
Disinfectants

Gamma
Irradiation

Methodology Penetration of
sterilant gas

Penetration of sterilant gas Surface irradiation Penetration by heat
(such as 60 °C for
30 min delivers 4
log reduction)

Surface disinfection Irradiation of product
using photons from
radioisotope

Efficacy of
process

Process efficacy
confirmed by
biological indicators
and/or process
monitoring

Process efficacy confirmed
by biological indicators
and/or process monitoring

Variable, but process
efficacy confirmed by
biological indicators or
monitoring UV dose

Process efficacy
confirmed by
biological indicators
and/or process
monitoring

Process efficacy
confirmed by
international standards
on biocide testing

Process parameter
confirmed using
dosimetry

Penetration
(such as use
of packaging)

Limited penetration
Requires gas
permeable packaging
and product design

Requires gas permeable
packaging and product
design

Not suitable for
packaged PPE

Suitable for
treatment of
packaged PPE – but
depends upon
specific sensitivity
of materials

Not applied or suitable
for packaged PPE but
could be used for surface
disinfection

Good penetration
complete even at high
densities (>0.4 g/cc)

Material
Compatibility

Good material
compatibility but not
with cellulose-based
materials as degrades
VH2O2

Very few material
compatibility concerns

Broad material
compatibility – longer
exposures affects
brittleness of PVC, straps
of FFRs

Very broad
compatibility

Variable depending
upon biocide – but
sodium hypochlorite or
hydrogen peroxide (≤
5% compatible with PPE

Compatible with most
materials: plastics need to
be evaluated. Avoid
acetals, PTFE (Teflon),
unstable polypropylene

Turnaround
Time

All in one day
processing

Days:
conventional = 9–10 days.
All-in-one
processing = one day

Relatively short –
typically ≤1 h but
depends on UV dose

Relatively short,
typically ≤1 h

Relatively short
(generally ≤30 min)

Hours: time varies based
on dose requirement

Process Complex process that
introduces VH2O2
under vacuum,
treatment, aeration

Complex process: variables
include time, temperature,
humidity, and EO
concentration

Simple rapid process:
delivery of UV dose
(J/cm2) in enclosed
chamber

Simple rapid
process – duration
depends on
combination of
temp, RH and time

Simple rapid process –
but affected by
bioburden, pH,
temperature

Simple process –
variables include time in
the cell and isotope load

Mechanisms of
destruction

Potent oxidizer of
proteins – but
mechanism still not
fully understood

Alkylation of proteins,
enzymes (targeting
sulfhydryl groups), DNA,
and RNA.

Irreversible RNA
damage affecting
replication / infection in
host

Thermal
aggregation of
SARS-CoV-2
nucleo-capsid and
membrane proteins

Varied depending on
biocide - targets cell
envelope / capsid
protein via coagulation

Physically breaks down
viral RNA

Limitation Not compatible with
cellulose-based
materials – complex
process requiring
monitoring and
control

Concerns over residuals left
on material that are toxic
(carcinogenic and
teratogenic)

Operator safety due to
UV exposure – shading
issues with filters of
FFRs– need to turn item,
but not with PUV

Limited by
thermal-sensitivity
of materials used in
PPE

Certain disinfectants,
sanitizers

Adversely affects material

Suitability for
PPE Reuse

Yes – No Yes – but limited to eye
protection

Yes Yes – limited to Eye
Protection; Starmed
hood

No

a Hydrogen peroxide in vapour (VH2O2); Filtering facepiece respirators (FFRs); ethylene oxide (EO); Relative Humidity (RH). Adapted from McEvoy and Rowan (2019).
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improvised face shields as long as they create no ‘undue risks’ and to sup-
port attempts to foster greater availability of PPE for betterment of public
health, Flanagan and Ballard (2020) reported on range of innovative ac-
tivities leading to increased production of face shields including sharing
open source face shield designs allowing everyone with a 3D printer to
download free design. There has also been an increased surge in the pro-
duction and wearing of community-made bespoke cloth face masks,
where Zhao et al. (2020) advocated decontamination of these through
use of domestic washing machines and dryer for their reuse. There is a
pressing need for sharing of information globally for harmonization of ap-
propriate best-approaches using open access platforms that will meet
need for accelerate rate of usage so as to ensure no undue risks aligned
with bringing together multi-actors, particularly competent authorities/
regulators. There is a commensurate need for an understanding of the ap-
propriateness and impact of different reprocessing modalities on mate-
rials when considering future reprocessing of PPE and medical devices
(Rowan and Laffey, 2020).

7. Waste management, resource utilization and environmental im-
pact of existing PPE usage to address COVID-19 with green opportu-
nities for innovative change

There is anunprecedented surge in plastic-based PPEusage, arising a
s consequence from the ongoing COVID-19 pandemic, which
10
constitutes a new form of single-use-plastic (SUP) waste that will to
plague our oceans posing a threat to our marine ecosystems
(Euronews, 2020). Shorelines have been littered with discarded PPE,
such as masks and visors, with the gullets of birds stuffed with latex
gloves, along with crabs tangled in face masks. Marine conservation or-
ganization OceansAsia highlighted the growing number of single-use
face masks being discovered during its plastic pollution research in
the Soko Islands near Hong Kong (Clark, 2020). To provide context, Re-
public of Ireland is a small country with a population of ca 4.5 million,
yet it's HCWs require 9 million face masks per week at a cost to the ex-
chequer of €1billion a year (Farsaci, 2020). Nzediaegwu and Chang
(2020) reported that the number of PPE used daily in Africa is estimated
to reach seven hundredmillion, as several African stateswith confirmed
COVID-19 cases have mandated compulsory facemask use for their cit-
izens. For example, and estimated 171,506,138 facemasks to be used
per day in Nigeria with a population of 206 million. These authors
noted while developed countries have green and sustainable waste
management strategies capable of addressing COVID-19, the risks are
much higher in developing countries that have poor waste
management.

In developing countries, solid waste are dumped in the open and in
poorly managed landfills where waste pickers, without wearing proper
PPE, would be exposed to COVID-19 as they scavenge for recyclablema-
terials. Such landfills serve as ‘food banks’ for livestock anddogs that can
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roamabout (WordBank, 2019) that increase chances of exposure to dis-
eases. Rhee (2020) mentioned that PPE used during COVID-19 pan-
demic is classified as isolation medical waste under South Korea
Waste Control Act and is disposed follow principles of sustainability,
transparency and safety; this entailed discardingused PPE to containers,
thereafter transportation by vehicle for incineration or landfill on the
sameday as discard. Elhadi et al. (2020) noted that developing countries
are struggling to meet PPE needs for their healthcare workers in Libya
where they revealed that 56.7% hospitals lacked PPE and 53% of
healthcare workers reported that they did not receive proper PPE train-
ing. In addition, 70% reported that theywere buying the PPE themselves
as hospitals did not provide them.

7.1. PPE has added to single-use-plastic global challenges for our
environment

Fossil fuel and plastic production are currently integrated where
about 80% of manufactured plastic accumulates as waste in landfills
and natural environments, presenting an increasing hazard (Karan
et al., 2019). Dangaville et al. (2020) need for global engineering and re-
search to exploit innovative polymer degradation and stability fields for
PPE to address shortages in supply arising due to COVID-19 pandemic.
There is a pressing requirement for access to large scale recycling facil-
ities, effective waste management, and to designate individual usage to
match user (Singh et al., 2020). The World Health Organization (2020)
projected that supplies of PPE must increase 40% monthly to deal effec-
tively with COVID-19 pandemic. Essential PPE includes an estimated 89
million medical masks, 76 million pairs of medical gloves and 1.6 mil-
lion pairs of goggles. The increased demand for PPE is expected to be
sustained beyond COVID-19 with an estimated compound annual
growth of 20% in facial and surgical masks supply from 2020 to 2025
(Singh et al., 2020). It is noteworthy that China produced 240 tons of
medical waste daily during peak of pandemic in Wuhan (Singh et al.,
2020). Horton and Barnes (2020) reported that microplastics have
now been found in the most remote places on earth, far away from
human activities. In addition with climate-induced stress, microplastics
may lead to enhanced multi-stress impacts, potentially affecting the
health and resilience of species and ecosystems. The impact on PPE con-
tamination on themarine environment has yet to be determinedwhere
there is significant gaps in knowledge.

Silva et al. (2020) recently reported that single use, plastic-based PPE
(such as masks and nitrile gloves) is now adding to anthropogenic pol-
lution threatening environmental sustainability where the COVID-19
precautionary measures are reversing some plastic waste measures.
Singh et al. (2020) also note substantial environmental challenges for
enormous quantities of used PPE used during COVID-19 pandemic glob-
ally. Silva et al. (2020) also noted that the sudden increase in plastic
waste and composition (that includes PPE) due to the COVID-19 pan-
demic undermines the critical need to reinforce plastic reduction poli-
cies, to scale up innovation for sustainable and green plastic solutions,
along to develop dynamic and responsive waste management systems
immediately. This further emphasizes the importance of decoupling
plastic production from fossil-fuel resources and to exploit alternative
innovationmeans ofmeeting pressing need to replace single-use plastic
(SUP) that encompasses a holistic community ecosystem approach in-
cluding Citizen-science. The reader is directed towards the review of
Silva et al. (2020) for a comprehensive review on the single-use plastics,
plasticwaste directives and challenges for the environment arising from
COVID-19 including waste management. They noted that without im-
provements to current system, an estimated 12 billion Mt. of plastic lit-
ter will end up in landfills and in the natural environment by 2050,
along with green-house gas (GHG) emissions from the entire plastic
lifecycle contributing to 15% of the total global carbon budget (Zheng
and Suh, 2019). Indiscriminate use and inappropriate disposal or mis-
management SUPs that have low biodegradation have led to accumula-
tion of plastic debris in terrestrial and aquatic ecosystems globally
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(Singh et al., 2020; Silva et al., 2020). This will affect natural biota, agri-
culture, fisheries along with threatening human and animal health
(Jambeck et al., 2015).

Despite recent progress made in plastic sustainability and waste
management, Silva et al. (2020) have noted widespread drawbacks
in the use and management of plastics in the fight against COVID-
19 pandemic that area associated with government imposed partial
and total lockdown of cities/regions/municipalities that has pro-
moted greater use of SUPs, including PPE, by the general public and
healthcare workers (Tobías, 2020). There has also been a shift to-
wards mandatory use of PPE by the general public, along with front-
line healthcare workers where Silva et al. (2020) noted that over 50
countries are mandated to wear masks in public places. There is also
a commensurate need for increased production of PPE globally.
World Health Organisation (2020) had expressed concerns about
use of masks by general public due to lack of correct handling, and
disposal, and the shortage of this material in healthcare materials.
Silva et al. (2020) noted that surgical masks should not be worn lon-
ger than a few hours (such as 3 h) and should be appropriately
discarded to avoid cross-contamination (i.e., in a sealed plastic
bag). However, incorrect disposal of PPE is widespread and has
been found in several public places and natural environments
(Prata et al., 2020; NGO Oceans Asia, 2020). Prata et al. (2020) ob-
served that masks are likely to degraded into smaller microplastic
pieces as are made from nonwoven materials (e.g., spunbond and
meltdown spunbond) often incorporating polypropylene and poly-
ethylene. These authors also noted that significant enhancement in
the usage of PPE and other SUPs is likely to result in an overload in-
crease in waste generation that would disrupt viable options for ef-
fective waste management. Many countries have classified all such
hospital and household waste potentially contaminated with SARS-
CoV2 as infectious that should be incinerated under high tempera-
ture (ensuring sterilization), followed by landfilling of residual ash
(European Commission, 2020; Silva et al., 2020; Ilyas et al., 2020).
Ilyas et al. (2020) reviewed, and reported on themerit, of developing
different disinfection technologies for handling COVID-19-generated
waste from separate collection to using various physical and chemi-
cal steps with view to reducing health and environmental risks.

There is also a significant void in communication channels to general
public about appropriate disposal of used face-masks and gloves during
COVID-19 that may require user behavioural change, such as exploiting
health belief model through socialmarketing approaches (Suanda et al.,
2013; Suanda et al., 2017). However, Silva et al. (2020) noted that not all
countries are capable of managing such waste appropriately and are
been forced to use direct landfills or open burning as alternative strate-
gies. There is also commensurate concerns about the short, and more
longer term, impact of burning considerable amount of plastic that
may increase environmental footprint due to release of GHGs andunde-
sirable hazardous compounds (Prata et al., 2020). As some items of PPE
are lightweight, there is potential for them to be blown by wind to pol-
lute natural environments including threatening terrestrial and aquatic
biota, such as by entanglement. Silva et al. (2020) noted that up
40,000 kg of masks may find their way inappropriately into the natural
environment arising from WWF (2020) reporting of inappropriate
disposal of only 1% for over 10 million masks introduced to the
environmentmonthly. In order to allay environmental problems arising
from COVID-19 due to high demand on SUPs and PPE that produces
increased medical waste, Silva et al. (2020) advocated (1) redesigning
plastics and decoupling them from fuel-based resources, (2) reduce
plastic waste by reducing SUPs and PPE, and (3) optimize plastic
waste management. Horton and Barnes (2020) noted that PPE (non-
COVID-19 related) have already polluted Antarctica, which are made
from synthetic polymer-based fibres, often treated with water repel-
lents such as per/polyfluorinated compounds and flame retardants
such as polybrominated diphenyl ethers where their occurrence as
contaminations for their toxicity.
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7.2. Bio-based plastics as potential alternative sustainable materials for PPE
for COVID-19 and future viral pandemics

In the short term, it is important to maintain the PPE supply chain in
order to the ensure health and safety of our citizens and our frontline
HCWs. However, we now need to look at contingency planning in
order to future proof against the potentiale environmental impact of in-
creased single-use plastic (SUP) PPE waste using sustainable solutions.
Opportunities will arise to address this challenge through seamlessly
connecting research and entrepreneurial ecosystems that will generate
a new pipe-line of potentially usable bioplastic products. This could be
accelerated through multi-actor innovation hubs linked to healthcare,
industry and academia (Rowan and Galanakis, 2020). Silva et al.
(2020) noted that the replacement of plastic value chain from fuel-
based raw materials and energy has been priorities, which features in
many international agreements addressing a green and circular econ-
omy. Silva et al. (2020) also noted that bio-based plastics supports are
emerging, but at an early stage capturing a market share of ca. 2% due
mostly to low-cost of fossil-based plastics, the intense requirement for
land use and related financial investment, and undeveloped recycling
and/or disposal routes.

Hutti-Kaul et al. (2020) described screening for microbial strains for
enhanced hydrolytic and biodegradation abilities for direct conversion
of biomass (such as microalgae), extraction of value-added products,
and synthesis (polymerisation) process. However, such potentially
high-performance bio-based polymers, similar to physical properties
of fossil fuel-counterparts (such as low degradability, high durability)
(Silva et al., 2020), would need to be characterized and tested for suit-
ability to match design specifications of future PPE including tolerance
to thermal processing and potential re-use. OEMs of PPE, academia
and regulators should play as strong role in informing the efficacy of
bio-based reusable polymers for next-generation products that con-
siders suitability from design, safety and life cycle assessment perspec-
tives. End-of-life strategies need to be consider for waste management
and recycling of PPE during COVID-19 used by general public without
compromising on safety, where landfill and waste-to-energy should
be a last resort option (Silva et al., 2020).

The rapid accumulation of plastic waste is driving international de-
mand for renewable plasticswith superior qualities (e.g., full biodegrad-
ability to CO2 without harmful by-products), as part of an expanding
circular Bioeconomy (Karan et al., 2019). There has been increasing in-
terest in the identification of alternatives to petroleum-based plastics
for various industrial applications where desirable bio-based material
properties would include ease of biodegradation and renewability
(Emadian et al., 2016; Thakuv et al., 2018).

Bioplastics partly or wholly made from biological materials, and not
crude oil, represent an effective way of keeping the huge advantages of
conventional plastics but mitigating their disadvantages (Carbon
Commentary, 2020). A bioplastic is a plastic that is made partly or
wholly from polymers derived from biological sources such as sugar
cane, potato starch or the cellulose from trees, straw and cotton
(Thakuv et al., 2018). Some bioplastics degrade in the open air, others
are made so that they compost in an industrial composting plant,
aided by fungi, bacteria and enzymes. Others mimic the robustness
and durability of conventional plastics such as polyethylene or PET.
Bioplastics can generally be directly substituted for their oil-based
equivalent. Bioplastics can generally be made to be chemically identical
to the standard industrial plastics (Carbon Commentary, 2020).
Bioplastics can be distinguished as two different types in terms of
usage (1) items that has the potential to eventually litter such as food
where alternative bioplastic could be produced to degrade either in in-
dustrial composting units or in the open air or in water, and (2) perma-
nent bioplastics, such as polythene manufactured from sugar cane, can
provide a near-perfect substitute for oil-based equivalents in products
where durability and robustness is vital. Plastics made from biological
materials generally need far smaller amounts of energy to manufacture
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but are equally recyclable. They use fewer pollutants during the
manufacturing process. Per tonne of finished products, the global
warming impact of the manufacture of bioplastics is less, and often
very substantially less, than conventional plastics (Carbon
Commentary, 2020; Emadian et al., 2016). Other emerging sources of
bioplastics include seaweed (Thiruchelvi et al. (2020) and microalgae
(Rizman et al., 2018). Thiruchelvi et al. (2020) recently reported that
seaweed-based bioplastics were found to durable, less brittle and
more resistant to microwave radiation. These authors also reviewed
the role of seaweed in bioplastic production. Higher plants, microalgae,
and cyanobacteria can drive solar-driven processes for theproduction of
feedstocks that can be used to produce a wide variety of biodegradable
plastics, as well as bioplastic-based infrastructure that can act as a long-
term carbon sink. Karan et al. (2019) noted that well-crafted legislated
standards on plastic biodegradability and environmental and animal/
human health impacts could fast-track and optimize industry transition.
The diversity of bio-based feedstocks opens up the opportunity to pro-
duce an expanding range of renewable plastics. However, biodegrad-
able plastics should ideally fully degrade to CO2 and water without
harmful byproducts. Durable bioplastics can act as carbon sinks if well
integrated into large-scale long-term infrastructure.

Biorefinery and GMO strategies can support viable business devel-
opment and the emerging circular Bioeconomy (Karan et al., 2019).
Emadian et al. (2016) also reviewed sources of bioplastics for biodegra-
dation in different environment and noted that Actinomyces, bacteria
and fungi are key actors responsible for this important activity. Also,
the type of bioplastic and environment in which bioplastics are located
influences their biodegradation potential. Aeschelmann and Carus
(2020) also reviewed bio-based building blocks and biopolymer for ca-
pabilities and applications highlighting advances over plastics. How-
ever, there is a gap in current information that could be met
potentially by conducting comprehensive life cycle assessment (LCA)
evaluation of new biopolymers to meet sustainability needs that
would include ecotoxicology and ameliorating carbon footprint that fol-
lows pathway along biodegradation to CO2 (Ruiz-Salmón et al., 2020).

There presents an opportunity to exploit the 9 stages of technol-
ogy readiness developed by NASA (Straub, 2015) to evaluate the sus-
tainability and maturity of emerging innovations for COVID-19 that
also addresses environmental friendliness as well as functionality.
This strategy is particularly relevant as it address potentially sustain-
able products from conceptualisation to commercial deployment at
higher technology readiness levels: this is particularly relevant
given that industry would be familiar with this concept and would
allow ease of transitioning for environmental impact. This evaluation
of new bioplastics could include life cycle (Ruiz-Salmón et al., 2020)
and ecotoxicological (Garvey et al., 2015) assessments of different
trophic levels reflecting impact on biodiversity that connects acade-
mia with industry partners and policy makers. O'Neill et al. (2020)
described development of freshwater aquaculture on cutaway
peatlands using organic principles where vast quantities of
microalgae, used as natural means of water quality waste remedia-
tion, could be used as test system for advancing bioplastic-based
PPE innovation and recycling for circular economy developments.
Future green innovative research could be extended to new
biopolymer-based wrapping and packaging (including for adjacent
food industry) to investigate non-thermal treatments that encom-
pass both complex viruses and parasites (Gerard et al., 2019;
Franssen et al., 2019). A limiting factor in the production of alterna-
tive biomaterials for alternative to single-use PPE relates to thermal
stability of materials for fabrication and potential for deformation
due to thermal processes. Skrzypczak et al. (2020) recently reported
on a new 3D printing approach for meeting such a need where they
described an affordable, self-replicating, rapid prototyper that
would also make this approach more accessible to home-based 3D
printing activities. Chen et al. (2019) also demonstrated potential
for exploiting different forms of polymer processing (such as 3D
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printing and injection moulding) after novel vapour hydrogen per-
oxide and electron beam treatments that could be advance next-
generation PPE and medical device technologies.

7.3. Medical waste management – a global challenge for PPE

In response tomeeting threats of COVID-19, there is substantially in-
creased volumes of medical waste produced that also contains PPE,
which presents unprecedented challenges for meeting effective waste
management strategies globally with significant potential for overload
of systems (Singh et al., 2020; Wang et al., 2020; Silva et al., 2020).
Singh et al. (2020) have noted that the unprecedented demand has
also impacted other industries reliant upon PPE including manufactur-
ing, construction, oil and gas energy, transportation, firefighting and
food production. Singh et al. (2020) also noted that this pandemic has
substantially impacted upon how solid-waste management activities
are performed as prior to COVID-19 resource recycling and waste man-
agement were not regarded as essential services and were placed in
lockdown. However, the strategically important disease mitigation
role of waste management has been recognised given the need to prop-
erly dispose and handle SARS-CoV2 contaminated waste to avoid trans-
mission (Reuters, 2020; Price et al., 2020). The United Nation's Basel
Convention on the Trans-boundary Movement of Hazardous Wastes
and their Disposal has urged countries to treat waste management
amid COVID-19 as urgent and essential public service. These authors
noted that PPE includes plastics as major constitutes representing ca
25% by weight, which if not recycled or their disposal may contribute
substantially to hazardous environmental pollutants, such as dioxins
or toxic metals. Polypropylene is a common constituent of PPEs, such
as found in N95 masks, Tyvek protective suits, gloves, and medical
face shields. Singh et al. (2020) also noted that the potential for recovery
of polymers from mixed healthcare waste including PPE is challenging.
This would be further influenced by the low-level of recycling world-
wide and lack of government policies. Singh et al. (2020) noted that
single-use PPE is not a sustainable practice, however development of
safe and sustainable PPE management beyond the healthcare settings
under pandemic emergency conditions is nebulous as there are no
clear understanding of best practices, monitoring, and enforcement of
policy and regulations.

Wang et al., 2020 reviewed efficacy of disinfection technologies and
approaches for hospital waste and wastewater that considered use of
chlorine and/or incineration for such infectious but negated to mention
PPE as particularwaste for treatments. These authors observed that hos-
pitals in China are potential sources of environmental pollutants
resulting from diagnostic, laboratory and research activities and there-
fore ensuring effective treatment of waste is important, particularly
under the COVID-19 pandemic context. Wang et al. (2020) reviewed
different types of technologies for the treatment of hospital wastes
and waste water disinfection in China where incineration, chemical
and physical disinfection are commonly used for hospital waste disin-
fection. Typical composition of healthcare waste is approximately 85%
general non-infectious, 10% infectious/hazardous, and 5% chemical/ra-
dioactive. Factors considered for treating infectious healthcarewaste in-
cluded amount of waste, costs, maintenance of technologies and types
of waste. Incineration technologies can be adapted for amount of
waste, but if scale of hospital waste is small and investment is limited,
then chemical disinfection and high temperature steam disinfection
that are easier to maintain are preferred in China. Incineration is widely
deployed as is deemed to be safe, simple and effective (Ghodrat et al.,
2017) where extreme high temperatures completely kill microorgan-
isms along with converting organic matter into inorganic dust. How-
ever, hospitals vary in type of incineration approach depending upon
waste preparation and flue gas purification that includes pyrolysis va-
porization incinerator where organic components of waste are con-
verted to flammable gases to avoid dust at temperatures above 850 °C
that reduces particle emission to air.
13
Wang et al. (2020) report that these high temperatures is conducive
to complete destruction of toxic and hazardous components, thereby
reducing production of toxic pollutants such as dioxins due to low tem-
perature combustion (Zhu et al., 2008). In addition, rotary kiln inciner-
ators are deployed that generate temperature as high as 1200 °C or
more, where there are advantages that include wide range of applica-
tions, good adaptability, handling a different variety of wastes, good
gas and solid contact, and uniform reaction, but are not small or me-
dium scale usage with disposal capacity below 8 t/d that investment
costs are high and dust content exhaust is higher than pyrolysis inciner-
ator. Plasma incineration technology is novel waste disposal technology
that transfers energy through plasma where waste can be rapidly
decomposed into small molecules where most of the gases produced
are flammable that are sent to secondary combustion chamber and pu-
rification, thereafter discharged to atmosphere. Plasma incinerators
have higher energy efficiency compared to other incinerators
(Messerele et al., 2018).

Wang et al. (2020) described chemical disinfection technologies for
treatment of hospital waste that is typically used in combination with
mechanical and crushing treatments in China. Generally, crushed hospi-
tal waste are mixed with chemical disinfections such as sodium hypo-
chlorite, calcium hypocholorite, chlorine dioxide for fixed contact
times during which organic wastes are decomposed and microbial
threats inactivated. Chemical disinfection have desirable attributes in-
cluding low effective concentrations, rapid action, stable performance
and broad sterilization efficacy for different types of microorganisms.
These chemical disinfectants are generally used as are non-corrosive,
safe, easily soluble in water but not easily affected by chemical or phys-
ical factors with low toxicity and reported to have no residual hazard
post disinfection (Chen and Yang, 2016). Wang et al. (2020) suggest
that chemical disinfection technology could be considered when
amount of waste is small.

Wang et al. (2020) also reported on use ofmicrowave disinfection as
a means of energy saving, low action temperature, slow heat loss, light
damage and low environmental pollutions with no residues or toxic
wastes after disinfection, but requires strict control by special micro-
wave devices. Wang et al. (2020) stated that microwave technology
only used at present for treatment of biohazardouswastes, but the tech-
nology is been promoted as effective supplementation technology for
incineration to enable diversification of hospital wastes in China.
Wang et al. (2020) also reported that microwave technology can
achieve logarithmic value for killing complex pathogens such as para-
sites and viruses at >6 log along with killing of Bacillus subtilis endo-
spores at >4 spores. Wang et al. (2020) also reported on high
temperature steamdisinfection (saturatedwater vapourwith tempera-
tures greater than 100C) to kill microorganisms. In China, a log kill of
thermophilic lipobacillus endospores at >5 logs is required. However,
this approach has a low volume reduction rate and easily generates
toxic volatile organic compounds during disinfection. From perspective
of investment and operation costs, as well as economic and social ben-
efit, high temperature incineration is stillmost popular approach to hos-
pital waste disinfection in China. Thus, there are pressing needs to
define effective decontamination strategies for medical waste through
appropriatemanagement strategieswill also contribute to global collec-
tive effort in reducing SARS-COVID-19 transmission along with future
safeguarding our environment.

8. Conclusions

There is extraordinary pressure to meet shortages in single-use PPE
supply for our frontline clinicians and healthcare workers. PPE treat-
ment is challenging as the constituent material, including single-use
plastics (SUPs), are sensitive to harsh decontamination processes.
There has been an unprecedented surge in the production of commer-
cial and homemade cloth and fabric face coverings to offset this chal-
lenge and to help with preventing person-to-person transmission in
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the community setting. Many countries across the globe are extending,
decontaminating and reusing PPE where there is critical shortage for
frontline healthcare workers (HCWs), but under emergency use only.
This unprecedented need will continue given the absence of a vaccine
and occurrence of successive waves of SARS-CoV-2 globally; and, the
likely high demand for PPE by the medical and nursing profession be-
yond COVID-19. Table 4 highlights succinctly the main developments
surrounding decontamination and reuse of PPE that includes pressure
on waste management and recycling. Table 1 also provides a list of
key papers that have been published on this topic.

Hydrogen peroxide in vapour (VH2O2), used alone or combined
with ozone, has been used for high-throughput decontamination and
reuse of complex PPE such as important filtering facepiece respirators
(FFRs), such as the popular N95 respirator. VH2O2 has been certified
for PPE decontamination under emergency use authorization (EUA)
by the FDA in the United States in order to address shortages in supplies
arising for ongoing COVID-19 pandemic. Many countries are permitting
decontamination and reuse of PPE leaving decision to heath service
managers. Ultraviolet (UV) light procedures, particularly using UVC
Table 4
New developments in PPE decontamination, reuse and waste management.

Trending information on PPE and face
coverings reuse, and waste management

PPE is designed for single-use for medical/nursing staff, but supply chain has been insuffic
many countries adopting reuse practices post deployment of technologies to meet emer

There are limited technologies suitable for PPE reuse that reflects matched efficacy for rep
Differences in priority usage and decontamination technologies between higher risk medi
lower risk community settings (face coverings) that have informed selection of technol

Evidence that PPE can be effectively reprocessed using technologies not readily available t
low pressure UVC such as UVGI (2000 mJ/cm2) where variance in determining efficacy
modalities influencing harmonious acceptance). Generally, is greater disinfection using

High throughput VH2O2 can effectively disinfect, for example,2500 N95 respirators per 1
hydrogen peroxide

Recommendation for wearing of face masks and coverings to prevent spread of COVID-19
Choice of technologies for reprocessing of PPE healthcare depends on the type and compl
test, deformation, filtration efficacy) that are typically single use and thermally-sensitive
the order face shields, gowns, FFRs (including disposable N95 respirators,)

Evidence of extended use of N95 respirators such as 4 h (France, New Zealand and Swede
Physical irradiation technologies (gamma) and ethylene oxide (EO) are not appropriate fo
non-compatability with material composition or concerns over lingering residual toxic e

Barriers to reuse of PPE by healthcare workers include lack of knowledge to inform accept
prolonged usage with potential for social marketing studies to inform trust and associat

Evaluation of fitted filtration efficiency (FFE) showed that surgical masks with ties (71.5 ±
with ear loops (38.1 ± 11.4%) exhibit lower FFE post VH2O2 treatment is lower than N
This suggests potential benefits of using head ties instead of ear loops for homemade fa
prevent slippage below nose during wearing.

Disinfection performance studies for evaluating PPE reuse over single or several cycles use
endospore indicators (bioburden typically at or below 106), where most SARS-COV-2 st
in vitro tissue culture infection models. Most researcher won't have access to level 3 co

Evaluation of facemask and variety of commonly available non-certified face coverings for
during speech, sneezing and coughing revealed that variability from below 0.1% (fitted
mask). Sequence of decreasing efficacy N95 respiratory, combining cotton-polypropylen
layer cotton in pleated style mask; combining 2 layer cotton with pleated style mask; us
knitted masks; double layer bandana; and fleece.

Improvised face masks and face coverings should be used as a last solution and for low ris
duration of wearing may increase risks of virus infiltration due to humidity, liquid diffu

Use of common washing machine (ca 60 °C for 30 min) combined with use of spin dryer
decontamination and reuse

SARS-COV2 is sensitive to commonly-used disinfectants on surface. However, lower envir
promote longer survival on surfaces, which may influence efficacy of mask wearing suc

Face shields are inferior to use of face masks where the latter is particularly relevant for c
settings to prevent infection through the eyes.

An increasing trend towards development of smart coatings on materials for inactivation
other future potential pandemic viruses, along with provision for incorporation in PPE,

Over 50 countries are now recommending facemasks by public that presents a new form
Influence of soiling on critical PPE – up to 14 days survival and retention of SARS-CoV-2 o
There are opportunities for innovation in new bioplastic-based PPE and waste managemen
demand for PPE post COVID-19

There is an increase trend towards modelling recovery scenarios to investigate the potent
duration that is implemented to protect frontline HCWs against COVID-19 that may incl
against the cost associated with medical staff absenteeism or illness due to inadequate P

Use of artificial intelligence and deep learning could help identify high-risk patients and s
use of PPE

14
wavelength, have also been reported as potentially appropriate decon-
tamination technology for PPE, but this technology is unlikely to inacti-
vate SARS-CoV-2 if this virus penetrates lower layers of material of FFRs
where they would be hidden from the UV. Also, there is significant var-
iability in the reporting of important UV dose (mJ/cm2) by different
researchers using variousUV technologies that prevents theharmoniza-
tion of processes; but, this review provides guidance on standardized
reporting. Moist heating at 60 °C to 70 °C combined with high humidity
for 60 min is also a promising decontaminating procedure for PPE as it
would also enable scalability and high-throughput processing. Use of
microwave generated steamwould not provide scale for PPE decontam-
ination. Physical irradiation technologies, such as gamma and electron
beam, along with ethylene oxide, are not suitable for PPE reprocessing.

Surgical face masks with head ties have been reported to offer supe-
rior filtration effectiveness over commonly used procedural face masks
that have ear loops. This new informationmay inform the the effective-
ness of commercial and homemade cloth face coverings thatmay be im-
proved by using ties instead of ear loops that would also help prevent
slippage of the face coverings below the nose and mouth. The
Reference

ient to meet global needs with
gency COVID-19 use

Rowan and Laffey (2020); Derraik et al. (2020)

rocessing Rubio-Romero et al. (2020)
cal environment (PPE) and
ogies and approaches used

Derraik et al. (2020)

o public such as VH2O2, O3,
of UV dose between UV
UVA over UVB and UVA.

Derraik et al. (2020); Rowan, 2019; Rubio-Romero
et al. (2020)

2 h shift at 3000–750 ppm Rubio-Romero et al. (2020) Mackenzie (2020);
Perkins et al. (2020)
CDC (2020); Ministry of Health of Spain (2020);

exity of PPE (functionality, fit
with increasing challenges in

Derraik et al. (2020); Rubio-Romero et al. (2020)

n) to 40 h (Mexico) Kobayashi et al. (2020)
r PPE reuse due to
nd-points produced during EO

Rowan and Laffey (2020)

ance and discomfort over
ed decision making

Rimmer (2020); Mitchell et al. (2012)

5.5%) and procedural mask
95 respirators (98.5 ± 0.4%).
ce coverings and would help

Sickbert-Bennett et al., 2020

surrogate viruses or bacterial
rain(s)are studied using
ntainment facilities

Rowan and Laffey (2020); Derraik et al. (2020)

filtering expelled droplets
N95 mask) to 110% (fleece
e-cotton mask; combining
e of single layer cotton masks;

Fischer et al., 2020

k situation as increased
sion and virus retention

European Centre for Disease Prevention and Control
(2020)

appear effective for face cloth Zhao et al. (2020); Rubio-Romero et al. (2020); HSE
(2020)

onmental temperatures
h as over winter flu season

Derraik et al. (2020)

ombined use in healthcare Rowan and Laffey (2020)

of SARS-CoV-2 and against
mobile phones and so forth

Behzadinasab et al., 2020.

single-use plastic waste Silva et al., 2020
n surgical gowns. Kasloff et al., 2020.
t as there is likely to be a high Ilyas et al., 2020

ial impact of lockdown
ude provision for PPE costings
PE.

Guan et al. (2020); Thomas et al. (2020); Ivanov
(2020); Mukerji et al. (2017)

uggest appropriate types and Boškoski et al. (2020)
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incorporation of a nose bridge and increase number of layers in face
cloth design, used by the community, would also improve performance
against SARS-CoV-2.

Best published informationwould also suggest that SARS-CoV-2will
tolerated cold weather, such as 4 °C (refrigeration), better and survival
beyond 14 days onmaterials, which has implications for environmental
wearing of masks and face cloths as we enter the winder flu season. Use
of a washing machine and spin dryer (60 °C for 60 min) with detergent
is likely to decontaminate SARS-CoV-2 on contaminated face cloths
where the risk of contamination by this virus is low. Wearing of face
coverings by the general public to prevent the person-to-person spread
of SARS-CoV-2 is important given increasing evidence that asymptom-
atic community transmission is contributing to many new cases in
countries across the globe. There is a greater need to develop trust and
confidence in reuse of PPE by HCWs that can be addressed through en-
gagement in social marketing and knowledge sharing. There is a press-
ing need to consider new waste management strategies for the huge
surge in single-use-plastic PPE that is contaminating our environment.
This will create opportunities for using alternative bioplastics that are
more environmentally friendly. There are also emerging opportunities
to address real-time data analytics through digitization in order to ob-
tain a better holistic understanding of critical shortage of critical supply
chain for PPE during this COVID-19 and for future pandemics.
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