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a b s t r a c t

In this study, co-pyrolysis of single-use face mask (for the protection against COVID-19) and food waste
was investigated for the purpose of energy and resource valorization of the waste materials. To this end,
disposable face mask (a piece of personal protective equipment) was pyrolyzed to produce fuel-range
chemicals. The pyrolytic gas evolved from the pyrolysis of the single-use face mask consisted primar-
ily of non-condensable permanent hydrocarbons such as CH4, C2H4, C2H6, C3H6, and C3H8. An increase in
pyrolysis temperature enhanced the non-condensable hydrocarbon yields. The pyrolytic gas had a HHV
of >40 MJ kg�1. In addition, hydrocarbons with wider carbon number ranges (e.g., gasoline-, jet fuel-,
diesel-, and motor oil-range hydrocarbons) were produced in the pyrolysis of the disposable face mask.
The yields of the gasoline-, jet fuel-, and diesel-range hydrocarbons obtained from the single-use mask
were highest at 973 K. The pyrolysis of the single-use face mask yielded 14.7 wt% gasoline-, 18.4 wt% jet
fuel-, 34.1 wt% diesel-, and 18.1 wt% motor oil-range hydrocarbons. No solid char was produced via the
pyrolysis of the disposable face mask. The addition of food waste to the pyrolysis feedstock led to the
formation of char, but the presence of the single-use face mask did not affect the properties and energy
content of the char. More H2 and less hydrocarbons were produced by co-feeding food waste in the
pyrolysis of the disposable face mask. The results of this study can contribute to thermochemical
management and utilization of everyday waste as a source of energy.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The COVID-19 pandemic has resulted in exacerbating plastic
pollution. Heavy dependence upon take-away and hygiene con-
cerns leading to employing personal protective equipment has
increased the use of plastics; however, measures proposed to
reduce plastic use, such as (e.g., banning single-use plastic bags)
have been paused, rolled back, and even banned. Single-use face
masks are the most common personal protective equipment to
prevent the spread of the pandemic. The employment of single-use
tems Research, Ajou Univer-
rea
n), jlee83@ajou.ac.kr (J. Lee).
face masks has become widespread because many national and
local governments have mandated the public wear masks. In 2019,
the global market size of face masks was about 0.8 billion USD, but
it was expanded to about 166 billion USD at the end of 2020 [1,2].
The skyrocketing demand for face masks enormously increases face
mask waste. However, they are difficult to be recycled owing to
their complex compositions and the risk of COVID-19 infection. In
many cases, used masks are improperly discarded mostly because
increased volume of the waste overwhelms waste management
systems [3]. A substantial portion of the improperly discarded face
masks enter the ocean and pollutemarine ecosystems. According to
an estimation by OceansAsia, in 2020 approximately 1.6 billion
masks enter the ocean, equivalent to 4700e6200 tons of plastic
pollution [4].

Food waste is another global challenge. People waste about a
third of all food produced for human consumption [5]. Food waste
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has not only taken loads of fresh water, land, and labor to produce,
but also been bad for the environment including climate. Most food
waste in developing regions is down to infrastructure, but it is
down to consumer levels in developed countries. The decrease in
food waste can reduce global greenhouse gas emissions [6]. Ac-
cording to a working paper prepared by Climate Focus and Inter-
national Institute for Applied Systems Analysis, a reduction in food
waste provides significant greenhouse gas mitigation at approxi-
mately 0.38e4.5 Gt of CO2 equivalent per year [7].

In this regard, both disposable face masks and food waste must
be carefully treated. Given that both are kinds of everyday waste, it is
preferable to simultaneously treat the mask and food waste. Co-
pyrolysis (a process to pyrolyze two or more different materials as
a feedstock) is a promising optional technique to valorize a range of
carbonaceous substances [8]. For instance, co-pyrolysis of biomass
and plastic is amajor pathway for upgrading bio-oil, which enhances
the yield and quality of bio-oil because of high C and H contents and
low O content of plastics [9]. Compared to other bio-oil upgrading
methods (e.g., hydrogenation, hydrodeoxygenation [10,11], and cat-
alytic pyrolysis [12,13]), co-pyrolysis is simple and safe because it
does not require high-pressure hydrogen (it operates under ambient
pressure without supplying hydrogen) [14]. In addition, the ratio of
cost to performance for co-pyrolysis process is low [15]. For the
reasons, co-pyrolysis of biomass and plastic is considered an effec-
tive upgrading method of pyrolytic products. Recently, there has
been efforts to apply co-pyrolysis to simultaneously treating
different waste materials (organic waste, waste plastics, etc.) [16].

There have been few papers relevant to pyrolysis of disposable
face masks and polymers that are used on disposable face masks. In
Table S1, the yields of pyrolytic products produced via pyrolysis of
disposable face mask [17,18], hospital plastic waste [19,20], and
polymers that might be used to make disposable face masks [21,22]
are compared. However, co-pyrolysis of single-use face mask and
organic waste has not been reported yet. Here in this study, we have
first reported co-pyrolysis of single-use face mask and food waste.
Considering that disposable facemasks aremade of a range of melt-
blown plastic materials, co-pyrolysis of the mask and food waste
would be beneficial to their valorization to energy and value-added
chemicals. The aim of this study was to investigate the effect of
using food waste as co-feedstock of disposable face mask pyrolysis
on the characteristics of gas, liquid, and solid pyrolytic products.
The characteristics of the pyrolytic products are described based
both on their heating values and on the carbon number ranges of
different fuels and oils. This research should contribute to inno-
vating approaches to valorize wastes produced by different sectors
to transform our society towards a sustainable and zero-waste
environment.

2. Materials and methods

2.1. Feedstock

Single-use face masks (Korea filter 94 grade) were purchased
from a local pharmacy near Ajou University campus. The mask
sample was dried at 333 K overnight to removemoisture prior to its
use as the feedstock. Foodwastewas supplied by awaste treatment
facility in Suwon, Gyeonggi, Republic of Korea. It was dewatered
using a screw press, followed by magnetic separation of any im-
purities. After that, the food waste sample was dried at 333 K
overnight. All chemical reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Pyrolysis experimental setup

A pyrolysis experimental setup used in this study is depicted in
2

Figure S1. It comprised a split-hinge tube furnace, a temperature
controller, a quartz tube (length: 0.6 m, outside diameter: 25 mm,
and wall thickness: 4 mm), a mass flow controller, and a con-
densable trap composed of an ice bath (272 K) and a dry ice/acetone
bath (223 K). During the pyrolysis and co-pyrolysis, an oxygen-free
environment was controlled by the mass flow controller to flow
ultra-high purity N2 gas (100 mLmin�1). For pyrolysis experiments,
about 2.25 g of mask (filters: 1.79 g; ear rope: 0.22 g; nose wire:
0.24 g) was used as the feedstock. Sieved size of food waste was
between 0.6 mm and 1.0 mm. Feedstock loading in the reactor is
pictured in Figure S1. Each experiment was carried out in triplicate
to check the reproducibility of experimental results.

2.3. Pyrolytic product analysis

Permanent gases (i.e., non-condensable gases) evolved from the
pyrolysis and co-pyrolysis were quantified by using a micro gas
chromatograph (GC) (model: Fusion Gas Analyzer) manufactured
by INFICON (Bad Ragaz, Switzerland). The micro GC was directly
connected to the reactor outlet (Figure S1), which allowed in-situ
analysis of the gaseous products. Specification and product anal-
ysis conditions of the micro GC are provided in Table S2.

Chemical compounds in condensable products were identified
and quantified by using a GCemass spectrometry (GCeMS) (GC
model: 7890 A; MS model: 5975C) manufactured by Agilent
Technologies (Santa Clara, CA, USA). For the identification of con-
densable species, each peak shown in GCeMS chromatograms was
matched with the NIST mass spectral library, which area was in-
tegrated separately. A 10 ng mL�1 of 5-methylfurfural was used as
an internal standard to calculate concentrations of the identified
species. Table S3 gives specification and product analysis conditions
of the GCeMS.

The residual solids after the pyrolysis and co-pyrolysis were also
characterized. Their specific surface area and porosity were deter-
mined through N2 physisorption conducted at 77 K using a volu-
metric adsorption analyzer (model: BELSORPmini II) manufactured
by MicrotracBEL (Osaka, Japan). Degassing the sample was per-
formed before the physisorption as follows: at 363 K for 30min and
then at 423 K under vacuum. BET (Brunauer, Emmett, and Teller)
theory was applied to determining specific surface area, and BJH
(Barrett, Joyner, and Halenda) desorption method (P/P0 ¼ 0.99) was
employed to determine pore volume and size. Elemental compo-
sition of the solid residue was analyzed by its combustion at 1273 K
in the presence of copper wire and tungsten(VI) oxide catalysts in a
elemental analyzer (model: FlashSmart 2000) manufactured by
Thermo Scientific (Waltham, MA, USA). Ash content of the solid
residue was analyzed by heating the sample at 1023 K for 1 h in an
open-top crucible. Higher heating value (HHV) of the char was
calculated based on its elemental composition using Eq. (1):

HHV ¼ 34.91XC þ 117.83XH þ 10.05XS � 10.34XO � 1.51XN �
2.11XAsh (Eq. 1)

where XC, XH, XS, XO, XN, and XAsh are the fraction of carbon,
hydrogen, sulfur, oxygen, nitrogen, and ash of char (by weight) [23].

3. Results and discussion

3.1. Feedstock characterization

The single-use face mask was composed of filter parts made of
polypropylene (PP), ear straps made of polyamide and poly-
urethane, and a nose bridge strip made of aluminum metal. The
nose bridge strip was removed before the pyrolysis of the dispos-
able COVID-19 mask. Table 1 summarizes the results of proximate
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and ultimate analyses for the mask. It contained mostly volatile
species. Oxygen and nitrogen likely originated from polyamide and
polyurethane of which the ear straps are made. As present in
Table 1, the food waste had a high level of oxygen content, 41.6 wt%.
It contained sulfur of 0.4 wt%, while themask did not contain sulfur.
Nitrogen contained in the food waste should originate from amino
acids [24,25]. The food waste was composed of cellulose, hemi-
cellulose, and lignin of 3.3 wt% and extractives (lipids, fatty acids,
fatty alcohols, amino acids, phosphates, etc. [26,27]) of 96.7 wt%.
3.2. Pyrolysis of disposable COVID-19 mask

The overall mass balances of the pyrolytic products made from
the single-use face mask are shown in Fig. 1. The total yield of the
pyrolytic gas composed of non-condensable permanent gases (e.g.,
methane (CH4), ethane (C2H6), propane (C3H8), ethylene (C2H4),
propylene (C3H6), carbonmonoxide (CO), carbon dioxide (CO2), and
hydrogen (H2)) was enhanced from 2.4 wt% to 5.4 wt% with an
increase in the pyrolysis temperature from 773 K to 1173 K. At high
temperatures, thermal cracking of the condensable pyrolytic vapor
was promoted by gas phase homogeneous reactions and hetero-
geneous reactions taking place between pyrolytic vapor and the
feedstock during the pyrolysis [28,29]. On a per mass basis, 52e59%
of the disposable face mask was converted into condensable spe-
cies (collected by the condensable trap; Figure S1) at all tempera-
tures tested. The species that were not collected by the trap but not
the permanent gases are considered volatiles (which may be too
highly volatile to be condensed in the trap). No solid residue (i.e.,
char) was observed after the pyrolysis. This shows a complete
thermal degradation of the mask at temperatures higher than
773 K.

The product distributions in the non-condensable permanent
gases produced from the disposable COVID-19 mask at different
pyrolysis temperatures are represented in Fig. 2. The gases were
hydrogen (H2), methane (CH4), ethylene (C2H4), ethane (C2H6),
propylene (C3H6), propane (C3H8), carbon monoxide (CO), and CO2.
On the weight basis per the feedstock, C3H6 was the most produced
non-condensable gas for the pyrolysis of the COVID-19mask, which
obviously resulted from depolymerization of PP that comprises the
mask filter layers. Disproportionation of C3H6 resulted in the for-
mation of C2H4 [30]. Note that the conversion of C3H6 into C2H4
reported in earlier literature has undertaken with catalysts such as
metal oxides [30] and zeolites [31]. However, such disproportion-
ation reaction can thermally occur [32], which should give lower
selectivity than catalytic reaction. H2 was generated likely via
Table 1
Results of proximate, ultimate, and composition analysis of the single-use mask and
food waste.

wt.% Mask Food waste

Proximate analysis
Moisture 0 3.3
Volatile matter 81.3 71.3
Fixed matter 9.2 15.1
Ash 9.5 10.3
Ultimate analysis
C 75.9 47.5
H 14.9 6.6
O (by difference) 8.4 41.6
N 0.8 3.9
S N.D. 0.4
Composition
Cellulose e 2.0
Hemicellulose e 1.2
Lignin e 0.1
Extractives e 96.7

3

dehydrogenation reactions occurring in the pyrolysis [33]. Hydro-
genation of C2H4 and C3H6 with the hydrogen generated during the
pyrolysis resulted in C2H6 and C3H8, respectively. CH4, CO, and CO2
could be produced via thermal cracking of pyrolytic vapor [34].

The HHVs of the gaseous pyrolytic products obtained at
different temperatures were calculated based on the heat of the
combustion of each gas and the amount of the gaseous products
produced. The HHV increased from 40.7 MJ kg�1 to 43 MJ kg�1 as
the pyrolysis temperature increased from 773 K to 973 K. A further
increase in the temperature from 973 K to 1173 K did not signifi-
cantly raise the HHV.

The hydrocarbons identified in the pyrolytic liquid produced
from the single-use face mask via pyrolysis ranged from C6 to C28
(Table 2). They could be classified as gasoline-range hydrocarbons
(C4eC12), jet fuel-range hydrocarbons (C5eC14), diesel-range hy-
drocarbons (C8eC21), and motor oil-range hydrocarbons
(C18eC35). Table S4 illustrates the carbon chain lengths of hydro-
carbons associatedwith different fuel and oil formulations and how
these affect their boiling points. An increase in the number of car-
bons makes intermolecular attractive forces cumulatively more
considerable, resulting in high boiling points. As shown in Fig. 3, the
yields of gasoline-, jet fuel-, diesel-, and motor oil-range hydro-
carbons were highest at 973 K. At temperatures lower than 973 K,
thermal cracking of chemical compounds that have higher molec-
ular weights than the C6eC28 hydrocarbons might not be enough,
thereby bigger molecules than the C6eC28 species existing in the
pyrolytic liquid. However, more thermal cracking occurs at tem-
peratures higher than 973 K, lowering the yields of gasoline-, jet
fuel-, diesel-, and motor oil-range hydrocarbons. Table S5 gives
HHVs of the gasoline-, jet fuel-, diesel-, and motor oil-range hy-
drocarbons calculated with an assumption of heat of combustion of
n-alkanes having corresponding carbon numbers [35].

3.3. Effect of co-feeding food waste on pyrolysis of disposable face
mask

The co-feeding food waste to pyrolysis of the single-use face
mask affected the overall mass balances of the pyrolytic products.
As seen in Fig. 1, the pyrolysis of the single-use face mask did not
remain any solid product (i.e., char). However, the addition of food
waste to the feedstock resulted in char ranging from 6.6 wt% to
26.3 wt% for the co-pyrolysis of the single-use face mask and food
waste (Fig. 4). Asmore foodwastewas added to the feedstock, more
char was produced at all temperatures tested. This clearly indicates
that the char originates from the foodwaste. The char yields tend to
decrease with the temperature increases, because the cleavage of
eOH groups and CeH bonds is enhanced at elevated temperatures
[36,37]. The non-condensable gas yield increases with an increase
in the pyrolysis temperature for all five feedstocks. For instance, the
non-condensable gas yield obtained with the 75% food waste/25%
mask increases from 9.5 wt% to 16.6 wt% as the temperature in-
creases from 773 K to 1173 K. This could be because thermal
cracking of pyrolytic vapor is enhanced via homogeneous reactions
taking place in the gas phase and heterogeneous reactions taking
place in the gasesolid phase with a rise in the temperature [28,29].

The yield of non-condensable gases increased with increasing
food waste loading in the feedstock (Fig. 4). Fig. 5 shows the
volumetric proportion of non-condensable gases evolved from the
pyrolysis of the mixtures of single-use face mask and food waste
with different feed ratios at a range of temperatures. For the py-
rolysis of the disposable face mask with co-feeding food waste, CO2
was most produced non-condensable permanent gas, unlike the
case of the pyrolysis of the single-use face mask without food
waste. At all temperatures tested, the contents of CO2 and CO in the
pyrolytic gas tend to be proportional to the food waste loading in



Fig. 1. Overall mass balances of the pyrolytic products produced via pyrolysis of the single-use face mask as a function of pyrolysis temperature.

Fig. 2. Product distributions of non-condensable gases in the pyrolytic gas produced
via pyrolysis of the single-use face mask as a function of pyrolysis temperature.

Table 2
Yields (wt.%; on the basis of weight of the feedstock) of the identified hydrocarbons
with different carbon numbers, obtained from the pyrolysis of the single-use face
mask at different pyrolysis temperatures.

Carbon number of hydrocarbons Temperature (K)

773 873 973 1073 1173

C6 1.0 1.6 2.0 1.8 1.5
C10 1.1 1.2 1.7 1.1 1.0
C11 1.7 1.9 2.6 1.6 1.5
C12 5.8 6.2 8.3 5.9 5.3
C13 2.0 2.0 2.6 1.9 1.7
C14 0.8 1.0 1.1 1.2 1.3
C15 0.2 0.2 0.3 0.2 0.2
C16 6.9 7.2 8.3 7.7 7.8
C17 1.4 1.7 2.0 2.1 2.4
C18 1.0 1.3 1.5 1.3 1.3
C20 2.8 3.0 3.5 3.1 3.1
C22 0.4 0.5 0.6 0.5 0.5
C23 4.0 4.1 4.9 3.8 3.8
C25 3.6 3.8 4.2 4.0 4.0
C28 2.6 3.0 3.4 3.2 3.4
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the feedstock, while the contents of C1eC3 hydrocarbons in the
pyrolytic gas tend to be inversely proportional to the food waste
loading in the feedstock. This is because of a high oxygen content of
food waste, as seen in Table 1. The C1eC3 hydrocarbons are
considered to originate primarily from polypropylene that consti-
tutes the mask, so a higher food waste loading in the feedstock led
to a lower content of C1eC3 hydrocarbons in the pyrolytic gas. Of
the non-condensable gases, the change in H2 proportion by varying
both the pyrolysis temperature and the ratio of the single-use face
mask to food waste is most considerable (Fig. 5). For all five feed-
stocks, the H2 proportion increases with an increase in the pyrolysis
4

temperature. At all tested temperatures, the H2 proportion in-
creases as the foodwaste loading in the feedstock increases from0%
to 75% (i.e., decrease in the single-use face mask loading from 100%
to 25%). The H2 proportion in the pyrolytic gas evolved from the
pyrolysis of food waste only (i.e., food waste loading of 100%) is
20e80% lower than that in the pyrolytic gas evolved from the co-
pyrolysis of 75% food waste and 25% single-use face mask (i.e.,
food waste loading of 75%).

Pyrolysis of solid biomass (e.g., food waste) particles occurs
through three stages: drying, primary pyrolysis, and secondary
pyrolysis [38]. In the drying stage, the biomass particles are heated
locally, evaporating moisture, following primary pyrolysis. Thermal
scission of chemical bonds in cellulose, hemicellulose, lignin, and
extractives in the biomass takes place in the primary pyrolysis
stage, releasing pyrolytic volatiles comprising non-condensable
gases and some organic species that are condensable at ambient



Fig. 3. Yields of different fuels and oils (on the basis of weight of the feedstock)
produced via pyrolysis of the single-use face mask as a function of pyrolysis
temperature.
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conditions). Non-volatile pyrolytic solid (i.e., char) is yielded in the
primary step. When the pyrolysis proceeds further, the volatiles
evolved from the primary pyrolysis undergo parallel and serial
reactions occurring homogeneously or heterogeneously (dehydra-
tion, dehydrogenation, condensation, polymerization, reforming,
Fig. 4. Overall mass balances of the pyrolytic products produced via co-pyrolysis of the sing
loading in the feedstock.

5

cracking, etc.), which result in the formation of a complex mixture
of pyrolytic products. The char yielded in the primary step can be
further transformed to H2 in the secondary pyrolysis stage (i.e.,
dehydrogenation takes place). The secondary pyrolysis occurs at
higher temperatures than the primary pyrolysis [39].

As mentioned above, the increase in pyrolysis temperature led
to enhancing H2 production for the co-pyrolysis of the single-use
face mask and food waste. This is most likely because the re-
actions involved in the secondary pyrolysis (e.g., dehydrogenation
of species evolved from food waste during its pyrolysis) readily
occur at elevated temperatures [40,41]. Co-feeding the single-use
face mask with food waste enhanced the H2 production,
compared to pyrolysis of the mask or food waste only at the tem-
peratures tested. Two possible mechanisms of the co-feeding effect
are available. First, the single-use face mask can serve as hydrogen
donor during the co-pyrolysis [42,43], attributed to a higher H
content of the mask than the food waste (Table 1). Second, water
formed from the pyrolysis of food waste can act as a reactive
compound that promotes thermal cracking of the pyrolytic vapor
from the mask, thereby producing more volatile compounds such
as H2 [43,44].

The co-pyrolysis of the single-use face mask and food waste led
to the formation of a variety of condensable species that can be
classified as phenolic compounds, polycyclic aromatic hydrocar-
bons (PAHs) and their derivatives, hydrocarbons ranging from C6 to
C28, N-containing species, and oxygenates involving acids, esters,
alcohols, aldehydes, and ketones. Individual species that could be
identified by the GCeMS analysis are listed in Table S6. Phenolic
compounds are potentially carcinogenic, and they are toxic and
le-use face mask and food waste at a range of temperatures as a function of food waste



Fig. 5. Product distributions (volume basis) of non-condensable gases in the pyrolytic gas produced via co-pyrolysis of the single-use face mask and food waste at a range of
temperatures as a function of food waste loading in the feedstock.
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lethal to fish at low concentrations [45]. United States Environ-
mental Protection Agency (US EPA) has designated phenol and
phenolic compounds as priority pollutants taking 11th place among
126 undesirable chemicals [46,47]. PAHs and their derivatives are
mutagenic and carcinogenic, cause heart disease, and damage to
internal organs like kidney and liver [48]. Reactions between PAHs
and ozone and nitrogen oxides lead to the formation of particulate
oxygenated-PAHs that are considered a secondary organic aerosol
[49]. PAHs and their derivatives can be generated from phenolic
compounds and other benzene derivatives via the hydrogen atom
abstraction, acetylene addition, and Diels-Alder mechanisms [50].
The acids involved in the oxygenates were mostly fatty acids
originating from food waste. The esters may be generated via
transesterification of the fatty acids. Alcohols, aldehydes, and ke-
tones are commonly found in bio-oil produced via biomass pyrol-
ysis [51].

Fig. 6 summarizes the results of condensable compounds ac-
cording to the classification. The proportions of phenolic com-
pounds and PAHs increases with an increase in the food waste
loading in the feedstock. This is most likely because food waste
contains lignin and extractives (Table 1) [52]. An increase in the
pyrolysis temperature at a comparable food waste loading in the
feedstock tended to increase the proportion of phenolic com-
pounds and PAHs in the pyrolytic product. It is known that the
formation of PAHs favors more at higher temperatures [53]. In
addition, phenolic compounds could be better transformed to PAH
6

derivatives at higher temperatures. The proportions of phenolic
compounds and PAH derivatives increase with increasing the food
waste loading in the feedstock. This was likely ascribed to the
presence of lignin and extractives in the food waste (Table 1). The
proportion of N-containing species increases either with increasing
pyrolysis temperature or with increasing the food waste loading in
the feedstock. This is ascribed to a higher N content of the food
waste than that of the single-use face mask (Table 1). The propor-
tion of oxygenates increases as the food waste loading in the
feedstock increases because the fatty acids and esters mostly
comprising the oxygenates originate from food waste, and the food
waste has a four times higher O content than the single-use face
mask. The addition of food waste to the feedstock dramatically
decreases the proportion of hydrocarbons. As shown in Table 1, the
food waste is composed of various substances. Thermal cracking of
food waste leads to the formation of a mixture of a wide range of
chemical species (mostly oxygenates) likely attributed to its com-
plex heterogeneous nature and high oxygen content [54,55].
Therefore, the pyrolysis of the disposable face mask with co-
feeding food waste decreased the yields of the hydrocarbons.

Char is non-volatile carbon-rich solid remained after pyrolysis,
which can be exploited in a variety of applications such as fuel and
structural materials. Thus, characterization of the chars produced
via co-pyrolysis of the single-use face mask and food waste would
be beneficial for the potential use of the materials. Table 3 lists
specific surface area, total pore volume, average pore diameter,



Fig. 6. Product distributions (mass basis) of condensable species in the pyrolytic liquid produced via co-pyrolysis of the single-use face mask and food waste at a range of tem-
peratures as a function of food waste loading in the feedstock.
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elemental composition, ash content, and HHV of the chars. The
textual properties and HHV of the chars are not significantly
different, likely because they originate from same food waste. This
also means that the presence of the disposable face mask has
negligible effect on the surface area, porosity, and energy content of
the char.
4. Conclusions

In this study, the single-use face mask was pyrolyzed as a
strategy tomake fuel-range chemicals from everyday waste such as
personal protective equipment against COVID-19. The effect of co-
feeding food waste on the pyrolysis of the disposable face mask
was investigated. The total yields of non-condensable permanent
gases, composed primarily of CH4, C2H6, C3H8, C2H4, and C3H6,
obtained with the disposable face mask increased with an increase
Table 3
Textural properties, elemental composition and ash content, and HHV of the chars made
food waste loading in the feedstock.

Food waste
loading (%)

Textual properties

Surface area (m2 g�1) Total pore volume (cm3 g�1) Avera
diame

25 16.4 0.042 9.0
50 15.7 0.045 8.4
75 14.9 0.043 8.7
100 15.9 0.038 8.4

7

in pyrolysis temperature from 773 K to 1173 K. The HHV of the
pyrolytic gas >40 MJ kg�1. No char was formed for the pyrolysis of
the single-use face mask. In addition to the non-condensable gases,
hydrocarbons with different carbon number ranges (e.g., gasoline-,
jet fuel-, diesel-, andmotor oil-range hydrocarbons) were produced
in the pyrolysis of the single-use face mask. The pyrolysis of the
disposable face mask performed at 973 K led to the highest yields of
gasoline-, jet fuel-, diesel-, and motor oil-range hydrocarbons
(14.7 wt%, 18.4 wt%, 34 wt%, and 18.1 wt%, respectively). Co-feeding
food waste affected the pyrolytic products of the disposable face
mask. The co-pyrolysis of the single-use mask and food waste
formed char resulting from the food waste. The presence of the
single-use face mask negligibly affected specific surface area,
porosity, and HHV of the char. The pyrolysis of the disposable face
mask with co-feeding food waste produced more H2 and less hy-
drocarbons, ascribed to the complex heterogeneous nature and
via co-pyrolysis of the single-use face mask and food waste at 973 K as a function of

Elemental composition and ash content
(wt.%)

HHV (MJ kg�1)

ge pore
ter (nm)

C H O N Ash

45.3 2.4 39.0 4.1 9.2 14.4
49.6 2.5 31.0 4.3 12.6 16.7
55.3 3.7 20.5 4.7 15.8 21.1
53.5 2.7 28.4 4.5 10.9 18.6
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high oxygen content of the food waste. The addition of food waste
to the pyrolysis of single-use face mask brings the benefit of a
higher yield of pyrolytic gas with enhanced H2 production. The data
reported in this paper should be valuable for practical purpose. To
understand more thoroughly the effects of co-feeding food waste
on the production of fuel-range chemicals via pyrolysis of dispos-
able face mask, the co-pyrolysis of single-use face mask and food
waste needs to be mechanistically modeled.
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