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Most of the waste generated from surgical masks waste (WMs) consists of three layers made of conventional
nonwoven fabric (upper and lower layers) and amolten blown polypropylene filtermixed with other polymeric
additives (middle layer). All these layers are held together by a friction bonding, hencemaking their separation a
difficult task. Their recycling as a mixture is the most cost-efficient solution without the need for further treat-
ments. Within this framework, this research aims to study the pyrolysis of all layers of WMs as a mixture
using an experimental set-up with capacity of 200 g at different pyrolysis temperatures (475, 500, 525, and
550 °C). The distributions of gases formulated during the entire process were observed. Also, the composition
of the obtained pyrolysis products was examined. Finally, the environmental impacts of the proposed process
and its environmental benefits were studied using life cycle analysis (LCA-Simapro) based on two different sce-
narios (oil andwaxproduction). The results showed that at 500 °C, the highest oil yieldwas achieved (42.3%) and
smaller amounts of gaseous (54.1%) and calcium-rich char (3.6%) products were generated, while other samples
produced wax product with lower yield in the range of 21–36%. The gases measurements showed that methane,
ethane and propane were the major gases in the gaseous products, while carbon dioxide and carbon monoxide
gases were completely absent. Meanwhile, the GC/MS results showed that the obtained gaseous, oil, and wax
products were very rich in flammable compounds, especially 2,4-Dimethyl-1-heptene compound with abun-
dance of 33–38% (gaseous) and 12.5–23.8% (tars). Finally, the LCA results showed that the management of
WMs as a mixture via pyrolysis significantly reduced the Global warming potential factor up to 0.244 kg CO2

eq/kg (oil) and 0.151 CO2 eq/kg (wax) with improvement by 90–94%, when compared to incineration manage-
ment. However, the economic analysis showed that the oil production scenario has a significant contribution to
the economic sector with an 85% improvement.

© 2022 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Currently, more than 129 million surgical mask waste (WMs) are
produced every monthly due to their short life and single use (Lee
en; CO, Carbonmonoxide; CO2,
ne; C3H8, Propane; FTIR, Fourier
aphy-mass spectrometry; SEM-
e X-Ray analysis; LCA, Life cycle
ative thermogravimetric; N2,
cium carbonate; GW, Global
particulate matter formation;

rial acidification; TE, Terrestrial
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et al., 2021a, 2021b, 2021c). This type of waste represents a major
fraction of medical waste and contains many plastic materials in the
form of fibres (Sangkham, 2020). These WMs generally consist of
three layers distributed in the vertical direction as follows: traditional
two nonwoven fabrics (upper and lower layers) and middle layer
(molten blown filter) made of polypropylene as a base polymeric
material mixed with other polymer fillers (e.g., Polyethylene tere-
phthalate, Polyamide, Polyethylene, Polyurethane, etc.) (Forouzandeh
et al., 2021; https://blog.gotopac.com; Tcharkhtchi et al., 2021). All
these layers are joined by a mechanical bond resulting from the friction
between polymeric fibres [https://www.fda.gov]. TheseWMs are classi-
fied as non-biodegradable waste and have a negative impact on the
environment and human health (Torres and De-la-Torre, 2021).
Besides, it is a new source for producingmicroplastics that have several
serious consequences on living organisms and marine life (Ray et al.,
2022; Liang et al., 2022). Despite all these misfortunes, these masks
rved.
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can decompose under the influence of thermal treatment
(e.g., pyrolysis, gasification, carbonization, etc.) into hydrocarbon com-
pounds, gases rich in hydrogen with high heating values and economic
benefits, and hybrids nanoparticles (Carbon nanotubes/Nickel).
(Dharmaraj et al., 2021; Farooq et al., 2022; Yu et al., 2021). In addition,
these practical uses help to reduce emission of nitrogen oxides from in-
cineration process (Lan et al., 2022). Among the various thermal prac-
tices, pyrolysis treatment is one of the most promising solutions for
valorisation of the millions of WMs (individually or mixed with motor
oil and biomass) produced monthly around the world and converting
them into energy products (flammable liquid, gaseous, volatile organic
compounds, and carbon black) with higher heating value compared to
other processes (Purnomo et al., 2021; Ardila-Suárez et al., 2022).

Several studies have been carried out to anchor this principle in
various laboratory-wide research criteria. Some of the research were
carried out to study thermal decomposition ofWMs using thermogravi-
metric analysis (TGA) under different heating conditions (Sun et al.,
2021). The results showed that the masks decompose into three re-
gions, and the primary decomposition region is in the range 400–500
°C with an estimated weight loss of 95 wt% (Brillard et al., 2021).
Based on TGA measurements, the pyrolysis kinetic of WMs and its de-
composition mechanism was studied using differential isoconversional
method as a one of themost accurate methods in calculating the kinetic
parameters ofmaterials, which is complicated as it tends to take place in
multiple steps with different reaction rates. The results showed that the
average activation energies were in the range of 158–281 kJ/mol
(Eimontas et al., 2021a). Also, the experimental derivative thermogravi-
metric (DTG) curves were also modelled using several methods and
their model parameters were estimated. Meanwhile, volatile com-
pounds in the formulated pyrolysis vapours in the core decomposition
region were detected using Fourier Transform Infrared (FTIR) spectros-
copy, which showed that the WMs are very rich in aromatic and ali-
phatic compounds, especially at higher heating rates >20 °C/min.
Furthermore, the compositions of these groups were analysed again
using gas chromatography–mass spectrometry (GC–MS) and the effect
of heating temperature on them was assessed (Eimontas et al., 2021b;
Jung et al., 2021). The GC–MS results showed that 2,4-Dimethyl-1-
Heptene is themain compound in the volatile products with abundance
>43%. In order to increase the productivity of the aromatic compounds
and volatile products in the pyrolysis products, various zeolite catalysts
(e.g., HZSM-5, HBeta, ZSM-5, HY, ZSM-5, etc.)were used during the con-
version process (Lee et al., 2021a, 2021b, 2021c; Ali et al., 2022; Yousef
et al., 2022).

Despite these promising results, this type of measurements and
analyses gives only the basic results of the decomposition process and
cannot be used to determine its environmental impact of the entire pro-
cess, which depends on the inputs, outputs, and emissions of the com-
ponents (Shammi et al., 2022). The study of the environmental impact
is critical for clarification of technological emissions as a whole and for
each process and it may help to improve its performance (Lee et al.,
2021a, 2021b, 2021c). Within this framework and to provide more in-
formation on environmental performance and encourage investors to
spendon such emerging technologies, Chao et al. (2021) studied the py-
rolysis of WMs a fixed-bed reactor (up to 650 °C) and its life-cycle as-
sessment (LCA) (Li et al., 2022a, 2022b, 2022c). Although the study
succeeded in providing some preliminary information about the yield,
the optimum pyrolysis temperature (500 °C) and LCA of entire process,
however, the experiments were performed on each WMs layer sepa-
rately (lower, middle, and upper layer), hence, needing additional
sorting and pre-treatment processes to separate WMs layers (Gala
et al., 2020; Mumladze et al., 2018). Unfortunately, these processes
were neglected in the suggested LCA,what affected credibility of LCA re-
sults and sequence of operations. Therefore, treatment of all layers of
WMs as amixture is the closest approach to industrial reality and allows
avoiding additional treatments and putting workers at risk of infection,
especially as some of these WMs are loaded with viruses (Amuah et al.,
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2022; Kang et al., 2021).Within this context, this research aims to inves-
tigate the pyrolysis of all layers ofWMs as amixture (lower,middle, and
upper) and its LCA using an experimental set-up with capacity of 200 g
at different pyrolysis temperatures in the range 475–550 °C. Also, the ef-
fect of pyrolysis temperature on the composition of the generated tar,
gaseous, char products was examined using GC–MS and scanning elec-
tronmicroscopy (SEM)with energy dispersive X-Ray analysis (EDX). Fi-
nally, LCA was studied for all the proposed processes under optimal
pyrolysis conditions necessary to produce oil (scenario A) andwax (sce-
nario B).

2. Experimental

2.1. Materials and WMs feedstock preparation

TheWMs in series of 3-ply face masks (consisting of traditional two
nonwoven fabrics and single molten blown filter layer) were used as a
feedstock in the present study because of them belonging to the most
commercial type that costs less and manifests good hypoallergenic
and breathing resistance performances (Das et al., 2021). Besides, this
kind of waste is very rich in carbon (84.7%) and volatile matter
(96.6%) (Eimontas et al., 2021). The specified masks were collected
and sorted from the local hospital in Lithuania followed by cutting the
fabric layers (without ropes) into small pieces, then grinding them
into fine particles using an electrical grinder to prepare them for the py-
rolysis experiments. The pre-treatment usually has the purpose to re-
duce size and to increase contact between the surfaces and the heat
flux, thus helping heat to exchange and leading to faster decomposition
using different thermochemical treatment (Striūgas et al., 2021;
Abdelnaby et al., 2021).

2.2. Pyrolysis experiments

The pyrolysis of WMs was performed in an experimental set-up in
nitrogen (N2) at a flow rate of 60 mL/min. The set-up contained a
thermochemical reactor, a gas purification and cooling unit, and a pri-
mary gas detection unit. In addition, there were two different depots
for collecting of the obtained products (tars and the condensate volatiles
components), while the char remained on the bottom of the decompo-
sition chamber. The experiments were started by placing the sample
(200 g) into the reactor's inlet (unheated), then removing oxygen
from the reaction chamber by purging it with N2 for 10 min before
each run (Zakarauskas et al., 2021); then the main decomposition
process would start at a constant heating rate of 25 °C/min and four
different pyrolysis temperatures: 475, 500, 525, and 550 °C. These
conditions were selected based on the main decomposition regions,
which were received from thermogravimetric results in our previous
study. Based on TG-FTIR and GC–MS results, the highest amount of vol-
atile, aromatic, and aliphatic compounds can be achieved at 25 °C/min
(Eimontas et al., 2021a); therefore, 25 °C/min was selected as an opti-
mum heating rate in the present work. When the reactor reached the
specified temperature, the feedstock was pushed into filtered capsule
to initiate pyrolysis experiments. The formulated tar products (oil and
wax) were collected into an empty tank fixed at the bottom of the reac-
tor. Other light volatiles products mixed with gases were condensed in
four condensers distributed in series and filled with 75 ml of propanol
per unit to continue absorbing the condensable volatile products
(Mohamed et al., 2021). All these condensers were combined in a con-
tainer with salt water for cooling. At the rear of the plant, Tedlar gas bag
was used to collect the generated gaseous products.Meanwhile, the on-
line measurement unit was used to check the concentration of O2, CO2,
CO, H2, and CH4 in the gaseous products during the entire process. All
components and construction of the used plant are illustrated in Fig. 1.
By the end of the experiments, the reactor's heating was stopped
immediately, and cooling to room temperature would start followed
by chamber opening and solid powder product (char) extraction, then
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Fig. 1. The complete design of the pyrolysis plant used in the conversion process.
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weighing and calculating its yield, while the yield of oil product was
calculated, and the gas product yield was determined by subtracting
the solid residue and oil or wax yields (Trofimov et al., 2020).
2.3. Characterizations of the pyrolysis products

The tars, gaseous, char components produced by the end of pyrolysis
treatment at various temperatures (475, 500, 525, 550 °C) were
analysed using FTIR and GC–MS (Shimadzu GC-2010). The chemical
structure and crystal structure of the obtained char were examined
using FTIR. Besides, the morphology and chemical composition of char
fraction were observed using SEM-EDX (Model BPI-T).
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2.4. Environmental impact from the life cycle’s perspective

LCA was used in the present study to assess environmental impacts
and other impact factors on the whole WMs products and their treat-
ment using catalytic pyrolysis process. The assessment was performed
according to the recommendations and Guidelines of international en-
vironmental standards (ISO, 2006), by defining the following items:
goal and scope definition, inventory data collection, and impact assess-
ment with explanation (Santos et al., 2022).

2.4.1. Definition of the goal and scope
The LCA aimed to estimate the potential environmental impacts of
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Table 2
Yields of the pyrolyzed WMs at different pyrolysis temperatures.

Pyrolysis product Yield of each sample referred to pyrolysis temperatures

475 °C 500 °C 525 °C 550 °C

Oil (wt%) – 42.26 – –
Wax (wt%) 21.42 – 36.44 34.67
Gas (wt%) 72.00 54.13 59.38 60.81
Char (wt%) 6.58 3.61 4.18 4.52
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of WMs. The results were compared with traditional disposal practices,
in particular incineration of polypropylene (main component in WMs)
to determine the technical and ecological potentials of the suggested
treatment. The functional unit was defined as 1 kg ofWMs, and the geo-
graphical background was set in the European region, while the hypo-
thetical scenarios for the use of the developed system are shown in
Fig. 2. As shown, the transportation facility was neglected in LCA and
the system boundary covers two phases: pre-treatment by shredding
to reduce WMs size, followed by conversion of WMs into oil and wax
products.

Since tar products (oil andwax) represent themost profitable pyrol-
ysis products, the suggested scenarios (A, B) were designed based on
the present experimental results, which achieve maximum yield of
tar: oil (42.26%) at 500 °C and wax (36.44%) at 525 °C, as shown in
the results' section. It was assumed that the energy inputs in both sce-
narios were accumulated from shredding and pyrolysis plant. Finally,
the LCAwas carried out using the ReCiPemidpoint approach to estimate
themost frequent impact categories,whichwere used to investigate the
energy and waste treatment methods (Dastjerdi et al., 2021; Mayanti
and Helo, 2022).
2.4.2. Collection of inventory data
This section was dedicated to collect the required input and output

data for the suggested layout. The cost of collecting WMs has been
neglected because unfortunately until now there is no clear industrial
vision for the collection of masks which makes the estimation of the
costs of collection and sorting an inaccurate estimate and further studies
are needed for that purpose. The consumed energy required for pre-
milling procedure of WMs and its conversion into short fibres with
lower crystallinity helps to accelerate the conversion process (Yousef
et al., 2021; Kuliešienė et al., 2021), which was estimated at 0.011
kWh/kg since WMs have a very soft fabric structure (Naimi and
Sokhansanj, 2018), and this value was assumed as an input energy for
the proposed layout of pre-treatment. The consumed energy during
the main thermal conversion treatment using pyrolysis at 500 °C was
calculated in the laboratory and estimated from our previously pub-
lished work as 1.25 × 10−01 kWh/kg (Kliucininkas et al., 2019a,
2019b). The emission data from the pyrolysis process of WMs was col-
lected from the literature on polypropylene plastic waste (Khoo,
2019). Regarding the outputs, three different products (oil or wax, gas,
and char) were received from the two selected samples (500 and
525 °C) and all the inventory data extracted from the literature and
Ecoinvent 3.7 database model (in LCA program) are summarized in
Table 1. The heating values of the oil, waxes, gaseous, and char products
reported in the literature are 24 MJ/kg, 45 MJ/kg, 6.7 MJ/kg, and 28 MJ/
kg, respectively (https://pyrotechenergy.com/; Abdy et al., 2022a,
2022b) they were recalculated again based on the yield of each product
listed in Table 2.
Table 1
Inventory data of pyrolysis of function unit of WMs.

Parameter Definition 500 °C (Oil) 525 °C (Wax)

Input Electricity for pre-treatment 0.011 kWh/kg
Electricity for pyrolysis 1.25 × 10−01 kWh/kg

Outputs Pyrolysis oil or wax 10.14 MJ/kg 16.4 MJ/kg
By-products-Char 1 MJ/kg 1.2 MJ/kg
By-products-Gaseous product 3.6 MJ/kg 3.97 MJ/kg

Emissions to air CO2 1.50 × 10−01 kg/FU
CO 7.00 × 10−05 kg/FU
NOx 6.00 × 10−04 kg/FU
SO2 3.36 × 10+00 kg/FU
NMVOC 4.48 × 10+00 kg/FU
PM (dust) 9.52 × 10+00 kg/FU
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3. Results and discussion

3.1. Yields and distribution of pyrolysis products

Once the pyrolysis treatment of masks had been finished, the yields
of oil/wax, gaseous, and solid residue products at the specified pyrolysis
temperatures (475, 500, 525, and 550 °C) were calculated based on the
weight balance and the results are summarized in Table 2. As shown,
the pyrolysis temperature has a significant impact on the yield, distribu-
tion, and composition of the formulated pyrolysis products, where at
475, 525, and 550 °C, wax was the main tar product with estimated
yield of 21.42, 36.44, and 34.67%, respectively, and the yield of char
and gaseous products was in the range of 4.2–6.6% and 59.4–72%, re-
spectively. Meanwhile, at 500 °C pyrolysis temperature, the biggest
amount of liquid tar (42.3%) and the smallest amount of gas (54.1%)
and char (3.6%) were obtained. As shown, at lower pyrolysis tempera-
ture (475 °C), the gaseous product was the predominant product with
the largest amount of char and a small amount of wax. At 500 °C, the
cracking reaction was promoted to convert wax fraction into oil with
minimal number of gaseous and char products, while higher pyrolysis
temperatures (525 and 550 °C) led to promotion of the cracking reac-
tion and evaporation of the liquid part from oil and its conversion into
gas under the applied temperature, where the yield of gaseous product
increased at the expense of oil.

Since the ideal conversion process using pyrolysis treatment occurs
in nitrogen ambient without any O2, the distribution of these gases
was observed during the entire process using IGAD unit and the results
are shown in Fig. 3. It seems that the treatment was conducted in nitro-
gen atmospherewithout anyO2 gas, hence proving that the processwas
performed according to the standard conditions (Li et al., 2022a, 2022b,
2022c). The distributions of H2, CO, CO2, CH4, and C2H4 gases in the
formulated gaseous products at different pyrolysis temperatures
showed that CH4 was the major compound in all samples and its
abundance increased as temperature was increasing up to 77%.
Meanwhile, no presence of other gases (H2, CO, CO2, and C2H4) was
noticed. However, these measurements are sometimes deceptive
because such measurement methods are applied with methane cell
(Eimontas et al., 2021; Šereika et al., 2021), which is used to check
C\\H groups only and presence of other light hydrocarbon
compounds, such as C2H6 and C3H8, so, the device treats all gases as
CH4 compound. Usually, GC analysis is used to eliminate this confusion
and to get correct chemical compositions. Based on that, GCwas used to
analyse these compounds again in the next section.

3.2. GC analysis of gaseous products

During the conversion process of WMs in pyrolysis plant, six sam-
ples of gaseous products were stored in Tedlar gasbags at different deg-
radation temperatures in the range of 450–550 °C. This range was
determined based on the major decomposition regions which were es-
tablished using TGA in our previous study (Eimontas et al., 2021). The
gaseous products collected using a portable constant flow sampler at
the specified conditions were analysed using GC–MS and the gases dis-
tributions are summarized in Fig. 4A-D without considering O2 and N2

gases. As shown, CH4, C2H6 and C3H8 were the major compounds in all
batches with different abundances along with a weak presence of H2
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observed in the 550 °C sample due to cracking of aliphatic structures
and their chains (Papari et al., 2021). Also, it was noticed that the
gaseous products synthesized from samples that were pyrolyzed up to
500 °C and 550 °C appeared to be completely CO2-free and C2H6 and
C3H8 were the major gases in these batches. As the treatment time
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increased up to 55 and 60 min, C3H8 became the main compound of
the formulated gaseous product, where higher conditions allowed
stronger cracking reaction and formation of more of CH4 compound
(Li et al., 2022a, 2022b, 2022c). As temperature increased more, CH4

compound started to participate in the cracking reaction to generate
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more C2H6 and C3H8 compounds after integrating their radicals
(Praspaliauskas et al., 2020). Also, some quantities of CO2 were
observed at lower temperatures due to the decarboxylation reaction
and ester groups in the feedstock. Longer treatment time led to
decomposition of the formed CO2 into gases (Xu et al., 2022).
Although the gaseous products received from 475 °C and 525 °C
samples were rich in CH4, C2H6, and C3H8, CO2 was strongly present,
especially in the first stages of reaction, what negatively affected the
heating value of the gaseous products. Finally, the formulated H2

occurred during the dehydrogenation of aliphatic structures (Qing
et al., 2022). These results demonstrate that big quantity of CH4

recorded by gas online measurements was mixed with C2H6 and C3H8

gases. Also, these gases can be used for reception or separation using
various advanced technologies, such as polymer membranes, in
different separation conditions (Tonkonogovas et al., 2021; Mohamed
et al., 2022).

The gaseous products synthesized from the pyrolyzedWMs samples
at the end of all conversion process at 475, 500, 500, and 550 °C were
analysed by GC–MS. Fig. 5 shows GC–MS analysis of the gaseous
products formulated at the specified conditions. As shown, the spectros-
copy shows several GC compounds with various peak areas, as listed in
Table 3. As shown, 2,4-Dimethyl-1-heptene represented the major
compound in all batches and its abundance increased with increasing
pyrolysis temperature from 33.2% (475 °C) up to 38% (550 °C). Also,
some quantities of Toluene were observed in 500 °C, 525 °C, and
550 °C batches in the range from 4.5 to 6.3%. The presence of these com-
pounds in high abundance confirms that the synthesized gases were
typical gaseous products in case of high heating values (Mumbach
et al., 2019; Gupta et al., 2020). Finally, the chemical structure of the for-
mulated gaseous products at 500 °C (optimumpyrolysis condition)was
examined using FTIR and the spectroscopy is shown in Fig. 6A. The FTIR
absorption showed a significant peak at 950 cm-1 due to C–O–C group
and few FITR peaks with weak intensity at 1128 cm−1 (C–O–C group),
2970 cm−1 (C\\H group), and 3353 cm−1 (hydroxyl group), hence
manifesting a typical structure of biogas pyrolysis (Zakarauskas et al.,
2021; Šereika et al., 2021).

3.3. GC analysis of liquid and wax products

In this section, the obtained tars and the condensable volatile products
from each batchwere analysed using GC/MS. Fig. 7 and Table 4 show GC/
MS spectra of liquid/wax and the condensable volatile products obtained
and their respective peak areas at 475, 500, 525, and 550 °C. It was ob-
served that the tar fraction received from the pyrolysis of WMs samples
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at 475, 500, 525, and 550 °C had higher viscosity (wax product) when
compared with 500 °C, which produced a fully liquid product (oil prod-
uct). Based on GC/Ms. results, 2,4-Dimethyl-1-heptene (12.5–23.8%), 2-
Undecene, 4-methyl- (4.7–7.3%), 2-Acetylcyclopentanone (4.75–14.5%),
and 4-Isopropyl-1,3-cyclohexanedione (9–11.7%) were the main com-
pounds in all the pyrolyzed WMs samples. These results confirm that
the obtained pyrolysis tar products were typical oil and wax products
rich in hydrocarbonmolecules that can be used in various applications re-
lated to energy, lubrication, chemical industries, etc. (Jin et al., 2022;
Missau et al., 2021; Hwang et al., 2021a, 2021b; Abdy et al., 2022a,
2022b; Wijesekara et al., 2021). As shown, the pyrolysis temperatures
have a significant effect on the composition of the formulated pyrolysis
tar products, where at 500 °C, the resulting tar was in liquid formbecause
of complete decomposition ofWMs always occurring at this temperature
due to the full cracking reaction of carbohydrates of organic components
inWMs into sugarmolecules (Eimontas et al., 2021).Meanwhile, at lower
temperature, the decomposition process did not have enough energy to
break Van der Waals, hydrogen, β-1,4-glycosidic bonds of all WMs com-
ponents (cellulose, lignin, and hemicellulose molecules) and formed sev-
eral amorphous zones having small molecules joined together in form of
viscousfluid (wax) (Lee et al., 2021a, 2021b, 2021c; Ali et al., 2022; Yousef
et al., 2022; Li et al., 2022a, 2022b, 2022c). At higher pyrolysis tempera-
tures (525 and 550 °C), the cracking reaction of oil increased and cracked
their bonds breaking themolecules joined together and forming a viscous
liquid again (wax) with higher yield and different composition when
compared to 475 °C sample (Maqsood et al., 2021; Hwang et al., 2021a,
2021b). Finally, the obtained liquid fraction was examined using FTIR
and the observed function groups are displayed in Fig. 6B. The FTIR spec-
tra showed several functional groups at 3313 cm−1 (hydroxyl group),
2965 cm−1 (C\\H group and aliphatic), 1378 cm−1 and 1455 cm−1

(N\\Ogroup), and 800–1100 cm−1 (C–O–C band andfingerprint region).
These functional groups confirm that the synthesized fluid is an oil fuel
(Zakarauskas et al., 2021).

3.4. Morphology and composition of the obtained chars

In the last phase of thermochemical reaction (devolatilization) of
WMs, solid residues (SR) were formed in all samples in the form of
very fine particles. The morphology and elemental analysis of these
particles were observed using SEM and EDX analysis. Fig. 8A, B shows
SEM images of char derived from WMs pyrolysis at 475 °C (lowest)
and 550 °C (the highest temperature). As shown, the SR fraction in the
tested samples contained very fine particles within micro-scale with a
few bulk particles in the form of debris. Based on the EDX



Table 3
GC/MS Compounds of the gaseous products generated from the pyrolyzed WMs samples at different pyrolysis temperatures.

475 °C 500 °C 525 °C 550 °C

Time
(min.)

GC Compounds Area
(%)

Time
(min.)

GC Compounds Area
(%)

Time
(min.)

GC Compounds Area
(%)

Time
(min.)

GC Compounds Area
(%)

3.425 2-Heptene, 4-methyl-, (E)- 1.63 2.49 1,3-Pentadiene, 2,3-dimethyl- 1.94 2.50 Cyclopentene, 4,4-dimethyl- 2.49 2.494 1,4-Hexadiene, 4-methyl- 2.55
3.620 Heptane, 4-methyl- 3.47 3.419 2-Heptene, 4-methyl-, (E)- 2.58 3.438 2-Heptene, 4-methyl-, (E)- 3.15 3.425 2-Heptene, 4-methyl-, (E)- 3.03
3.839 Cyclopentane,

1,2-dimethyl-3-methylene-, cis-
0.93 3.626 Toluene 4.48 3.645 Toluene 6.11 3.632 Toluene 6.26

4.409 1,2,4,4-Tetramethylcyclopentene 0.97 3.826 5,5-Dimethyl-1,3-hexadiene 2.47 3.839 Cyclohexene,
3-methyl-6-(1-methylethyl)-

3.31 3.826 5,5-Dimethyl-1,3-hexadiene 3.59

6.071 2,4-Dimethyl-1-heptene 31.17 4.952 3,4-Dimethyl cyclohexanone 1.16 4.428 Cyclopentene, 1,2,3-trimethyl- 1.38 4.952 1-Hexene, 3,3-dimethyl- 1.38
6.530 Cyclohexane, 1,3,5-trimethyl-, (1.

alpha.,3.alpha.,5.beta.)-
0.94 6.045 2,4-Dimethyl-1-heptene 32.32 4.978 3,4-Dimethyl cyclohexanone 1.35 6.039 2,4-Dimethyl-1-heptene 37.91

7.171 1,2,4,4-Tetramethylcyclopentene 2.35 7.145 1,3-Heptadiene, 2,3-dimethyl- 4.32 6.064 2,4-Dimethyl-1-heptene 36.98 6.511 Cyclohexane, 1,3,5-trimethyl- 1.51
7.552 1,2,4,4-Tetramethylcyclopentene 1.86 7.533 6,6-Dimethylhepta-2,4-diene 1.91 6.543 Cyclohexane, 1,3,5-trimethyl-, (1.

alpha.,3.alpha.,5.beta.)-
1.72 7.138 Cyclopropane,

1,1-dimethyl-2-(2-methyl-1-propenyl)-
5.16

8.193 Cyclopentane, 1,2,3,4,5-pentamethyl- 5.89 8.173 Cyclohexane, 1,1,3,5-tetramethyl-,cis- 5.46 7.164 p-Xylene 5.39 7.533 6,6-Dimethylhepta-2,4-diene 1.87
12.533 2-Decene, 4-methyl-, (Z)- 1.10 12.520 Cyclopentane, 1-butyl-2-ethyl- 1.95 7.559 6,6-Dimethylhepta-2,4-diene 2.33 8.167 2-Pentene, 4-methyl-, (Z)- 4.53
13.116 Nonane, 2,6-dimethyl- 1.27 15.936 Ethanone, 1-cyclopentyl- 4.65 8.199 Cyclohexane,

1,1,3,5-tetramethyl-,trans-
4.88 8.277 Bicyclo[3.1.1]heptan-2-one,

6,6-dimethyl-
1.18

13.284 Nonane, 2,6-dimethyl- 1.14 16.104 2-Undecene, 4-methyl- 3.48 8.303 Bicyclo[3.1.1]heptan-2-one,
6,6-dimethyl-

1.22 12.514 1,1,4-Trimethylcyclohexane 2.06

14.138 5-Undecene 1.12 18.69 2-Propen-1-one,
1-(2,2-dimethylcyclopropyl)-

1.23 12.533 2-Undecene, 4-methyl- 2.14 15.93 Cyclopentane, propyl- 4.65

15.955 2-Undecene, 4-methyl- 5.03 24.209 2-Acetylcyclopentanone 6.58 13.122 Nonane, 2,6-dimethyl- 1.26 16.097 Ethanone, 1-cyclopentyl- 3.28
16.117 2-Undecene, 4-methyl- 4.16 24.494 Cyclopentane, propyl- 2.76 13.283 Heptane, 3,3,5-trimethyl- 1.14 18.698 2-Propen-1-one,

1-(2,2-dimethylcyclopropyl)-
1.26

17.831 Cyclohexane,
1,1,3,5-tetramethyl-,trans-

0.98 24.765 4-Isopropyl-1,3-cyclohexanedione 5.22 15.949 1-Undecene, 7-methyl- 4.75 24.203 2-Acetylcyclopentanone 5.84

18.704 2-Propen-1-one,
1-(2,2-dimethylcyclopropyl)-

0.93 25.684 2,3-Dimethyl-3-heptene, (Z)- 1.15 16.117 Ethanone, 1-cyclopentyl- 3.76 24.487 Cyclopentane, propyl- 2.19

24.222 2-Acetylcyclopentanone 7.46 26.538 2-Propenoic acid, 2-methyl-,
3,3,5-trimethylcyclohexyl ester

1.35 24.215 2-Acetylcyclopentanone 5.39 24.765 4-Isopropyl-1,3-cyclohexanedione 4.51

24.500 Cyclooctane, 1-methyl-3-propyl- 4.00 31.072 Cyclohexane, 1-ethyl-2-propyl- 2.18 24.500 Cyclohexane, 1,2,3-trimethyl-, (1. 2.59 26.538 Cyclohexane, 2-propenyl- 1.15
24.778 4-Isopropyl-1,3-cyclohexanedione 6.38 31.881 Cyclohexane, 1,1,3,5-tetramethyl-,trans- 1.30 24.772 Cyclohexane, 1,2,4-trimethyl- 4.38 31.079 Cyclohexane, 1-ethyl-2-propyl- 1.52
25.691 2,3-Dimethyl-3-heptene, (Z)- 1.35 33.155 Cyclohexane, 1,1,3,5-tetramethyl-,trans- 1.59 31.079 Cyclohexane, 1-ethyl-2-propyl- 1.39 37.082 Bacchotricuneatin c 1.73
26.415 Cyclohexane, 1,1,3,5-tetramethyl-,cis- 1.07 37.082 Hexacosyl trifluoroacetate 2.60 37.088 Octacosyl trifluoroacetate 1.40 37.839 Nonadecyl pentafluoropropionate 1.56
26.538 2-Propenoic acid, 2-methyl-,

2-propenyl ester
1.07 37.845 Cyclohexane, 1-ethyl-2-propyl- 2.57 37.845 Cyclohexane, 1,2-diethyl-, cis- 1.52 38.977 p-Menthon-8-thiol 1.29

31.079 Cyclohexane, 1,2,4-trimethyl- 2.05 38.977 Cyclooctane, 1-methyl-3-propyl- 1.84
31.364 1-Hexene, 3,3-dimethyl- 1.10 42.477 Triallylsilane 1.34
31.88 Cyclohexane, 1,2,4-trimethyl- 1.62 44.22 1R,2c,3 t,4 t-Tetramethyl-cyclohexan 1.56
33.155 Cyclopropanol,

1-(3,7-dimethyl-1-octenyl)-
1.24

37.088 Hexacosyl trifluoroacetate 2.35
37.845 Octacosyl trifluoroacetate 3.00
38.712 Octacosyl trifluoroacetate 1.12
38.971 Cyclohexane,

3-ethyl-5-methyl-1-propyl-
1.26
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Fig. 6. FTIR of the obtained A) gaseous products and B) tars at 500 °C.
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measurements, these particles were rich in calcium (Ca) (Fig. 8C, D).
Also, the concentration of Ca was changing because of the treatment
temperature in the range 41.95 to 45 wt%, as shown in Table 5. This el-
ement resulted from the middle layer of WMs, and could not decom-
pose at such low decomposition temperatures, thus remaining in the
char fraction (Harussani et al., 2022). Also, some heavymetals were no-
ticed in the examined samples, such as Titanium, Magnesium, Zinc, etc.
resulting from decomposition of pigments, which are composed of var-
ious elements (Yanet al., 2020). Based on this composition, the obtained
char can be considered as a calcium-rich biochar that hasmany applica-
tions, for example, phosphorus removal, etc. (Li et al., 2022a, 2022b,
2022c). Also, the functional groups of the formulated char from each
batch were determined using FTIR and the results are shown in
Fig. 8E. The analysis showed that all samples were composed of three
very similar functional groups: 2344 cm−1 due to O\\H group, and
1428 and 877 cm−1 due to C\\O and CO2−₃ in Calcium carbonate
(CaCO3) (Li et al., 2022a, 2022b, 2022c; Zhang et al., 2020). The
intensity CaCO3 peak changed with increase in decomposition
temperature and these results agree with EDX measurements.

3.5. Environmental impact assessment

In this part, the environmental impact of conversion ofWMs into oil
and wax products via pyrolysis was studied. All the calculated catego-
ries were based on the suggested layout (Fig. 2) and their impacts
475°C 

525°C 

(A)

(C)

In
te

ns
ity

In
te

ns
ity

Retention Time (min)

Fig. 7. GC/MS of tar products synthesized at A)

526
were compared to incineration process, as illustrated in Table 6 and
Fig. 9A. Among all the calculated categories, the global warming (GW)
item had the most important effect followed by terrestrial acidification
(TA) factor, while the effect for Ozone formation, Human health (OFH),
fine particulatematter formation (FP), ozone formation, Terrestrial eco-
systems (OFT), terrestrial ecotoxicity (TE) and fossil resource scarcity
(FR) was moderate. In case of the rest of other categories, almost no ef-
fect was noticed. Therefore, the discussionwas focused on themost sig-
nificant impacts (GW, OFH, FP, OFT, TE and ER) and their distribution, as
shown in Fig. 9B. As indicated and regardless of the type of products ob-
tained from pyrolysis processing, the treatment of WMs via pyrolysis
showed a significant reduction in GW item compared to that managed
using incineration with improvement in the range 90–94%. However,
the pyrolysis process showed several additional environmental burdens
represented by OFH, FP, OFT and TA items, whichwere nearly hidden in
case of incineration practice. The effect of TE category was attended in
both practiceswith almost similar score.Meanwhile, thepyrolysis treat-
ment showed higher FR due to the energy consumed in starting the
plant up and WMs decomposed thermally into oil and wax
(Zakarauskas et al., 2021; Mohamed et al., 2021). Despite of this, pyrol-
ysis treatment showed a total score much lower than incineration esti-
mated at 56% for scenario A (oil) and 73% for scenario B (wax). This is
due to higher heating value of wax (45 MJ/kg) compared to oil (24
MJ/kg) (https://pyrotechenergy.com; Abdy et al., 2022a, 2022b). Also,
conversion of WMs into wax can reduce OFH, FP, OFT, and TA factors
500°C 

550°C 

(B)

(D)

Retention Time (min)

475 °C, B) 500 °C, C)525 °C and D) 550 °C.

https://pyrotechenergy.com


Table 4
GC/MS Compounds of the tars generated from the pyrolyzed WMs samples at different pyrolysis temperatures.

475 °C 500 °C 525 °C 550 °C

Time
(min.)

GC Compounds Area
(%)

Time
(min.)

GC Compounds Area
(%)

Time
(min.)

GC Compounds Area
(%)

Time
(min.)

GC Compounds Area
(%)

6.013 2,4-Dimethyl-1-heptene 12.51 3.619 Toluene 2.25 6.058 2,4-Dimethyl-1-heptene 14.21 3.645 Heptane, 4-methyl- 1.45
8.154 3-Octene, 2,2-dimethyl- 2.48 3.820 5,5-Dimethyl-1,3-hexadiene 1.18 7.197 2,4-Heptadiene, 2,6-dimethyl- 1.60 6.052 2,4-Dimethyl-1-heptene 23.77
15.923 2-Undecene, 4-methyl- 4.71 6.026 2,4-Dimethyl-1-heptene 23.62 8.199 1.alpha.,2.beta.,3.alpha.,4.beta.-

Tetramethylcyclopentane
2.71 7.177 6,6-Dimethylhepta-2,4-diene 2.42

16.091 Cyclooctane, 1-methyl-3-propyl- 3.66 7.080 p-Xylene 1.60 12.540 1-Hexene, 3,3,5-trimethyl- 2.45 7.559 6,6-Dimethylhepta-2,4-diene 1.22
18.691 2-Propen-1-one,

1-(2,2-dimethylcyclopropyl)-
0.99 7.520 6,6-Dimethylhepta-2,4-diene 1.60 12.734 2-Decene, 4-methyl-, (Z)- 1.09 8.193 Cyclohexane, 1,1,3,5-tetramethyl-,trans- 3.24

24.203 2-Acetylcyclopentanone 13.89 8.154 Cyclohexane,
1,1,3,5-tetramethyl-,trans-

5.11 13.122 Heptane, 3,3,5-trimethyl- 1.71 12.533 Cyclopentane, 1-butyl-2-ethyl- 1.82

24.487 Cyclohexane, 1,2,4-trimethyl- 6.38 12.501 2-Decene, 4-methyl-, (Z)- 2.42 13.284 Octane, 2,3,6,7-tetramethyl- 1.55 15.949 2-Undecene, 4-methyl- 5.76
24.765 4-Isopropyl-1,3-cyclohexanedione 11.37 13.089 Nonane, 2,6-dimethyl- 1.37 15.949 Cyclooctane, 1-methyl-3-propyl- 8.80 16.117 Ethanone, 1-cyclopentyl- 4.02
25.677 2,3-Dimethyl-3-heptene, (Z)- 2.20 14.111 4-Octene, 2,6-dimethyl-, [S-(Z)]- 1.24 16.117 2-Undecene, 4-methyl- 6.99 17.831 Cyclohexane, 1,1,3,5-tetramethyl-,trans- 1.23
26.402 Cyclohexane, 1,1,3,5-tetramethyl-,cis- 1.75 15.929 2-Undecene, 4-methyl- 7.32 17.831 Dichloroacetic acid,

6-ethyl-3-octylester
1.85 18.711 2-Propen-1-one, 1-(2,2-dimethylcyclopropyl)- 1.96

26.531 2-Propenoic acid, 2-methyl-,
3,3,5-trimethylcyclohexyl ester

1.77 16.097 2-Undecene, 4-methyl- 5.51 18.070 2,5-Dihydro-5-methoxy-2-furanone 1.28 24.215 Cyclooctane, 1-methyl-3-propyl- 12.38

31.072 Cyclohexane, 1-ethyl-2-propyl- 3.40 17.812 Cyclohexane,
1,1,3,5-tetramethyl-,trans-

2.02 18.711 2-Propen-1-one,
1-(2,2-dimethylcyclopropyl)-

2.21 24.500 2-Acetylcyclopentanone 4.75

31.35 Cyclohexane, 1,1,3,5-tetramethyl-,trans- 1.85 18.69 2-Propen-1-one,
1-(2,2-dimethylcyclopropyl)-

2.47 21.835 1-Hexene, 3,3-dimethyl- 1.22 24.77 4-Isopropyl-1,3-cyclohexanedione 9.68

31.881 Cyclooctane, ethyl- 2.65 24.209 2-Acetylcyclopentanone 11.69 24.216 2-Acetylcyclopentanone 14.53 25.690 3-Decene, 2,2-dimethyl-, (E)- 1.58
32.185 Cyclohexane, 1,2,4-trimethyl- 1.03 24.487 Cyclohexane, 1,2,4-trimethyl- 4.94 24.494 Trichloroacetic acid,

6-ethyl-3-octylester
6.68 26.544 2-Propenoic acid, 2-methyl-,

3,3,5-trimethylcyclohexyl ester
2.83

33.14 Cyclohexane, 1,1,3,5-tetramethyl-,trans- 2.08 24.77 4-Isopropyl-1,3-cyclohexanedione 8.99 24.772 4-Isopropyl-1,3-cyclohexanedione 11.70 31.07 Nonadecyl pentafluoropropionate 3.72
37.082 Octacosyl trifluoroacetate 4.29 25.684 Cyclohexane,

1,1,3,5-tetramethyl-,cis-
2.12 25.690 Heptane, 2-methyl-3-methylene- 2.03 31.363 Cyclohexane, 1,2-diethyl-3-methyl- 1.27

37.327 Octacosyl trifluoroacetate 1.14 26.402 3-Decene, 2,2-dimethyl-, (E)- 1.39 26.415 Cyclohexane,
1,1,3,5-tetramethyl-,cis-

1.38 31.887 Heptafluorobutanoic acid, heptadecyl ester 2.04

37.838 Octacosyl trifluoroacetate 5.21 26.531 1,4-Hexadiene, 3,3,5-trimethyl- 2.42 26.544 Cyclohexane, 1,1′-(1,2-dimethyl-1,
2-ethanediyl)bis-

2.10 33.162 Triallylsilane 2.95

38.052 Cyclohexane, 1,2,4-trimethyl- 1.08 31.072 Cyclohexane, 1-ethyl-2-propyl- 2.58 31.085 Cyclohexane, 1-ethyl-2-propyl- 2.76 37.088 Octacosyl trifluoroacetate 3.56
38.220 Triallylsilane 1.09 31.881 Cyclohexane, 1,2,4-trimethyl- 1.48 31.363 1-Trifluoroacetoxy-2-methylpentane 1.20 37.845 Octacosyl trifluoroacetate 3.12
38.705 Octacosyl trifluoroacetate 1.96 33.155 1,5-Heptadiene, 3,3-dimethyl-,

(E)
1.78 31.887 1-Undecene, 8-methyl- 1.77 38.983 Bicyclo[3.1.1]heptan-3-one, 2,6,6-trimethyl-, (1.

alpha.,2.beta.,5.alpha.)-
2.51

38.970 Bicyclo[3.1.1]heptan-3-one,
2,6,6-trimethyl-, (1.alpha.,2.beta.,5.
alpha.)-

2.10 37.082 Tricosyl trifluoroacetate 1.88 33.162 8-Chloro-1-octanol,
tert-butyldimethylsilylether

1.53 42.483 Tetracosyl heptafluorobutyrate 1.27

42.477 Hexacosyl heptafluorobutyrate 1.74 37.838 Octacosyl trifluoroacetate 1.77 37.088 Hexacosyl trifluoroacetate 2.46 44.229 Zinc, bis[2-(1,1-dimethylethyl)-3,
3-dimethylcyclopropyl]-, [1.alpha. (1R*,2R*),2.
beta.]-

1.44

43.104 Tricosyl trifluoroacetate 1.09 38.970 3,7-Nonadien-2-one,
4,8-dimethyl-

1.24 37.852 Tricosyl trifluoroacetate 2.98

43.317 Fumaric acid, 3-fluorophenyl nonylester 1.64 38.984 Cyclohexane,
1,1,3,5-tetramethyl-,cis-

1.22

44.223 Cyclohexane, 2,4-diethyl-1-methyl- 1.89
44.850 4,4′-(Hexafluoroisopropylidene)

diphenol
1.66

47.373 Tetrapentacontane, 1,54-dibromo- 1.00
48.977 Triallylsilane 1.38
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Fig. 8. A) SEM- EDX image of the formulated char product at A) 475 °C, B) 500 °C, C) 500 °C and D) 550 °C.

Table 5
EDX elemental analysis of the prepared char at different pyrolysis temperatures.

Sample EDX elements

Carbon Oxygen Iron Titanium Calcium Magnesium Aluminum Silicon Sulfur Chlorine Zinc Phosphorus Sodium Potassium Copper

475 °C 8.03 38.56 7.30 2.13 39.34 1.16 0.70 0.66 0.38 0.41 1.13 0.21 – – –
500 °C 9.83 40.23 6.26 1.47 37.65 0.99 1.31 0.76 0.35 0.27 0.08 0.45 0.35 –
500 °C 14.33 40.12 5.74 4.77 27.62 1.38 0.69 0.49 0.71 0.11 2.10 0.02 0.25 0.02 1.65
550 °C 12.89 40.62 6.72 2.14 33.89 1.02 0.53 0.65 0.42 0.25 0.11 0.60 0.15 –
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by approximately 38% compared to the oil scenario, hence, contributing
to bigger benefit to human and ecosystem's health. Based on the esti-
mated LCA, conversion of WMs into oil and wax products via pyrolysis
has a great potential to be applied at the industrial scale with high envi-
ronmental impact, especially on global warming, and only few onsite
emissions of particular matter should be taken into consideration
when designing the treatment plant. Also, these results demonstrate
that treatingWMs as amixture has a significant effect on the formulated
pyrolysis products (oil or wax) and their LCA compared to considering
Table 6
Environmental impacts of transforming WMs into oil and wax compared to incineration appro

Impact category Unit Pyro

Scen

A Global warming (GW) kg CO2 eq 0.244
B Stratospheric ozone depletion kg CFC11 eq 6.913
C Ionizing radiation kBq Co-60 eq 8.549
D Ozone formation, Human health (OFH) kg NOx eq 0.080
E Fine particulate matter formation (FP) kg PM2.5 eq 0.096
F Ozone formation, Terrestrial ecosystems (OFT) kg NOx eq 0.128
G Terrestrial acidification (TA) kg SO2 eq 0.331
H Freshwater eutrophication kg P eq 4.763
I Marine eutrophication kg N eq 9.421
J Terrestrial ecotoxicity (TE) kg 1,4-DCB 0.098
K Freshwater ecotoxicity kg 1,4-DCB 3.442
L Marine ecotoxicity kg 1,4-DCB 9.550
M Human carcinogenic toxicity kg 1,4-DCB 0.000
N Human non-carcinogenic toxicity kg 1,4-DCB 0.001
O Land use m2a crop eq 0.000
P Mineral resource scarcity kg Cu eq 4.661
Q Fossil resource scarcity (FR) kg oil eq 0.157
R Water consumption m3 0.001
Total score 1.142

528
each layer of WMs individually, when only oil is generated (Li et al.,
2022a, 2022b, 2022c).

3.6. Economic performance

The economic performance of the proposed thermal conversion
process for processing one kg of WMs was determined in this section
based on the electricity input for pre-treatment and pyrolysis (0.136
kWh/kg × 0.12 $/kWh) and the output products. The electric power
ach.

lysis treatment Polypropylene incineration

ario A (500 °C) Oil Scenario B (525 °C) Wax

416136 0.151120708 2.537848627
81 × 10−09 4.27476 × 10−09 5.90966 × 10−08

86 × 10−05 5.28632 × 10−05 4.57327 × 10−06

066983 0.04950483 0.000392018
297144 0.059539819 7.09783 × 10−05

707305 0.079578785 0.000400254
958834 0.205247718 0.000183135
95 × 10−06 2.94552 × 10−06 9.09177 × 10−07

78 × 10−07 5.82542 × 10−07 9.60795 × 10−07

632004 0.060983447 0.070591946
65 × 10−05 2.12856 × 10−05 0.000284649
81 × 10−05 5.90519 × 10−05 0.000456108
984503 0.000608711 0.003458502
92749 0.001191753 0.002812515
567611 0.00035095 0.000835043
74 × 10−05 2.88232 × 10−05 0.000203592
234008 0.097216636 0.004364263
594964 0.000986154 0.000544909
654745 0.706495068 2.622453041
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calculation wasmade based on the pyrolysis cycle (200 g), then the cal-
culation was promoted to 1 kg, only to display the data per kg of WMs.
Regarding the output items, the economic analysis for both scenarios (A
and B) was calculated, and all the items and their trade prices are in-
cluded in Table 7. As shown, the oil production scenario has a significant
contribution to the economic sector with an 85% improvement com-
pared to the wax production scenario. The cost of treating air emissions
has been neglected because there is currently an advanced technology
that can be used to capture these adsorbed gases such as themembrane
technology. This separation technique is characterized by its low cost,
system compactness, less energy, simplicity, and ability to use them
for long time (Yong et al., 2022).
4. Conclusions

In the present research, the pyrolysis of surgical mask waste (WMs)
as a mixture was studied using an experimental set-up with capacity of
200 g at 475, 500, 525, and 550 °C. The results showed that the maxi-
mum yield of pyrolysis oil can be obtained at 500 °C (42.3%), while
the maximum yield of wax product was achieved at 525 °C (36.4%).
Whereas the gaseous products obtained were rich in methane, ethane,
and propane, which helps in increasing their heating value, especially
at the highest pyrolysis temperature. Besides, the environmental perfor-
mance of the proposed treatmentwas examined in the form of different
categories using life cycle analysis. The environmental assessment
showed that the proposed pyrolysis treatment has a lower overall envi-
ronmental impact, especially on global warming combined with a
smaller score compared to management of WMs using incineration
treatment with a significant improvement estimated at 56% (in case of
the oil production scenario) and 73% (in case of thewax production sce-
nario). Based on the reported results, pyrolysis treatment at 525 °C is
highly recommended to convertWMs intowax product with high envi-
ronmental performance and moderate economic performance.
Table 7
Commercial prices for input and output items for both scenarios.

Item Commercial price
(Zakarauskas et al., 2021;
Mohamed et al., 2021)

Cost of
scenario
(A)

Cost of
scenario
(B)

Input Electric
power

0.12 $/kWh 0.136 $/kg

Outputs Oil 8.4 $/kg 3.550 –
Wax 0.9 $/kg – 0.328
gas 0.6 $/kg 0.325 0.356
Char 0.002 0.002 0.003

The total profitability 3.741 0.551
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