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Abstract: The international outbreak of the SARS-CoV-2 infection has put pressure on governments to
find immediate solutions to the shortage of surgical masks and other protective equipment. To allow
textile manufacturers producing surgical masks to avoid usual restrictions imposed on personal-
protective-equipment producers, the Italian government issued a ministerial decree that was followed
by technical guidelines provided by several universities. Starting from a hypothetical composition
and design, we calculated the carbon footprint of surgical masks manufactured following technical
guidelines, with the city of Taranto hosting the production facility. Results show that the production
of textile sheets composing the masks and their disposal were the main contributors to emissions,
followed by packaging and transportation. A strategy of reuse based on laundry operation was
modelled, and the balance between disposal strategy and reuse with the laundry operation (which
has environmental issues due to detergents and water use) was in favor of the second option. To
reduce the carbon footprint, a minimized textiles area (by smart shaping) and reuse strategies result
in the best options. Further reduction may be achieved by building up a recycling chain of disposed
masks, activated by municipalities.

Keywords: SARS-COV-2; surgical mask; carbon footprint; Taranto; washing; reuse

1. Introduction

At the end of 2019 in Wuhan (China), a virus belonging to the coronavirus family,
now known as Sars-CoV-2, was identified in relation to a series of patients with severe
acute respiratory syndrome. The disease for which this pathogen is responsible was named
COVID-19 on 11 February 2020 by the Director-General of the WHO [1]. Due to its strong
viral load, Sars-CoV-2 spread throughout China and subsequently to almost all parts of the
world. Contagion occurs through close encounters with infected people; however, despite
being a potentially deadly virus, the symptoms of the disease are not always severe, and a
section of the sick population was asymptomatic, thus increasing the number of infected
individuals. Italy was the second country to be severely affected in March 2020, and the
entire country was placed under lockdown to contain the spread of the virus. One of the
key points on which emergency management was based was prevention. Since the virus
spreads mainly through droplets of saliva expelled while talking, coughing, or sneezing,
the fundamental means of prevention are individual prevention devices. To help textile
manufacturers that are producing surgical masks to avoid usual restrictions imposed on
personal-protective-equipment producers, the government issued the “Cura Italia” decree
on 17 March 2020 [2] through which, thanks to the derogation in Article 15, it became
possible to produce and market surgical masks while avoiding the usual restrictions im-
posed on personal-protective-equipment producers. The intensive production of these
masks involves their subsequent disposal and has environmental impact that needs to be
analyzed. The literature in the field contains very few examples, except for a paper by
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Vozzola E. et al. [3] in which the LCA of isolation gowns used as sanitary equipment was
carried out considering two possible alternatives: reusable (polyester-made) and dispos-
able (polypropylene-made) isolation gowns. The paper demonstrated that, considering
1000 uses (functional unit), the reusable gown (by laundry operations including transporta-
tion) had lower environmental impact with respect to disposable equipment, although
laundry operations created environmental issues due to water, detergents, and energy
consumption. The key point was the impact associated with the production of isolation
gowns occupying the largest part of their environmental impact. Rizan et al. [4] estimated
the carbon footprint of gloves, aprons, face shields, and type IIR and IIIR surgical masks
made of polypropylene, and their scenario modelling indicated that a carbon footprint
could be avoided through local manufacturing, reducing glove use, and using reusable
gowns and face shields with maximal recycling. Klemes et al. [5] reported the energy and
environmental footprints of COVID-19 fighting measures, including masks and the carbon
footprints of N95, surgical, and cloth masks, suggesting reuse as a valuable alternative that
moves towards lowering energy consumption and the environmental footprint, provided
that the effectiveness of the fighting measures was not compromised. A possible strategy
to reduce the carbon footprint of the mask under study could be reuse by washing. The
hypothesis was to carry out a washing of the type used in the pre-COVID-19 period for
protective wear in hospitals [3], and recently analyzed concerning the loss of filtering
power after a disinfection process by Liao et al. [6]. In the latter work, various disinfection
schemes commonly used on TNT, obtained with melt-blowing technology, were studied,
starting from initial particle-filtration efficiency greater than 95%. Heating inactivates the
virus in solution within 5 min at 70 ◦C and is among the most scalable and easy-to-use
methods for viral disinfection. Heat (≤85 ◦C) at different humidity values (≤100% relative
humidity percentage, RH) is the most promising and nondestructive method for preserving
the filtration properties in nonwoven fabrics obtained with the melt-blowing technology
used in masks of the type N95 (USA standard), corresponding as filtering power to FFP2
(European standard), KN95 (Chinese standard), DS/DL2 (Japanese standard), and KF94
(Korean standard). A paper by Juang et al. [7] on reuse after cleaning of N95 masks demon-
strated that masks could be heated for 60 min at 70 ◦C, retaining 98.5% of filtering efficiency;
masks could also be boiled for 5 min and then air-dried, retaining 92.4% of their filtering
efficiency. In both cases, elastic laces should be detached, and equivalent elastics restapled
to the mask after treatment.

Using soap and water or medical-grade alcohol (as every liquid medium, as indicated
by Liao et al. [6]) significantly decreases the filtering efficiency of masks by 54% and
67%, respectively, due to the neutralization of electrets on the inner melt-blown layer of
the masks. There is strong and scientifically supported evidence that the SARS-CoV-2
coronavirus would not survive after cleaning methods proposed as a remedy to shortages
of masks, but no regulatory agency has approved the short- and long-term effects of N95
respirator reuse after cleaning [7]. A possible strategy of reuse would be to simply wait
and reuse after 3 days, after evidence that the virus titer was greatly reduced from 103.7

to 100.6 TCID50 per milliliter of medium after 72 h on plastics (40% RH and 21−23 ◦C) [8],
indicating an estimated median half-life of SARS-CoV-2 of approximately 6.8 h on plastics.

As there is a gap in the literature about the carbon footprint of surgical masks, par-
ticularly on the individuation of critical steps in their life cycle and possible remedies, in
this paper, we analyzed the carbon footprint of the production and disposal of surgical
masks hypothetically produced in the city of Taranto, with nonwoven fabrics produced in
Italy. The composition and assembly of the masks were assumed to be compliant with the
guidelines issued by the Milan Polytechnic [9] to allow for producers to conform to the
ministerial decree, which allowed for production in derogation of the current regulations to
deal with the lack of protective devices. We started with the transportation of the nonwoven
fabrics from their production site (located in northern Italy) to the city of Taranto (Apulia
region, in the south of Italy) where they are hypothetically assembled to produce masks
that are to be packaged and transported to the final users in a 100 km range comprising the
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province of the city. Regarding the reuse strategies to reduce carbon footprint of the mask,
we discarded reuse by manual individual washing, as this practice is only possible for
cotton fabrics that are quite different from the polypropylene ones used in this work. An-
other recommended individual washing practice with a mixture of ethyl alcohol and water
75/25 was not considered, as the work of Liao et al. [6] demonstrated a loss of filtering
capabilities due to the neutralization of electrets, the enhancer of particle adsorption.

2. Materials and Methods

Analysis was conducted using OpenLCA software [10] and OpenLCA impact as-
sessment methods [11] with the Ecoinvent 3.7 database [12]. The carbon footprint was
determined according to ISO 14067:2018 [13] to evaluate greenhouse-gas emissions, as
indicated in the Kyoto Protocol, released directly or indirectly from manufacturing of
textiles (including polymer production) to transportation, use, and disposal (or laundry
and subsequent disposal). The model used for the characterization step in LCA was IPCC-
GWP100, which is included in CML baseline impact-assessment methods to convert direct
and indirect greenhouse gases into CO2 equivalents over a fixed period of 100 years. The
LCA approach was followed according to international standards and guidelines [14,15],
considering goal and scope definition, system boundary, life-cycle inventory (LCI) analysis,
life-cycle impact assessment (LCIA), and life-cycle interpretation. The goal of the work
was to compare the environmental impact of a single-use surgical mask made with a
polypropylene nonwoven fabric and a reusable mask washed in an industrial laundry
facility to prevent the transmission of infection in Italy. The scope of the work was to
model two scenarios for the public use of face masks. In the case of disposable masks, we
identified as the functional unit one surgical mask produced according to ministerial decree
“Cura Italia”, starting from raw textiles produced in Italy, followed by transportation to
the assembly site (Taranto), use, and disposal by waste incineration of the plastic fraction
in municipal solid waste with energy and metal recovery. As a secondary approach, we
hypothesized the reuse of masks by washing in an industrial laundry facility. In this second
case, the functional unit was one use of the mask that was the same as the single-use
disposable mask. The weight of the surgical mask was calculated by adding the tissue mass
(computed from the dimensions and area mass of the textile) that composed its different
layers. Table 1 reports the characteristics of the examined surgical mask. The washable
mask was to undergo 10 washings before being incinerated. For the packaging, we as-
sumed a cardboard box that contained the masks wrapped in a polyethylene foil, assuming
that 95% of the packaging consisted of a cardboard box, while 5% of the polypropylene
packaging film and packaging represented 16% of the overall weight of the mask, following
assumptions made in [3]. After the use phase, packaging disposal (cardboard box and
packaging film composed of low-density polyethylene) was to be performed by incinera-
tion in a municipal solid-waste plant with energy and metal recovery, which is the base
scenario used in the city of Taranto. Transportation was computed assuming the distance
from the textile-production facility to Taranto with a small lorry with a max payload of 5 t.
The produced masks were to be packaged and transported to the final users in a 100 km
range comprising the province of the city. No modelling of transportation was made for
the polymer granulate, as it was supposed that raw materials for the manufacturing of
the nonwoven textiles came from Italy. The system boundary of the study is reported
in Figure 1. Manufacturing energy consumption for both elastic laces (made of synthetic
rubber) and the aluminum strip for nose adherence (sewing and packaging) is reported in
Table 1. Waste and its treatment arising from mask manufacturing was not modelled due
to limited data, but it was presumable that its impact would be negligible in the modelled
scenario. Emissions from the life cycle of the factory were also not modelled for the same
reasons, as equipment is assumed to have a long lifespan (several decades), and emissions
and the environmental impact associated with the fabrication and decommission of equip-
ment would be proportionally allocated, resulting in a negligible amount. The used energy
mix was the Italian energy grid mix. The mask under examination was assembled by
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composing four layers of TNT textiles to ensure enough margin to be considered useful for
personal protection against SARS-CoV-2. The mask modelled in this study conformed to
the EN 14683:2019 norm [16], a European standard not applicable to masks intended exclu-
sively for the personal protection of sanitary staff. The mask modelled in the present study,
with the technical characteristics reported in Table 1, is similar to an IIR type described by
the aforementioned norm.

Table 1. Characteristics of surgical polypropylene mask modelled in this paper.

Textiles Four Layers of Spun-Bond Polypropylene 1

Area mass (g/m2) 402

Dimensions (mm) 180 × 1802

Mass (g) 5.1842

Elastic laces (g) 0.453

aluminum strip (g) 0.233

Packaging film (g/apiece) 0.084

Cardboard box (g/apiece) 1.564

Manufacturing (kWh/kg) 0.2963

Transportation of textile (km) 9802

Bacterial filtration efficiency (%) 1002

Differential pressure (Pa/cm2) 592

Source: 1 [12]; 2 [9]; 3 [4]; 4 [3].
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In this paper, the examined washing process was a wet process comprising washing,
drying, and finishing in a low-capacity industrial laundry facility (300–500 kg of laundry
per 8 h/batch). The capacity of this service is typically between 8 and 12 kg of masks per
batch. At the end of washing, the mask is ironed using heated cylinder ironers. The used
dataset includes the infrastructure (washer and dryer, building) necessary for the operation
of the service and includes all necessary inputs (water, electricity, and heat, detergent for
cleaning) to perform the service, modeling washing and drying, and including energy,
water, detergent, and necessary infrastructure “from the cradle” (i.e., including all upstream
activities) [17,18]. According to the cited literature data, the mask could be washed 10 times
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before the TNT fibers lose the filtering capacities necessary for classification in type IIR.
Assuming 10 uses, a change of functional unit is also necessary, so to refer to a single use, it
is necessary to divide the obtained carbon-footprint value by 10.

3. Results

The carbon footprint of a surgical mask produced according to the abovementioned
guidelines is 32.7 g CO2 eq. per mask, with process contributions given in Figure 2. This
result aligns with the mentioned work on gowns [3], as emissions are about 3.60 g CO2 eq.
per g of mask versus 5.58 CO2 eq. per g of gown in this work. Data are also in agreement
with those of Rizan et al. [4], who estimated a range of 22–31 g CO2 eq. per mask (type IIR
and IIIR surgical masks made of polypropylene), and of Klemes et al. [5], who reported
59 g CO2 eq. per mask. Allison A.L. et al. [19] reported 59.5 g CO2 eq. per mask, which
is slightly higher but in the same order of magnitude. Most greenhouse-gas emissions
came from textile production (44%), followed by mask disposal (40%). The remaining is
allocated to the production of the cardboard box composing the packaging, followed by
the transportation of the fabrics to the site of sewing and electricity used for assembling
and sewing of the final product. Some other processes, such as the disposal of the plastic
film that makes up the packaging, are negligible. These results pose a serious issue in
the choice of material, which is crucial in lowering the environmental impact of masks
considering their production, disposal, and recycling. Accordingly, the weight of the
final product would play an important role in determining the carbon footprint, and the
obliged technical requirements using spunbonded polypropylene textiles, as can be seen in
Figure 3. The construction of the mask involves the treatment of a 180 × 180 mm rectangle
of textiles into a pleated final wearable mask of 180 × 90 mm; shrinkage is due to pleating.
Pleating is required both to permit droplets emitted from nearby people to slide downward,
preventing ingestion into the lung system of the mask owner, and to adapt the mask to
the face physiognomy of the owner; in this case, for nonsanitary operators, this technical
requirement does not have to be so stringent, and a more accurate shaping of the mask
to reduce the area can be accomplished. Shape re-engineering is essential to reduce the
masks’ carbon footprint without compromising the prevention capabilities, and a 50% in
the carbon footprint can be accomplished by halving the area of the initial mask. Shape
conformation that could reduce the textile area extending toward the cheekbones, which is
unusable, is preferred. The carbon footprint drops by reducing layers or surface area, but
the critical point is to ensure the same filtration performance and structure stability; for this
reason, every structure made by different layers or areas of the mask should be tested to
ensure that the filtration and structural performance meets the requirements for dedicated
use. In this respect, a balance between filtration efficiency, structural performance, and
environmental impact should be achieved.

In the face of a net decrease in the carbon footprint for the single use of the mask,
the contribution of polymer production ends up being almost on par with respect to the
washing process and its environmental load due to consumed energy, impact of detergents,
and used water, and the impact of the disposal of the spent mask. Despite everything, for a
single use, the washing procedure enables a reduction in the carbon footprint of the reused
mask, compared with the disposable one, by 85%. This reduction is due to the considerable
load capacity of a washing machine capable of dealing with large quantities of masks per
washing cycle.
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Figure 3. Carbon footprint versus mass of surgical masks made in PP and dependence upon pleating: a = mask without
pleating, b = mask with average pleating, c = mask with pleating.

Regarding the mask that is the subject of this study, carrying out 10 industrial washes
generated a carbon footprint of 4.906 g CO2 equivalent for a single use of the mask. As a
comparison, Allison A.L. et al. [19] reported a value of 4.13 g CO2 equivalent for a single
use of the mask using average household machine washing, assuming as a functional unit
a full machine wash every 3 days, which equates to each mask being washed 122 times in
one year. The percentage contribution of the processes is illustrated in Figure 4.
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4. Discussion

Most of the carbon footprint of the examined surgical mask comes from textile produc-
tion, starting from raw materials (granulate) and ending with nonwoven fabrics, followed
by disposal. Transport, packaging, and assembly contributions are negligible. The re-
maining packaging is waste, incinerated in a municipal solid-waste incinerator, and the
recycling of aluminum strips is assumed to happen in the incinerator. Nowadays, there
is no recycling chain of the disposed surgical masks built up from the municipalities.
The reasons for these choices come from a report from the Italian Istituto Superiore di
Sanità (Higher Institute of Health) that provides recommendations for the management
of disposable masks produced by household and non-household users, including public
and private, commercial, and manufacturing entities, other than health, and social and
healthcare activities [20]. This report suggested including masks coming from households
in the European List of Waste Code EER 200301, such as urban waste to be included in
unsorted waste. All others are classified under EER 150203 “absorbents, filter materials,
rags and protective clothing, other than those mentioned in 150202”, as they belong to the
special-waste category. Government pressure in facing the pandemic has increased the
consumption of masks and skyrocketed global production using polymeric materials in an
unprecedented manner, with the following risks due to pollution from microplastics [21].
There is no complete information on how much Italians are spending on masks because
distribution channels are uneven: pharmacies and para-pharmacies, supermarkets, and
tobacconists. Data on pharmacies and para-pharmacies collected by a survey company
clearly showed, from the beginning of 2020 until the end of September, 98 million euros
spent by families on masks in this channel alone. In September, in this channel, about
13 million surgical masks were bought per day (considering also that the government fixed
the maximal price at 50 cents apiece), and it is plausible that supermarkets and tobacconists
sold at least as many [22]. In schools, about 11 million masks are distributed free of charge
every day, to which those distributed to public and private institutions should be added.
The recycling of the polypropylene of nonwoven textiles, aluminum strips, and elastic
laces may highly contribute to the carbon-footprint mitigation of the entire life cycle of
surgical masks used to prevent SARS-Cov-2 diffusion. Washing seems to the best option
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immediately available to reduce greenhouse-gas emissions, provided that a collection chain
of spent masks is active.

5. Conclusions

The carbon footprint of the production and disposal of surgical masks hypothetically
produced in the city of Taranto using the LCA was studied, considering composition
and assembly to be compliant with the guidelines issued by the Milan Polytechnic. We
started with the transportation of the textiles from the production site (located in northern
Italy) to the city of Taranto (Apulia region), where they were hypothetically assembled
to produce the masks that were to be packaged and transported to the final users in a
100 km range in the province of the city. The computed value of 32.7 g CO2 eq. per
mask included the main contributors of greenhouse-gas emissions coming from textile
production, followed by disposal, the production of the cardboard box composing the
packaging, and transport of the fabrics to the site of sewing and assembling the final
product. Considering that, in Italy, the consumption of masks to prevent SARS-CoV-2
diffusion is estimated at several millions a day, a slight reduction in the carbon footprint
of surgical masks may result in a huge reduction in national greenhouse-gas emissions.
Washing in an industrial laundry facility seems to be the best option for carbon-footprint
abatement, provided a collection chain of spent masks is built up. The procedure enables a
reduction in the carbon footprint of reused masks, compared with that of disposable ones,
by 85% per single use due to the considerable load capacity of the washing machine. Shape
re-engineering, research for less impactful materials, and reuse with washing are essential
to reduce the carbon footprint of the masks without compromising contagion-prevention
capabilities. Future developments of this work could include evaluations of the carbon
footprint of surgical masks and other protective equipment in the case of textile recycling,
and the implementation of new and innovative materials that are better susceptible to
recycling and with minor environmental impact.
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