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Abstract: This research aims to develop a new strategy to valorize wasted COVID-19 masks based
on chemical recycling by pyrolysis to convert them into useful products. First, surgical and filtering
face piece masks, as defined in Europe by the EN 149 standard (FFP2), were thermally pyrolyzed at
temperatures of 450, 500, and 550 °C, and the yields of valuable solid (biochar), liquid (biooil), and
syngas products and their characteristics were determined. At low temperatures, biochar formation
was favored over biooil and syngas production, while at high temperatures the syngas product yield
was enhanced. The highest yield of biooil was found at a pyrolysis temperature of 500 °C, with
both surgical and FFP2 masks achieving biooil yields of 59.08% and 58.86%, respectively. Then, the
pyrolysis experiments were performed at 500 °C in a two-stage pyrolysis catalytic reactor using
sepiolite as a catalyst. Sepiolite was characterized using nitrogen adsorption—desorption isotherms
and Fourier-transform infrared spectroscopy. Results showed that the two-stage process increased
the final yield of syngas product (43.89% against 39.52% for surgical masks and 50.53% against 39.41%
for FFP2 masks). Furthermore, the composition of the biooils significantly changed, increasing the
amount of 2,4-Dimethyl-1-heptene and other olefins, such as 3-Eicosene, (E)-, and 5-Eicosene, (E)-.
Additionally, the methane and carbon dioxide content of the syngas product also increased in the
two-stage experiments. Ultimately, the effect of sepiolite regeneration for its use in consecutive
pyrolysis tests was examined. Characterization data showed that, the higher the use-regeneration
of sepiolite, the higher the modification of textural properties, with mainly higher changes in its
pore volume. The results indicated that the pyrolysis of face masks can be a good source of valuable
products (especially from biooil and syngas products).
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1. Introduction

The global pandemic situation declared in 2020 due to the disease called COVID-19 and
government measures to avoid its spread caused a dramatic increase in the consumption
of face masks, gloves, and other single-use plastic-based personal protective equipment
(PPE) [1]. As a result of the high demand and elevated consumption of these single-use
plastic-based materials, a great amount of waste is produced, with a monthly estimation of
129 billion face masks and 65 billion gloves globally [2,3]. Spain was among the countries
with the strictest national lockdown measures in the European Union (EU) during the
first wave of the pandemic. After that, the different autonomous communities applied
different restriction regimes. The use of masks was encouraged in public spaces and,
in some instances, was imposed in public transport. Therefore, in Spain, the COVID-19
pandemic had a noticeable effect on the manufacturing of personal protective products by
the Spanish manufacturing industry, due to the strong demand of them by the population.
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Thus, in 2020, more than 293 million masks were sold. About 265.4 million surgical masks,
27.6 million masks with filtering polymeric fibrous materials (FPP filters), almost 8 million
protection screens, and 85,545 tons of hand sanitizer gels were sold. The values of these
sales were EUR 149 million in masks, EUR 18 million in screens, and EUR 296 million in
gels [4]. As a consequence, the development and application of appropriate eco-friendly
methods of management of PPE waste is especially valuable [5].

PPE is made of different types of polymers; even the same equipment has several types
of plastic in its structure. For example, surgical masks are usually made of three layers of
polypropylene, with nylon ear straps and a metal nose clip wrapped in polyethylene [6].
This factor, coupled with the possible presence of micro-organisms, causes this class of waste
requires special treatment [7]. Incineration is currently one of the most widespread methods
for the treatment of healthcare waste. However, the combustion gases not only discharge
greenhouse gas emissions into the environment but can also release toxic substances,
such as dioxins and furans, that need to be properly treated, or particulate matter [8,9].
Landfilling is another of the most common approaches extensively applied to discard PPE.
Nevertheless, there are some important drawbacks to this method. First, since the PPE
degrades slowly, the generated toxic substances stay in the air/water/soil for an extended
period [10]. Furthermore, landfilling needs a massive space. Therefore, to address the
challenges in PPE waste management, different researchers are now working on advanced
technologies, such as glycolysis, hydrogenation, hydrolysis, pyrolysis, and gasification
to transform PPE into value-added products [11]. Of these approaches, pyrolysis is one
of the best techniques for the valorization of PPE due to its high economic viability and
technical feasibility [12]. This technique has been commercially used for plastic upcycling
by some petrochemical companies worldwide [13]. It consists of the use of thermal energy
in an oxygen-free environment to break the chemical bonds of plastic polymers to obtain
three valuable products: biooil, syngas, and biochar, which can play an essential role
in industries and refineries [9,14,15]. The yield and properties of products is strongly
influenced by various operating parameters including temperature, heating rate, or usage
or not of catalysts, among others.

To upgrade the primary products obtained from pyrolysis of plastic waste, different
catalysts have been explored. In particular, the effect of several types of zeolite catalysts
on the yields of biochar, biooils, and gases has been extensively investigated [16]. Other
works includes the use of different metal oxides (Al,O3, Fe,O3, CeO,, MoO3, TiO,, etc.) as
catalyst [17,18]. These catalysts efficiently reduce the temperature needed for breaking and
transform the product yield and composition [11]. Although commercial catalysts display
stability and easy recyclability, their high cost is one of the main limitations for large-
scale plastic waste recycling. A potential solution to this limitation can be replacing them
with low-cost materials without supply problems. In this sense, local clay and clay-based
materials are good candidates as low-cost catalysts for plastic waste pyrolysis [19].

In the case of PPE waste, some previous studies have reported the valorization by
pyrolysis of different types of PPE, including PPE components [20,21], complete PPE [22,23],
combinations of different PPE, such as face masks and gloves [24], or co-pyrolysis of PPE
and other type of waste, such as food waste [25]. Some studies have performed experiments
in thermobalance and have obtained kinetic parameters for different masks [26-28]. Other
authors have also conducted computer simulations for the thermal conversion of face masks
by pyrolysis [27]. Furthermore, Ali et al. [29] examined the conversion of surgical masks
into useful products using metal oxides (CeO, and NbyOs) as catalysts. These authors
constructed a detailed kinetic model that can be useful to industrial pyrolysis reaction units
for the recycling of the face mask waste. Lee et al. [30] have also analyzed the catalytic
pyrolysis of face masks by using zeolite catalysts to produce benzene, toluene, ethylbenzene,
and xylene (BTEX) compounds. Other researchers have oriented their investigation to the
development of porous carbon materials from face masks for energy storage applications
(lithium sulfur batteries [31] or supercapacitors [32]). More recently, Wang et al. [13] have
analyzed the applicability of the hydropyrolysis and hydrocracking processes to convert
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face masks into fuel-range iso-alkanes using Ru/C as a catalyst. Ramalingam et al. [33]
examined the thermal pyrolysis of different medical waste including face masks, gloves,
and other PPE waste with a special emphasis on the characteristics of the obtained liquid
product. The authors concluded that the fuel properties of the liquid product from pyrolysis
of face masks, gloves, and other PPE waste were closer to diesel fuel.

However, to the best of our knowledge, clay and clay-based materials were not
studied in catalytic pyrolysis of any PPE waste. Therefore, in this study, the thermal and
catalytic pyrolysis over an abundant Spanish clay of surgical masks and FFP2 masks was
investigated in-depth. Sepiolite clay was chosen because, although it does not contain
active components (it is a fibrous hydrated magnesium silicate), it has received considerable
attention in catalysis as a support as well as a catalyst [34]. In addition, it is characterized by
a highly specific surface area, and water and other inorganic and organic molecules can be
accommodated in the sepiolite structure and react between them [35-38]. Some of the main
advantages of using sepiolite as a catalyst are its natural origin, low cost (price between
32 and 1000 USD/t in the function of application and processing), and high availability in
Spain (Spain is one of the main world producers of sepiolite) [39].

First, the influence of pyrolysis temperature and the interaction of sepiolite on the
yields and composition of pyrolysis products (biochar, biooil, and syngas) were studied in a
typical pyrolysis temperature range (450-550 °C). Then, the regeneration of the sepiolite was
evaluated in three consecutive pyrolysis cycles. The results will support the applicability
of this new route of management for PPE that aims to mitigate plastic contamination
caused by inadequate management and to achieve sustainable upcycling of waste to high
value-added by-products in the future.

2. Materials and Methods
2.1. Materials and Characterization

Biologically uncontaminated disposable surgical and FFP2 masks were collected af-
ter regular use. Prior to pyrolysis tests, the composition of the masks was identified by
Fourier-transform infrared spectroscopy (FTIR), using a Perkin-Elmer Spectrum 65 spec-
trophotometer. For this, the masks were separated into their layers, as shown in Figure 1.
The surgical mask contains three layers, and the FFP2 mask contains five layers. In addition,
both masks contain a nose bridge and ear straps, which are discarded.
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Figure 1. A photograph of the mask separated into its different parts: surgical mask (left), FFP2
mask (right).

The proximate analysis (moisture, ash, and volatile matter) was determined using the
standards ISO 21660-3:2021, ISO 21656:2021, and ISO 22167:2021, while fixed carbon content
was evaluated on the difference basis (100-moisture-ash-volatile matter). The elemental
content was analyzed using an elemental analyzer (TruSpec Micro CHNS). Finally, the FTIR
spectra were obtained using a Perkin-Elmer (Waltham, MA, USA), (model Spectrum 65)
spectrometer between 4000 and 400 cm 1.
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The catalyst used in the pyrolysis experiments was sepiolite provided by Sigma-
Aldrich (St. Louis, MO, USA). Prior to the pyrolysis test, the catalyst was calcined at 550 °C
for 3.5 h in an air atmosphere. The surface properties of the catalyst were measured using
N, adsorption at 196 °C on Micromeritics ASAP 2020 equipment. The specific surface
area was calculated according to the BET equation. The T-plot method and BJH method
were used to obtain the total pore volume and average pore size distribution, respectively.
Furthermore, the IR spectrum of the catalyst was obtained using a Perkin-Elmer Spectrum
65 spectrophotometer. The strength of active site measurement on the surface of the catalytic
materials was carried out by temperature-programmed ammonia desorption under helium
flow (50 mL/min) from room temperature to 500 °C with a 30 °C/min heating gradient over
approximately 0.085 g of sample on a chemisorption analyzer AutoChem II 2920 model
from the Micrometrics Instrument Corporation (Norcross, GA, USA), provided with a
thermal conductivity detector. Before the chemosorption, the samples were pretreated at
450 °C under He flow for one hour and then cooled to room temperature. Chemisorption
was performed using a mixture of ammonia and helium at 10% for 20 min.

2.2. Pyrolysis Experiments

The pyrolysis and catalytic pyrolysis were carried out in a horizontal tubular furnace
with integrated control systems provided by Nabertherm with a length of 450 mm and
an inner diameter of 50 mm. The schematic layout of the experimental setup is shown in
Figure 2.

MMM ANAN—
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Figure 2. Pyrolysis experimental installation.

First, 15.0 g of sample cut into 10-20 mm pieces was used in an inert N, atmosphere.
It is important to underline that only layers and ear straps were chosen for pyrolysis tests.
The nose bridge was separated from the samples. Once the sample has been weighed,
the reactor is started, and the nitrogen flow rate is regulated to 50 L/h. The sample is
introduced when no oxygen is left in the oven, and it starts heating with a heating rate
of 10 °C/min until the test temperature (450-550 °C) is reached. Once the temperature is
arrived at, a residence time in the furnace of 60 min is programmed. To collect the liquids
(biooils) generated, two glass traps, submerged in a bath of water, ice, and salt, are placed
at the outlet of the tubular reactor. The volatiles that do not condense pass through the pipe
and end up filling a hermetic gasbag to constitute the gaseous fraction. Each bag is filled
for 15 min, for a total of four bags. After the experiment has been completed, the biooil is
weighed, and biooil yield is calculated using Equation (1). The biochar is weighted when
the reactor is cooled to room temperature, and biochar yield is obtained using Equation (2).
Syngas yield is determined by applying the mass balance to the system (Equation (3)).
Equations (1)-(3)are as follows:

Oil Yield (%) = ﬁ—‘;-mo 1)
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Biochar Yield (%) = %-100 2)

Ms
Syngas Yield (%) = 100 — (Oil Yield (%) + Char Yield (%)) ©)]

where Mg is the mass of the sample; Mo is the mass of biooil; M is the mass of biochar.

In the catalytic pyrolysis experiments, the catalyst was placed ex situ with 5% of the
sample mass. Catalyst was mixed with glass balls to prevent clogging. The catalyst was
placed at the outlet of the furnace so that the volatiles were in contact with the catalyst.
From this point, the catalytic pyrolysis operating procedure was the same as the standard
pyrolysis experiment performed at 500 °C (the temperature that provided higher liquid
product yields). Once the experiment was over and the reactor reached room temperature,
the catalyst was recovered. Fractions yields were obtained using Equations (1)—(3). Finally,
the catalyst was calcined at 550 °C for 3.5 h in air atmosphere to regenerate the catalyst and
then it was kept free of moisture until the next run.

Three tests were carried out with the catalyst, and after each use the catalyst was
treated as indicated above. In addition, the surface properties of the catalyst after each
use were determined using N; adsorption at 196 °C on a Micromeritics ASAP 2020, and
we determined the infrared spectrum using a Perkin-Elmer spectrophotometer, model
Spectrum 65.

In addition, all test were performed in triplicate and mean values have been shown.

2.3. Characterization of Liquid Fraction

The compounds in the liquid product were identified by gas chromatography (GC)
coupled with mass spectrometry (MS) (Agilent 7890A /Waters Quattro MicroGC). The
carrier gas was He with a flow of 1 mL/min, the split ratio was 50:1, the injection volume
was 1 uL, and the injector temperature was 240 °C while operating in split mode. The GC
column was a nonpolar phase ZB-5MS capillary column, Phenomenex (Torrance, CA, USA),
(B0m x 0.25 mm, ID x 0.25 pm film). The oven was programmed from 42 °C to 320 °C at
a rate of 6 °C/min and then maintained at 320 °C for 4 min. The standard mass spectral
library (NIST MS Search 2008) was used as a reference to identify organic compounds.

The average molecular weight (MW) of the biooil was estimated from the elemental
composition of the components detected by GC-MS and the area represented by each
compound. Equation (4) is as follows:

Average MW (g/mol) = Y x;- MW; )

where MW; is the molecular weight of component I, and x; is the area of component i.

Finally, physicochemical characterization of biooil was performed by following the
Archimedes’ principle (Ohaus’s density kit) for density determination. An ASTM D445
and Malvern Kinexus rheometer using a flat plate of 20 mm diameter were used for for
viscosity determination, and a pH-meter (HANNA Instruments, Singapore) was used for
pH value determination.

2.4. Characterization of Solid Fraction (Biochar)

The elemental content of the biochar was analyzed using an elemental analyzer
(TruSpec Micro CHNS). A total of 5 mg of sample was grinded to powder size and sealed
in a tin capsule. The C, N, H, and S contents in the sample were detected directly. In
the combustion reactor, organic and inorganic compounds are converted into elemental
gases that are reduced and separated in a chromatographic column and sent to a thermal
conductivity detector.

The energy content of the biochar, high heating value (HHV), was calculated using
Equation (5) according to the methods compiled by Kasar and Ahmaruzzaman [34], and
based on the results obtained from the elemental analysis. Equation (5) is as follows:

HHV (M]/kg) = 0.328-C 4 1.419-H + 0.0928-S (5)
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where C is the carbon content of the sample, wt %, H is the hydrogen content of the sample,
wt %, and S is the sulfur content of the sample, wt %.

Finally, the surface properties of the biochar were determined using N, adsorption at
196 °C on a Micromeritics ASAP 2020, following the same procedure indicated for the catalyst.

2.5. Characterization of Syngas Fraction

The analysis of non-condensable gases was carried out with a gas chromatograph Agilent
990 equipped with two channels for separation and detection and a micro-machined thermal
conductivity detector. The equipment incorporates an MS5A SS 20MX0.25MMX30UM BF
RTS column that can be used for the separation of many permanent gas components, such as
oxygen, nitrogen, carbon monoxide, or methane, and a PORAPLOT QUM10MX0.25MMX8UM
BF column that allows for the determination of components, such as ethane, ethylene, carbon
dioxide, propane, n-butane, acetylene, and methyl acetylene.

The energy content of the syngas, high heating value (HHV), was calculated using
Equation (6) according to the data compiled in the NIST Web Book and based on the results
obtained from the gas chromatography. Equation (5) is as follows:

n x;-AcH®gas;-P

HHV = 21 R-T

(6)
where,

HHYV is the high heating value, M]/m?;

x; is the molar fraction of component i;

AcH°gas; is the standard enthalpy change in combustion of component I, MJ/mol;

R is the universal gas constant, m?3-Pa/K-mol;

T is the temperature of the gas, K;

P is thep ressure of the gas, Pa.

3. Results and Discussions
3.1. Characterization of the Face Masks

Before pyrolysis, the analysis of face masks was performed. Table 1 shows a summary
of elemental and proximate analysis of surgical and FFP2 masks. These masks contain
mainly carbon and hydrogen with a percentage of 81.4 and 15.9 for the FFP2 mask and a
percentage of 83.2 and 8.4 for the surgical mask, respectively. No presence of sulfur and
nitrogen was found in the mask, and oxygen content (obtained by difference including
ash content) was 2.8% and 2.1% for the surgical and FFP2 mask, respectively. Regarding
proximate analysis, the ash content is higher for the surgical mask (5.6%) than for the
FFP2 mask (0.6%). The percentage of volatiles is very high (>90% in both masks), and
the percentage of fixed carbon is low (<4%). These results are like those found by other
authors [40,41].

Table 1. Proximate and elemental analysis of the two masks.

Surgical Mask FFP2 Mask
Moisture 0.3 4.6
Proximate analysis (%) Volatile matter 90.4 92.9
Fixed carbon 3.7 1.9
Ash 5.6 0.6
Carbon 83.2 814
Hydrogen 8.4 15.9
Elemental analysis (%) Nitrogen --- ---
Sulfur --- ---
Oxygen 2.8 2.1

The FTIR spectra of the different layers for the surgical and FFP2 mask are shown in
Figures 3 and 4, respectively.
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Figure 3. FTIR spectra of the different layers of the surgical mask.
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Figure 4. FTIR spectra of the different layers of the FFP2 mask.

Layers 1, 2, and 3 of the surgical masks show identical peaks in the range of 2938
t0 2950 cm ! and in the range of 841 to 1454 cm~!. These peaks are characteristic of the
polypropylene (PP) FTIR spectrum, so this mask contains three layers of this material.
However, FFP2 masks have two types of spectra. Layers 1, 2, and 5 have a spectrum
that is practically identical to that of surgical masks, that is, these layers correspond
to polypropylene. On the other hand, layers 3 and 4 present a spectrum with peaks
characteristic of polyethylene (PE), highlighting the peaks at 2915, 2848, 1472, 1375, and
718 cm ! [18]. Therefore, the FFP2 mask contains five layers, three of polypropylene and
two of polyethylene.

Regarding assignation to functional groups, the most prominent peaks of polypropy-
lene are assigned to asymmetric stretching of CHjz (2950 cm™!), asymmetric stretching of
CH, (2916 cm 1), CH3 stretching (2866 cm™ 1), CH; symmetric bending (1454 cm ! and
1375 cm~1), C-H wagging and CHj rocking vibration (1167 cm~!), CHj rocking vibration
and C-C stretching (997 cm~ ! and 973 cem 1), and C-H rocking vibration (841 cem 1) [42].

Furthermore, the most prominent peaks of the polyethylene layers of the FFP2 masks,
which are 2915 em 1, 2848 cm~1, 1472 em 1, 1375 cm !, and 718 em ™}, correspond to CHj
asymmetric stretching, CH3 symmetric stretching, bending deformation, CH3 symmetric
deformation, and split CHj rocking deformation, respectively [43].

3.2. Thermal Pyrolysis

The yields of the syngas, biooil, and biochar of the thermal pyrolysis of surgical and
FFP2 masks at different temperatures are shown in Figure 5.
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Figure 5. Thermal pyrolysis yields of surgical masks (left) and FFP2 masks (right).

The results indicate that temperature significantly affects the fractions obtained. The
biochar yield decreases with temperature from 4.99% at 450 °C to 0.67% at 550 °C for
surgical masks and from 8.02% at 450 °C to 0.82% at 550 °C for FFP2 masks. For both
materials, the maximum biooil yield is reached at 500 °C, and the maximum syngas yield
at 550 °C. In general, an increase in the pyrolysis temperature promotes cracking reactions,
favouring the formation of liquid and gaseous fractions, and reducing the formation of
biochar. These results are like those obtained by other researchers. Li et al. [20], studying
the pyrolysis of surgical masks, found a decrease in biochar production from 97.6% to 3.9%
when the pyrolysis temperature increased from 350 to 500 °C. The percentage of biooil
and syngas increases from 1.0 to 80.6% and from 1.4% to 15.5% in the same temperature
variation. Sun et al. [6] studied the pyrolysis of masks in a fixed-bed reactor and found
that the yields of liquid and gaseous products increase when the pyrolysis temperature
is higher in a range of 400 to 580 °C. The percentage of solid drops significantly when
the temperature increases from 400 to 440 °C, to remain practically constant. The authors
conclude that the results indicate that the pyrolysis of the mask is complete at 440 °C and
that a higher temperature produces partial cracking of the heavier volatiles.

3.3. Catalytic Pyrolysis
3.3.1. Effect of Sepiolite on Product Yield

The yields of the syngas, biooil, and biochar of catalytic pyrolysis of surgical and FFP2
masks at different runs are shown in Figure 6. As other authors reflect, in general, the use of
a catalyst in masks pyrolysis increased the amount of syngas at the expense of biooil [30,44].
It is especially notable with FFP2 masks, where syngas yield changed from 39.41% to 52.19%.
Sepiolite, as catalyst, having acidic sites on it (total acid sites of 0.29 mmol/g, weak acid
sites of 0.10 mmol/g) can speed up the dehydration, decarboxylation, and hydrogenation
reactions that occur during pyrolysis. Hence, the main role of sepiolite in the product yield
is enhancing the ability of the reaction to crack the polymer mask, increasing the cracking
mechanism to convert the liquid product into syngas. After each catalyst use, similar syngas
and liquid yields were obtained. This is probably due to the good catalyst regeneration
and poor catalyst internal structure variation, as will be discussed later in Section 3.3.5.
If surface acidity and other surface properties are maintained during regeneration, the
potential of secondary reaction, such as an over-cracking mechanism, is similar, so similar
product yield distributions are achieved [45]. On the other hand, there are no significant
changes in the solid yield results obtained in thermal pyrolysis and catalytic pyrolysis.
Only a low variation from 1.39% to 3.91% without a specific trend was observed.
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Figure 6. Comparative pyrolysis yields of surgical masks (left) and FFP2 masks (right).

3.3.2. Characterization of Liquid Fraction

Tables 2 and 3 shows the most common compounds in the recovered biooil after
the pyrolysis experiment for surgical and FFP2 masks, respectively. As other authors
detailed [23,30,46,47], the major compound recovered was 2,4-Dimethyl-1-heptene during
the thermal pyrolysis of masks (>10%). Furthermore, cembrane, 3-Eicosene, (E)-, 5-Eicosene,
(E)-, and 1,2-Epoxyhexadecane appeared in a concentration greater than 3% in thermal
pyrolysis biooils from face masks.

The use of sepiolite as a catalyst altered the composition of the pyrolysis liquids,
significantly increasing the amount of 2,4-Dimethyl-1-heptene and other olefins, such as
as 3-Eicosene, (E)- and 5-Eicosene, (E)- at the expense of naphthenes, such as cembrane.
Nevertheless, the successive use of the catalyst had the opposite effect on the results
obtained, reducing the quantity of light olefins as 2,4-Dimethyl-1-heptene and increasing
the proportion of naphthenes, such as 1,2-Epoxyhexadecane. This behavior could be
explained due to the degradation experienced by the catalyst, which reduced its micropore
area and the total pore volume.

Table 2. Liquid components list in biooil from the pyrolysis of surgical masks.

Component
List

Type of Pyrolysis

Thermal Catalytic-1st Run Catalytic-2nd Run Catalytic-3rd Run

Component

Area, % Component Area, % Component Area, % Component Area, %

Ist

2,4-Dimethyl-1-
heptene

2,4-Dimethyl-1- 40.56 2,4-Dimethyl-1- 26.16 2,4-Dimethyl-1-

12.27 heptene heptene heptene

11.12

2nd

Cembrane

5.59 3-Eicosene, (E)- 1097 3-Eicosene, (E)- 713 Ep Oxyhifz; decane 6.46

3rd

3-Eicosene, (E)-

. 1,2- .
448 5-Eicosene, (E)- 6.22 Epoxyhexadecane 5.46 3-Eicosene, (E)- 5.73

4th

1,2-
Epoxyhexadecane

411  3-Tetradecene, (- 401  v/-Dicyclopentyl-d-— g, 17-Dicyclopentyl-d- ) ¢
n-octylheptane n-octylheptane

5th

1,7-Dicyclopentyl-4-
n-octylheptane

1,3,5- Hexadecyl
3.46 Trimethylcyclohexane 3.60 Cembrane 4.66 trichloroacetate 367
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Table 3. Liquid components list in biooil from the pyrolysis of FFP2 masks.
Type of Pyrolysis
Con}g;)tnent Thermal Catalytic-1st Run Catalytic-2nd Run Catalytic-3rd Run
Component Area, % Component Area, % Component Area, % Component Area, %
1st 2,4-]}?1methy1—1- 30.26 2,4-Dimethyl-1- 35.71 2,4-Dimethyl-1- 3161 2,4-Dimethyl-1- 2961
eptene heptene heptene heptene
2nd 1-Decene 6.47 3-Eicosene, (E)- 11.35 3-Eicosene, (E)- 11.75 3-Eicosene, (E)- 12.01
1,2- . . -
3rd Epoxyhexadecane 6.32 5-Eicosene, (E)- 6.42 5-Eicosene, (E)- 6.73 Epoxyhexadecane 8.01
1,2- 1,2- .
4th Cembrane 5.78 Epoxyhexadecane 5.47 Epoxyhexadecane 5.88 5-Eicosene, (E)- 7.11
. Hexadecyl Hexadecyl Hexadecyl
Sth 5-Bicosene, (E)- 524 trichloroacetate 391 trichloroacetate 4.36 trichloroacetate 509

Moreover, the components of the biooil obtained have been grouped by the most
usual functional groups. Table 4 shows the distribution by functional groups of the biooils.
No aromatic compounds have been detected in the biooil from thermal pyrolysis, which
coincides with other researchers [30]. However, aromatic compounds have not been found
in the biooil obtained in sepiolite-catalyzed pyrolysis, in contrast to other researchers in
zeolite-catalyzed pyrolysis [30,47]. In addition, it was observed that through catalytic
pyrolysis, the number of olefins and isoparaffins obtained increased to the detriment of
naphthenes and paraffins. However, with successive use of the catalyst, it is seen that this
trend is reversed due to the degradation that occurs during use. Table 4 also shows that,
for all samples, the olefin content was higher than other components, with values around
41-72%, while aromatic compounds were not found.

Table 4. Liquid biooil composition by components groups.

Main Component Groups

Type of Pyrolysis
Paraffin  Isoparaffin Naphthene  Olefin Others
Thermal 0.34% 2.19% 16.38% 43.01% 38.07%
Surgical Catalytic-1st run 0.00% 5.15% 3.81% 71.82% 19.22%
mask Catalytic-2nd run 0.68% 1.72% 9.08% 42.15% 46.37%
Catalytic-3rd run 0.76% 2.98% 11.24% 41.35% 43.67%
Thermal 0.00% 2.88% 10.64% 56.68% 29.80%
FFP2 Catalytic-1st run 0.00% 3.22% 6.39% 64.33% 26.06%
mask Catalytic-2nd run 0.00% 2.91% 5.33% 62.54% 29.22%
Catalytic-3rd run 0.00% 1.69% 8.00% 60.44% 29.87%

On the other hand, biooil compounds were grouped by chain size, and the average
MW of the biooil was calculated using Equation (4) (Table 5). It can be noticed that in
catalytic pyrolysis (first run) compared to thermal pyrolysis, the biooil obtained has a
lower chain size and lower average molecular weight. In contrast, the successive use of the
catalyst has the opposite effect, increasing the chain size and the average molecular weight
of the biooil, even reaching higher values than in thermal pyrolysis.

Regarding the mechanism of pyrolysis, in polymers, such as polypropylene and
polyethylene, the main constituents of face masks, the thermal decomposition process
occurs by radical chain reactions and hydrogen transfer steps that gradually break the main
chain through the elimination of small molecules. The mechanism has been previously
discussed by other authors [48-53].

Frequently in catalytic pyrolysis, the first step consists of the protonation of carbon
atoms to form carbocations that can be stabilized by {3 fission reactions, isomerization,
or hydrogen transfer [54]. The protonation of carbon to form carbocations occurs when
protons are donated by the Brensted acid sites or the capture of a hydride through the Lewis
acid sites [54-56]. In the case of sepiolite and other clay minerals, their acidity probably
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comes from the dissociation of the water that is coordinated with cations located between
the clay layers (Brensted acidity) [52].

Table 5. Liquid biooil composition by chain size and average molecular weight.

. Chain Size Average MW of Biooil
Type of Pyrolysis
C59  C9-13  C+13 (g/mol)
Thermal 27.4% 8.2% 64.4% 271.4
Surgical Catalytic-1st run 50.5% 12.1% 37.4% 186.8
Mask Catalytic-2nd run 32.7% 11.0% 56.3% 230.9
Catalytic-3rd run 22.6% 12.3% 65.1% 259.3
Thermal 38.6% 15.4% 46.0% 211.8
FFP2 Catalytic-1st run 42.8% 9.2% 48.1% 207.5
Mask Catalytic-2nd run 38.5% 10.0% 51.4% 214.0
Catalytic-3rd run 32.3% 12.0% 55.7% 2285

Finally, some data about the physicochemical characterization of biooil simples was
also provided in Table 6. The viscosity of the biooil obtained from the thermal pyrolysis
of the surgical mask was 4.09 cSt, comparable to diesel fuel. However, the viscosity of the
thermal pyrolysis of FFP2 masks was very high (154.49 cSt). Viscosity plays an important
role in the use of biooil as fuel. The high viscosity of biooil from FFP2 masks has a negative
influence on fluidity, which, for example, may cause engine damage during combustion
and difficulty in the transportation in pipelines due to the friction against the pipe walls
that, in addition, can result in more pumping power consumption [57]. Regarding density,
both surgical and FFP2 masks provided densities between 790 and 800 kg/m?, similar to
diesel and gasoline fuel [28]. Furthermore, the pH of the biooil samples was 6.00. This value
can be considered a good pH value, since it is not so acid as to induce corrosion during its
application. The most important effect of catalytic pyrolysis on physicochemical properties
of biooil simples was observed in the viscosity parameter. Hence, biooil from catalytic
pyrolysis of FFP2 masks changed from 154.49 cSt to 15.03 cSt. This important decrease in
viscosity could be explained as being due to the formation of simpler components due to
cracking. This influences the decrease in the wax content obtained from the biooil product
of polyethylene of the FFP2 masks and, consequently, less viscosity for the biooil product
was observed.

Table 6. Physicochemical characterization of liquid biooil.

Surgical Mask FFP2 Mask
Thermal Catalytic-1st Run Thermal Catalytic-1st Run
Density 15 °C (kg/ md) 810 790 850 830
Viscosity (cSt) 4.09 3.15 154.49 15.03
pH value 6.0 6.1 6.0 59

3.3.3. Characterization of Solid Fraction

Table 7 represents the elemental components, the C/N and C/H ratio, and HHV of
the biochars obtained by thermal and catalytic pyrolysis. In general, the results found
are similar for all the biochar samples, which indicate that the use of the catalyst does
not have an appreciable influence on the characteristics of the biochar. The HHV values
are, like the biochar, produced from plastics, such as HDPE [58] and PP [59], and are
higher than biochar from municipal solid waste (MSW) mixture [60], plastic mix from
MSW mixture [61] and lower than biochar from biomass [62,63]. Regarding elemental
composition, a high carbon content was observed (from 50.0 to 70.9%), lower nitrogen
(from 1.1 to 5.4%) lower hydrogen (from 3.1 to 9.4%), and no sulfur. Comparing thermal
and catalytic pyrolysis, the most notable aspect is the decrease in hydrogen content for both
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the FFP2 and surgical masks and the increase in the carbon content for the surgical masks,
which could be attributed to a change in the reactions that can occur during the pyrolysis
process due to the presence of the catalyst.

Table 7. Solid biochar elemental analysis.

Biochar Samples Flements, wt. % C/N C/H HHY,
N C H S o* MJ/kg
FFP2 mask biochar 5.37 59.81 9.35 0.00 25.47 11.13 6.40 32.88
FFP2 mask (5% sepiolite 1st run) biochar 3.39 56.72 3.25 0.00 36.64 16.73 17.45 23.22
FFP2 mask (5% sepiolite 2nd run) biochar 3.34 56.24 3.17 0.00 37.23 16.84 17.71 22.95
FFP2 mask (5% sepiolite 3rd run) biochar 3.30 55.77 3.10 0.00 37.83 16.90 17.99 22.69
Surgical mask biochar 1.13 50.01 7.53 0.00 41.34 44.26 6.64 27.08

Surgical mask (5% sepiolite 1st run) biochar 2.81 70.92 3.92 0.00 22.35 25.24 18.09 28.82

Surgical mask (5% sepiolite 2nd run) biochar 3.31 69.84 4.16 0.00 22.69 21.13 16.79 28.81

Surgical mask (5% sepiolite 3rd run) biochar 3.80 68.76 4.40 0.00 23.04 18.09 15.63 28.80

* by difference between 100% and CNHS content, %.

Today, the applications of biochar solid are very limited; nevertheless, some emerging
uses have been considered. The biochar can be used as low-quality fuel for combustion
processes, as a precursor to obtain adsorbents, as additives in epoxy resins, or as crop
nutrients, among others [64-69].

The high heating values obtained in this work (Table 5) suggested that biochar can be
a stronger candidate for mainly solid fuel use. Furthermore, the values of nitrogen content
show the fitness of biochar as a soil enhancer and growth nutrient in crops.

On the other hand, an application also investigated for biochar is its use as solid
adsorbent. The potential of biochar for use as adsorbent is based primarily on its surface
properties. In this sense, the surface properties of the obtained biochars have been de-
termined. For the FFP2 mask, a BET surface area of 0.235 m?/ g, a total pore volume of
0.011 cm®/g, and an average pore diameter of 191.6 nm were obtained. For the surgical
mask, these values were 4.941 m?/g, 0.012 cm®/g, and 9.717 nm, respectively. The low
BET surface area values of these biochars are justified by the fact that they have not been
subjected to a subsequent activation process, so the presence of residual volatile matter can
block the porosity of the biochars [70]. Other researchers also found low BET surface area
values for the biochar obtained in the pyrolysis of different plastic waste [61,71-74].

In the recent years, the use of the biochar as a raw material for producing activated
materials has been consolidated as an attractive strategy to prepare adsorbents with good
adsorption capacities for an important range of pollutants [75].

3.3.4. Characterization of Syngas Fraction

The overall composition of the syngas product is presented in Table 8. Hydrocarbons
constitute most of pyrolysis gases. The gases derived from thermal and catalytic pyrolysis
of both surgical and FFP2 masks had average hydrocarbon contents between 77.8 and 85.5%.
In all tests, the major compound was methane (CH,) with an average content of 47.9%. The
highest volumetric content of CHy was observed in gases produced from catalytic pyrolysis
of FFP2 masks with values between 50.9% and 52.5% in the function of the number of runs
after the regeneration of sepiolite. Another relatively abundant hydrocarbon is ethane, with
averages values of 16.0% and 13.2% for gases produced from the pyrolysis of surgical and
FFP2 marks, respectively. Especially significant was the decrease in ethane (C;Hg) content
in the catalytic pyrolysis of FFP2 masks and the increase in methane content. Another
important hydrocarbon is propane. It was found in low concentrations, while in some
catalytic pyrolysis experiments it was not detected. These results agree with some previous
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studies [20,23,46] at similar operating conditions. However, other authors determined that
the major component in their investigations was propene (C3Hg) [25,30] and other heavier
components [6].

Table 8. Overall composition of the syngas stream.

Molar Composition (%)

Sample HHYV, Carbon Carbon
MJ/Nm® Hydrogen Methane Monoxide Ethane Ethylene Dioxide Ethyne Propane Propyne
S‘;fg;ial 4671 0.83 4284 9.63 15.99 5.07 10.46 091 8.20 6.07
Surgical mask + catalyst (1st) 45.65 0.83 46.53 7.63 12.95 4.71 11.42 3.08 6.28 6.57
Surgical mask + catalyst (2nd) 42.31 1.30 46.75 9.29 16.25 5.65 11.61 2.65 0.00 6.50
Surgical mask + catalyst (3rd) 43.50 0.97 45.60 9.20 18.88 5.54 10.56 3.61 0.00 5.65
FFP2

mask 47.12 1.55 46.70 3.59 18.93 8.03 9.37 4.96 1.54 5.34
FFP2 mask + catalyst (1st) 41.95 1.75 52.45 7.37 8.76 8.22 10.62 4.52 0.00 6.31
FFP2 mask + catalyst (2nd) 42.73 0.97 51.50 6.82 12.73 7.83 11.10 2.38 0.00 6.67
FFP2 mask + catalyst (3rd) 42.01 0.76 50.92 8.99 12.27 7.38 10.70 2.74 0.00 6.23

Regarding carbon dioxide (CO;), it was present in all gases at an average concentration
of 11.0% and 10.4% for the gases of the pyrolysis of surgical and FFP2 marks, respectively. It
has a negative effect, since it reduces the energy quality of the syngas. Furthermore, carbon
monoxide (CO) was present in all gases, although in lower concentrations (between 3.6%
and 9.6%). Variations were observed in the function of the type of mask, if the pyrolysis
was thermal or catalytic and, in catalytic pyrolysis, the number of runs performed, but a
clear tendency was not determined. The presence of oxygenated compounds in the gases
may be due to the small amount of oxygen present in the masks, which can be attributed
to the presence of other unidentified compounds constituting the different layers of the
masks [40]. In addition, it could also be due to the air that inevitably enters during the
loading of the material into the reactor. Park et al. [25] also found CO, and CO in the gases
produced in the pyrolysis of masks at different temperatures. These authors attribute the
presence of CO; and CO to the thermal cracking of the pyrolytic vapor and the oxygen
content in the feed wastes. Thus, the authors studied the pyrolysis of mixtures of masks
and food waste and found that the contents of CO, and CO in the syngas were proportional
to the amount of food waste introduced into the pyrolyzed food waste-mask mixture due
to the higher oxygen content in food waste than in masks. Finally, the H, content was very
low, with values ranging between 0.8% and 1.8%.

In addition, the gases produced from the pyrolysis of masks have high calorific values,
higher than 40 MJ/Nm? in all cases, with only a slight decrease with the use of the catalyst.
Therefore, the gases produced can be used as fuel for different applications, such as the
production of electrical energy in combustion engines or gas turbines.

The syngas composition was studied over the duration of the experiment by analyzing
its evolution over time. Figures S1 and S2 represent the evolution of gas composition over
the time for the pyrolysis experiments. Two clear trends can be observed in the experiments.

On the one hand, in the thermal pyrolysis and in the first use of catalyst in the
catalytic pyrolysis of both masks, it is appreciated that methane increases to a maximum at
30 min and then decreases, while ethane has the opposite behavior. In addition, propane
increased over time, reaching end values above the methane composition in the surgical
mask pyrolysis.

For the second and the third use of the catalyst in catalytic pyrolysis, the highest
composition of methane was reached at the end of the experiment at the expense of ethane.
The rest of the compounds remained practically stable.
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3.3.5. Effect of Regeneration on Sepiolite Properties

Table 9 represents the surface characteristics measured on the catalyst before the
pyrolysis and after the third experiment of each feed material. Although there was a
decrease in all surface characteristics, especially in the surface micropore area resulting
in a reduction of 66-72%, these changes can be the reason for the variations in biooil and
syngas yields and in the properties of the obtained products after each use of the catalyst.

Table 9. Catalyst characterization.

i, e
(Surgical Masks) (FFP2 Masks)
BET surface area 138 m?/g 118 m?/g 116 m?/g
Pore volume (<370 A) 0.3 cm3/g 0.2 cm3/g 0.2 cm3/g
Micropore area 9m?/g 3m?/g 2m?/g
External surface area 129 m?2/ g 115 m2/ g 113 m?2/ g
Average pore size 2.3nm 2.0 nm 2.0 nm

In addition, Figure 7 shows the FTIR of the catalyst before pyrolytic tests and after the
last pyrolysis regeneration cycle. No important differences were found on the three spectra.
The results in Table 9 and Figure 7 indicate the good renewable properties of sepiolite.
They agree with the theory that regenerated and reused sepiolite showed practically
identical conversion and yield values compared with the fresh catalyst. Absence of bands
at 3600-3500 cm ™! corresponding to the OH stretching vibration of Mgs-OH groups, or at
3500-3400 cm~ !, 1700-1600 cm ™!, and 1500-1400 cm ! corresponding to the silanol bands
(S5i-OH) and the bending vibrations of the OH that forms part of the water bound to the
structure is observed [76,77]. This implies that there is no water present in the structure of
calcined sepiolite or after it has been used and regenerated. Only a slight decrease in signal
intensity is observed in the bands 1060-1050 cm~! and 900-800 cm ! which are associated
with Si-O stretching vibrations [78,79].

1025

—— Catalyst
L — Surgical 3nd run catalyst

—— FFP2 3rd run catalyst
B 899
B 552
L 688

819
3500 3000 2500 2000 1500 1000 500

Wavelenght, cm™

Figure 7. Catalyst FTIR comparison.
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4. Conclusions

In this study, the discarded surgical and FFP2 face masks were pyrolyzed as a strategy
to produce high value-added by-products from a new increasing waste stream, such as
personal protective equipment used against COVID-19. The influence of temperature on the
products was studied in a typical pyrolysis temperature range (450-550 °C). Temperature
significantly affects the fractions obtained; we found that the highest amount of liquid
fraction for the thermal pyrolysis of surgical and FFP2 masks was obtained at 500 °C and
the maximum syngas yield was at 550 °C. The percentage of solid drops significantly when
the temperature increases from 400 to 440 °C, to remain practically constant.

Furthermore, the interaction of a low-cost catalyst, such as sepiolite, during pyrolysis
was investigated. Results showed that, in general, the use of sepiolite increased the
amount of syngas at the expense of biooil. Additionally, in catalytic pyrolysis, the olefin
and isoparaffin content in biooil obtained increased to the detriment of naphthenes and
paraffins. However, with the successive use of the catalyst, it is seen that this trend is
reversed due to the degradation that occurs during use. Aromatic compounds were not
found in either thermal or catalytic pyrolysis.

Regarding the solid fraction, the results found are similar for all the biochar samples,
which indicate that the use of the catalyst does not have an appreciable influence on the
characteristics of the biochar. Elemental analysis showed a high carbon content (from 50.0
to 70.9%), lower nitrogen and hydrogen, and no sulfur. The high heating values of the
biochar samples obtained in this work suggested that biochar could be used as a solid fuel.

The gases derived from the thermal and catalytic pyrolysis of both surgical and FFP2
masks had average hydrocarbon contents between 77.8 and 85.5% and high calorific values,
so they could be used as fuels for different applications. In all tests, the major compound
was methane (CHy), with an average content of 47.9%. In addition, in the thermal pyrolysis
and in the first use of the catalyst in the catalytic pyrolysis of both masks, methane increased
to a maximum at 30 min and then decreased, while ethane had the opposite behavior. For
the second and the third use of catalyst, the highest composition of methane was reached
at the end of the experiment at the expense of ethane.

Finally, characteristics measured on the catalyst before and after its use in the pyrolysis
test showed that a good regeneration was performed.

Hence, it is concluded that the face mask waste can be used in the pyrolysis processes
to convert them into useful products. However, before large-scale application, some
additional research is needed to solve the following aspects:

The construction of detailed kinetic models.

Understanding of the pyrolysis mechanism over sepiolite to adequately modify this mate-

rial to develop more selective sepiolite-based catalysts towards specific high-value products.
e  The analysis of the socio-economic and environmental impacts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13053188/s1, Figure S1: Syngas component yield in catalytic
pyrolysis of surgical masks. Figure S2: Syngas component yield in catalytic pyrolysis of FFP2 masks.
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