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Nowadays, wearing a 3-layered face mask (3LFM) to protect against coronavirus illness (COVID-19) has become
commonplace, resulting in massive, hazardous solid waste. Since most of them are infected with viruses, a secure
way of disposal is necessary to prevent further virus spread. Pyrolysis treatment has recently developed as an
effective method for disposing of such hazardous waste and consequently converting them into energy products.
In this regard, the goal of the present study is to physicochemically characterize the 3LFM followed by pyrolysis

in a TGA to evaluate the pyrolysis performance, kinetic, and thermodynamic parameters and in a semi-batch
reactor to characterize the volatile product. Furthermore, an artificial neural network (ANN) was used to fore-
cast thermal deterioration data. The results demonstrated a strong correlation between real and anticipated
values. The study proved the relevance of the ANN model and the applicability of pyrolysis for disposing of 3LFM
while simultaneously producing energy products.

1. Introduction

The first case of COVID-19 reported in India was on January 27 in
Thrissur, Kerala. This pandemic has had a devastating impact on the
community’s social life, business, and health. Millions of people have
been infected throughout the globe through this pandemic, with deaths
of more than 2 million. In these conditions, most countries require non-
pharmaceutical intercession such as wearing hand gloves, face masks,
protective gown, (personal protective equipment) etc. to physically
impede COVID-19 transmission. Face masks have become the first line of
defence in the fight against this virus, and they have become as essential
to everyday life as cell phones, clothing, and other needs. 3 Layered face
mask (3LFM) are used by people abundantly due to its inexpensive cost,
excellent filtering capability, very low breathing resistance, hypoaller-
genic characteristic, fluid resistance, and antiviral properties [1]. In
spite of these benefits, 3LFM has a limited operational life of only a few
days, resulting in the development of trash. As a result, disinfection and
sterilisation for reuse, as well as non-certified manufacture, were offered
as alternatives to disposal, reducing the quantity of waste created by
3LFM [2]. Research has shown that washing 3LFM is not preferable due
to the release of microfibers, a type of pollutant [3-5]. The concerns
mentioned above pose a significant barrier to mask reuse. It should be
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properly disposed of because many of these masks may be contaminated
with the virus, as the virus can remain on the mask’s surface for a longer
period of time [6]. There are two categories where masks are used that
require proper disposal. The first one is generated by the medical sector,
such as masks used by the hospital staff, and the second one by the
general public. The medical sector people disposed of the FM as medical
waste while the ordinary people disposed of it as solid waste, implying
catastrophic repercussions. Medical waste is often disposed of by land-
fill, incineration, or burning; however, these procedures have a number
of drawbacks, including chronical occupation and pollution of the ocean
and soil, as well as the release of harmful gases into the environment
[7-9]. As a result, policy-makers must devise a secure collecting
mechanism for these masks, such as establishing particular boxes in
designated locations for their collection. To persuade policy-makers to
do so, procedures for recycling 3LFM and converting them into sup-
plementary energy resources must be developed [10,11].

There are different techniques (mechanical, biochemical, and ther-
mochemical) to convert waste into useful energy forms and chemicals
[12,13]. The mechanical approach is typically employed as the first step
in reducing volume. The biochemical technique is preferable for trans-
forming biological waste, in which enzymes act as a catalyst to break
larger molecules into smaller ones. Combustion, pyrolysis, gasification,
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and hydrothermal treatment are examples of thermochemical conver-
sion methods. In these contexts and with this type of waste, pyrolysis is
the most preferred technique to kill the virus and convert the waste into
a useful energy form [14-16]. Furthermore, pyrolysis is designated as an
environmentally beneficial, low-emission methodology in which medi-
cal waste may be converted into homogenous energy forms in an
oxygen-free environment deprived of the need for pre-treatment in a
secure environment [17-22].

Now a days ANN is widely used technique for high-accuracy
modeling and prediction of systems containing nonlinear complexity.
ANN are computing systems encouraged by the biological neural net-
works that comprise human brains. It processes components that receive
input and output results depending on predetermined activation func-
tions. ANNs are made up of several neuron layers to understand their
relationship for future problem-solving tactics [23,24]. These layers
include input, hidden, and output. It is demonstrated to be a valuable
approach for forecasting reaction chemistry and has been used on
thermal data to estimate numerous views through experimental data
training, validation, and testing [25].

There is substantial literature on biomass pyrolysis, however there is
a scarcity of research on thermal degradation analysis of hazardous
medical waste. For example, Jung et al. valorised the COVID-19 face
mask to produce bio-oil and syngas using TG-FTIR and GCMS analysis
[26]. Sun et al. [27] used surgical mask for the pyrolysis process and
evaluated kinetic and thermodynamic parameters. Chen et al. [28] used
rope of surgical mask for the evaluation of kinetic and thermodynamic
parameters based on TG-FTIR. Xu et al. [9] used thermogravimetric
infrared spectroscopy and pyrolysis-gas chromatography/mass spec-
trometry analyses to investigate the pyrolysis mechanisms and volatiles
products of medical mask belts, mask faces, and infusion tubes. Yousef
et al. [29] investigated the kinetics of pyrolysis and the TG-FTIR-GC-MS
analyses of coronavirus face masks. Salema et al. [30] investigated the
pyrolysis and combustion kinetics of disposable surgical face mask
produced during COVID-19 pandemic. Jung et al. [26] valorized the
disposable COVID-19 mask through the thermochemical process. An
extensive literature search revealed that a detailed systematic study of
thermal degradation of 3LFM based on comprehensive pyrolysis per-
formance index, kinetic, thermodynamic, reaction mechanism based on
Criado’s and Coats-Redfern method, prediction modeling using ANN
(Artificial Neural Network), and thermal pyrolysis in a semi-batch
reactor to produce bio-oil is still lacking. Despite the fact that these
factors are crucial for the design of the reactor, performance assessment
and highly accurate prediction modeling, as well as economic aspects
related to potential industrial-scale upgrading.

Although there is not enough data in the literature on research
related to pyrolysis of 3LFM, it can be classified as non-woven plastics
waste or textile waste on the basis of their structure [31,32]. The current
study sought to investigate the physicochemical properties and thermal
degradation performance of 3LFM. The kinetic, thermodynamic, and
reaction mechanism was evaluated based on the thermogravimetric
data. Furthermore, a highly efficient artificial neural network (ANN)
model was developed to forecast the thermal deterioration data. In
addition, 3LFM was also thermally pyrolyzed in a semi-batch reactor.
This study gives helpful information for disposing of 3LFM trash in a
regulated way.

2. Materials and method
2.1. 3LFM collection and preparation

3LFM was bought from the local pharmacy store near the IIT BHU
Varanasi campus. The mask used in this study was new because of the
safety concerns; however, in general practice, waste 3LFM generated by
both home and medical stores may be carefully separated and collected
before being transferred for thermal degradation processes. The rope of
the mask was taken out. The actual part of the 3LFM was then chopped
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and milled into small fine material using an electric grinder, resulting in
lower heat transmission resistance during the pyrolysis process. It was
then oven-dried overnight at 105 °C and stored in polybags to prevent
moisture before being sent for further characterization.

2.2. Physicochemical characterization of 3LFM

The fundamental step before pyrolysis is a feasibility analysis of any
feedstock. The proximate study such as moisture (MC), ash (AC), and
volatile matter content (VM) of 3LFM was determined using the stan-
dards of ASTM such as E871, E872, and D1102, respectively, while fixed
carbon (FC) content was evaluated on the difference basis (100-MC-VM-
AC). The Euro-vector instrument was employed to find out the content of
carbon (C), nitrogen (N), hydrogen (H), and sulphur (S). At the same
time, oxygen was evaluated on the difference basis (100-C-H-N-S). An
oxygen bomb calorimeter was used to calculate the calorific value. The
compositional analysis such as cellulose, hemicellulose, and lignin of the
3LFM were calculated using the protocol suggested by the Technical
Association of Pulp and Paper Industry (T222) [32]. All of the tests were
carried out three times, with the average data being given.

2.3. FTIR spectroscopy

The FTIR spectroscopy of 3LFM was carried out to analyse the
various functional groups at different peak positions using a Nicolet
(Model: iS5) spectrometer. In the sample holder, 1 mg of sample was
mixed with dried KBr powder in a 1:100 (percent w/w) ratio. FTIR
spectra were collected between 4000 and 400 cm ™.

2.4. Thermogravimetric analysis

Approximately 5 mg of 3LFM was taken in a crucible, and it was
thermally analysed in a thermogravimetric analyzer (Shimadzu,
Singapore, TGA 50) from room temperature to 800 °C at 10 °C/min in an
inert ambient of nitrogen (100 ml/min). The pyrolysis behavior of the
biomass was investigated using the same TGA apparatus at a heating
rate (H.R) of 10, 20, and 40 °C/min. The investigation was conducted
twice to confirm that the data was reproducible.

2.5. Pyrolysis performance study

The following equation proposed by Deng et al. [33] was used to
calculate the comprehensive pyrolysis performance index (I):

0
_ (dr mm'a AT
Tma,x Tan\-erTend\'et

.
where I, is the pyrolysis index, (4) max 1S the maximum decomposition
rate, apr is the percent weight loss in the AT region, Ty is the peak
temperature, Tons: iS the beginning devolatilization temperature, and
Tendset is the end devolatilization temperature. Higher I. values suggest
improved pyrolysis performance.

2.6. Determination of kinetic parameters

The kinetic parameters and reaction mechanism of 3LFM were
computed using the combined approaches of model-free and model
fitting methods. Model-free methods such as FWO, KAS, and VZK were
used to evaluate the activation energy (E) values despite knowledge of
the reaction mechanism, whereas the CR technique was used to compute
E values using the suggested f(a) and g(a) forms. Where f(a) and g(a) are
the differential and integral conversion rate. Many processes are
explored in order to find the reaction mechanism of the 3LFM, and the
one that is closest to the activation energy of FWO, KAS, and VZK is the
required mechanism. The following model-free equations were used to
calculate the activation energy values of 3LFM pyrolysis.
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2.6.1. Model-free methods

AE E
Inf = lnm - LOSZEOzawa — Flynn — Wall(OFW) (@D)]
i AE  E . .
lnﬁ =lIn Re(@) ﬁKlssmger — Akahira — Sunose(KAS) 2)
n 2 IE, TS
@ = Z ; ﬁ = minimum Vyazovkin method(VZK) 3)

Plotting the left-hand side of Eqgs. (1) and (2) versus 1/T yields a
straight line whose slope gives the activation energy (E), whereas the
Senum-Yang approximation was used to estimate activation energy from
VZK technique by minimising the function (¢).

2.6.2. Model fitting methods

AR E
ln@: n———

2 GE " RT Coats Redfern method(CR) “4)

The value of activation energy (E) is determined by the slope of the
plot between ln‘% vs. 1/T. The usual solid response mechanism (g(a)) is
depicted in (see supplementary material — Table S1).

2.6.3. Reaction mechanism using Criado’s method

Criado’s approach is used to predict reaction mechanisms by
comparing theoretical and experimental plots. The z(@) master plot was
determined using the reactions model described in the supplemental
material section (Table S1). The formulae for theoretical and experi-
mental curves are given below.

z(a) = f(a) x g(a) (5

T
d E, —E,
z(a) = d—(:exp <ﬁ> /exp( RT ) 6)

0

Eq. (5) was used to generate the theoretical plot, while Eq. (6) was
employed to get the actual graph. The theoretical and experimental
curves were matched at particular conversion, and the ones close to the
theoretical plot revealed the actual mechanism.

2.7. Thermodynamic analysis

The thermodynamic analysis was carried out by using the following
equations:

_ﬂxEerEm

A= @

AH = E — RT,, ®
Kg % T,y

AG=E+RxT, x In=2> ©
h xA

AH - A
AS:TiG (10)

Where pre-exponential factor, enthalpy, Gibbs free energy, and en-
tropy change are represented as A (s’l), AH (kJ/mol), AG (kJ/mol), and
AS (J/mol.K), respectively. The maximum peak decomposition tem-
perature, Boltzmann constant, and Plank’s constant are represented as
Tyn (K), Kg (1.381 x 10722 J/K), and h (6.626 x 10734 Js), respectively.

2.8. Artificial neural network (ANN) modeling

An ANN model was created in this work, with temperature and
heating rate as input factors and weight loss (%) as output variables. The
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model was created using the MATLAB® 2017b toolbox, and the
Levenberg-Marquardt method was employed for data prediction due to
its superior performance. The 70% TGA data sets were used for training,
15% for validation, and 15% for testing. Eq. (11) was used to compute
the MSE (Mean Square Error) function to assess the progress of every
stage, whilst Eq. (12) was employed to optimise the network model
established on the target (¢) and output values (o).

MSE = v an

n[r (= B)’]

where }; and f; are the experimental and predicted values, and n is the
number of data points.

2 ot — 0:‘)2
RP=1- =/~ 12
|: Zi(oi)z :| (12

2.9. Batch pyrolysis experiment

Thermal pyrolysis of 3LFM was performed in a laboratory-based
semi-batch reactor (SS: internal diameter = 4.5 cm, height = 42 cm)
in an Ny-inert atmosphere. The experimental setting is described in
detail in our previous paper [34]. To fulfill the energy requirements of
the operations, the system included an externally heated furnace that
was governed by the PID controller. The reactor has two ports, one on
top for N gas and one on the bottom for volatiles release. The reactor
was filled with the required feedstock and positioned vertically within
the furnace. The pyrolysis experiment was performed at a heating rate of
40 °C/min, temperature of 500 °C, and N3 flow rate of 100 ml/min. The
temperature and heating rate were selected based on the thermogravi-
metric analysis and pyrolysis performance indices. After the experiment,
the hot volatiles is condensed and collected in a bottle, while the
non-condensable gases are released. After cooling the reactor to room
temperature, the solid product called biochar was collected. The
following formulae were then used to calculate the pyrolysis product.

solid wieght

Biochar yield (%) = x 100 13)

weight of total sample

liquid fuel weight
Bio — oil yield (%) = iquid fuel weig

100 14
weight of total sample x a#

Gas yield (%) = 100 — (%liquid yield + %solid yield) (15)
2.10. Physicochemical characterization of 3LFM bio-oil

The physicochemical examination of pyrolytic liquid is required for
its commercialization. The viscosity of the pyrolytic liquid was exam-
ined with a Brookfield viscometer at 30 °C and 50 rpm, and the bulk
density was measured with a graduated cylinder and weighing machine.
The oxygen bomb calorimeter was employed to assess the calorific value
of the bio-oil (RS Instrument, India). A pH meter was used to determine
the acidity of the bio-oil (CL-54, TI). Shimadzu QP-2010 plus apparatus
with Rxi-5 ms column was utilised to conduct GCMS (gas
chromatography-mass spectrometry) analysis to detect distinct com-
pounds that existed in the bio-oil. The detailed program of the analysis is
mentioned in our previous work [34,35]. The obtained mass spectra of
the chemical components were compared to those in the NIST library
database.

3. Results and discussion
3.1. Physicochemical characterization of 3LFM
The physicochemical characterization of 3LFM is presented in

Table 1. The proximate study results revealed that 3LFM has higher
volatile matter (95.4%), lower ash (4.14%), and moisture content
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Table 1
Physicochemical study of 3LFM sample.

Analysis 3LFM

Proximate analysis (wt. %)

Moisture® 0.31 + 0.02
Volatile matter” 95.4 + 0.38
Ash content” 4.14 + .05
Fixed Carbon®™ ¢ 0.15

Ultimate analysis (%)

Carbon® 83.68
Hydrogen® 14.58
Nitrogenb -

Oxygen® © 1.74
Sulphur” -

O/C ratio 0.015

H/C ratio 2.09
Compositional analysis (wt. %)

Hemicellulose” 28.65 + 0.89
Cellulose” 54.21 + 1.57
Lignin® 8.45 + 0.24
Calorific value® (MJ/kg) 34.64 + 0.42

(0.31%). It has previously been found that feedstock containing more
volatile materials and less ash has a better ignition efficiency. Lower ash
concentration raises the feedstock’s heating value. It also helps to pre-
vent fouling and slagging during boiler operations [36]. A lower mois-
ture content (less than 10%) makes the feedstock a better choice for
pyrolysis. The ultimate study results confirmed higher carbon (83.68%),
and hydrogen (14.58) with negligible nitrogen and sulphur. Because of
the high carbon content, face masks can be considered a viable source of
carbon precursors. The negligible sulphur and nitrogen presence indi-
cated that SOx and NOx would be almost absent during the pyrolysis
process [37]. The higher heating value of the sample was found to be
34.64 MJ/kg. Further, the compositional study revealed cellulose
(54.21%), hemicellulose (28.65%), and lignin (8.45%).

3.2. FTIR analysis

FTIR analysis was carried out to determine the functional groups
attached to the 3LFM, as shown in Fig. 1. The characteristic peak at
around 3390 cm ! was due to —OH group, indicating that alcohols and
water vapor were produced during the pyrolysis of the 3LFM. The ab-
sorption peaks for the C=0 stretching vibration at 2365 and 2323 cm™?
and the absorption peak for the C=0 deformation vibration at 671 cm™!
show that carbon dioxide was produced during the pyrolysis of the
3LFM. The absorption peaks 2950 and 2842 cm™! belong to C-H
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92 -
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Fig. 1. FTIR spectroscopy of 3LFM sample.
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stretching vibrations, whereas the absorption peaks 1425, 1363, 1315,
1222, 1029, 896, and 719 cm™! correspond to C-H deformation vibra-
tions, indicating that aliphatic compounds were formed during the py-
rolysis of 3LFM. The absorption peaks 2142 and 2104 cm ™" for the C=0
stretching vibration suggest that carbon monoxide is produced during
the pyrolysis of 3LFM. Furthermore, the absorption peaks 2733 and
2704 cm™! for the C-H stretching vibration and 1717, 1681, 1646 cm ™!
for the C=0 stretching vibration show that aldehydes/ketones were
produced during the pyrolysis of 3LFM.

3.3. Thermogravimetric analysis and effect of heating rate

Thermal analysis of the 3LFM was carried out in the temperature
range of ambient to 800 °C at an H.R of 10 °C/min, as displayed in Fig. 2
(a). As seen from the TGA results (Fig. 2(a)), 3LFM underwent into three
main degradation regions. These three degradation regions are drying,
devolatilization, and charring. Generally, for lignocellulosic biomass,
inbound surface moisture and smaller molecular-weight compounds
were eliminated in the first region [38,39]. However, in the case of
3LFM during the first region (ambient to 300 °C), minor weight loss (<
0.5%) was noticed, indicating that 3LFM was thermally stable upto
300 °C and had negligible moisture content. These findings are also
supported by the proximate analysis result (Table 1). The second region
(300-500 °C), also known as the active pyrolysis region, represents the
major degradation region. In this stage, weight loss was observed to be
around 97%, owing to degradation of organic material, comprising
polypropylene and melt blown filter [40,41]. The continuous flow of
heat fractured larger molecular weight molecules into smaller molecular
weight compounds during the second region. The third region is also
known as passive pyrolysis or charring region, where almost negligible
mass loss occurred. As seen from the DTG thermograph (Fig. 2(a)),
generally for lignocellulosic biomass, the first peak occurred as a result
of the elimination of moisture and extremely volatile chemicals that
were absent in case of 3LFM DTG. Furthermore, the DTG curves (Fig. 2
(a)) revealed that only one sharp peak was noticed at 440 °C, indicating
the presence of polypropylene non-woven fabrics that is generally
crystalline. A similar TGA and DTG curve was also noticed by other
researchers [28,42-44]. The third degradation zone, also known as the
char formation region, was located above 500 °C and had no visible peak
in the DTG curve, indicating total degradation of the 3LFM with negli-
gible mass loss.

The influence of dynamic heating rates on 3LFM is depicted in Fig. 2
(b) and (c). Fig. 2 (b) and (c) showed that when heating rates increased
(10 to 40 °C/min), the TG and DTG thermographs moved to higher
temperature areas without altering the thermal degradation pattern. The
intensity of the DTG peak increased and moved from 440 °C (at 10 °C/
min) to 456 °C and 460 °C (at 20 and 40 °C/min, respectively). The shift
of the TG thermograph to a higher temperature province was caused by
an increase in the degradation temperature of the face mask as the
heating rate increased. In comparison to a greater heating rate, heat
transfer restriction was minimal at a lower heating rate. Degradation
occurs slowly at higher heating rates due to heat transfer constraints,
resulting in uneven heating among face masks. In contrast, a slower
heating rate causes uniform heating of the face mask. Face mask in-
teracts for a longer period of time in the reactor, resulting in maximum
heat transfer among them [45].

3.4. Pyrolysis performance study

The pyrolysis performance study is presented in Table 2. As seen
from the Table 2, Tonset, Tendset, and Ty Value enhanced with enhanced
heating rate. This indicates that the pyrolysis reaction has been accel-
erated at a higher heating rate because the reaction time for the samples
to achieve the beginning devolatilization and the highest DTG peak was
shortened. Maximum decomposition rate (dw/dt)mgy increased with a
rise in heating rate, demonstrating that increased heating rate enhanced
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Fig. 2. (a) Thermal analysis of 3LFM at 10 °C/min, (b) TGA and (c) DTG thermograph at heating rates of 10-40 °C/min.
[46]. Pyrolysis reactions are widely known to entail both primary and
;az:f szis erformance indices of SLFM at various heating rates secondary reactions. The secondary reaction primarily refers to the
YIOySIS b v J ’ subsequent response of the first reaction products [47,48], which
Heating AT (°C)  aar Tonset ~ Tendser  Tmax (dw/ I x invariably entail radical recombination processes [49]. Because radical
rate (°C/ (%) Q) (O] (O] A max 10°° f b ted duri lyvsis fi latil d
min) (mg/ ragments may be created during pyrolysis from volatiles and are
min) extremely reactive, they can combine with each other to produce
additional secondary products such as coke [50]. By altering mass and
10 300-500 97.4 312 471 440.07  1.03 1.55 . . . .
20 310515 97.98 325 496 45615  2.93 2.05 heat transmission, heating rate can impact both primary and secondary
40 316-526  96.13 333 500 460.06  3.39 42.9 processes [51].

pyrolysis performance. The pyrolysis performance index was obtained to
be 1.55, 2.95, and 42.9. This increased I, values with heating rate
implied that enhanced heating rate conditions beat lower ones since
higher I, values indicate superior performance in terms of pyrolysis ef-
ficiency. Pyrolysis performance efficiency is one of the essential oper-
ating aspects that must be addressed while designing the reactor at upto
industrial level. Hence 40 °C/min is considered to be the optimum
heating rate due to the highest I, value. Further, it is reported that at a
higher heating rate, bio-oil yield was high in comparison to a lower
heating rate due to higher heat and mass transfer (complete pyrolysis)

3.5. Kinetic analysis

3.5.1. Model-free methods

The E values of 3LFM pyrolysis at specific conversion were computed
using the slope of isoconversional plots as shown in Fig. 3(a) and (b)
generated from the equations provided by the KAS and FWO techniques.
In contrast, E values based on the VZK approach were calculated by
minimizing the functiong. The R? (correlation coefficient) value as given
in Table 3 at each conversion level is greater than 0.97, showing its
usefulness for assessing the experimental results. The activation energy
values ranged from 223.77 to 241.66 kJ/mol, 223.22 to 241.33 kJ/mol,
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Fig. 3. (a) Isoconversional plot of FWO method, (b) KAS method, (c) alteration in E values with conversion, and (d) Criado z(a) master plot.

Table 3

Model free kinetic analysis based on KAS, FWO, and VZK method.
a KAS FWO VZK

E, (kJ mol™!) Equation R? E, (kJ mol™Y) Equation R? E, (kJ mol™Y)

0.1 223.77 Y =-26916x + 30.508 0.9904 223.22 y = -28246x + 45.509 0.9913 208.53
0.2 234.52 y = -28209x + 31.14 1 233.76 y = -29579x + 46.198 1 219.38
0.3 229.54 y =-27610x + 29.514 0.9999 229.22 y = -29004x + 44.608 1 214.65
0.4 230.16 y = -27684x + 29.12 0.9978 229.94 y = -29096x + 44.239 0.9981 214.89
0.5 231.88 y = -27891x + 28.985 0.9961 231.68 =-29316x + 44.122 0.9965 217.53
0.6 234.48 y = -28204x + 29.056 0.9804 234.24 = -29640x + 44.209 0.9822 220.97
0.7 239.11 y = -28761x + 29.54 0.9753 238.72 y = -30207x + 44.707 0.9775 225.62
0.8 241.54 y = -29053x + 29.646 0.9772 241.11 y = -30509x + 44.826 0.9792 227.81
0.9 241.66 y = -29067x + 29.357 0.9775 241.31 y = -30534x + 44.553 0.9795 227.9
Mean 234.07 233.68 219.7

and 208.53 to 227.9 kJ/mol, with average activation energies of 234.07,
233.68, and 219.7 kJ/mol employing KAS, FWO, and VZK method,
respectively. The reactivity of any fuel substantially impacts pyrolysis; it
may be calculated using the activation energy [52,53]. It facilitates the
optimization of numerous pyrolysis variables as well as the development
of novel pyrolysis reactors. The alteration in E values with conversion is
displayed in Fig. 3 (c). The E values obtained via KAS, FWO, and VZK
techniques appear to have a nearly comparable style in all conversion
zones. A little alteration in the E values estimations between models was
due to the adaptation of various sorts of assumptions by the particular
researcher. It can be seen from Fig. 3(c) that the lowest E value was
found at the initial conversion (0.1). This is because, at the start of py-
rolysis reaction, mostly moisture and small molecular weight com-
pounds are present; hence lower energy is required to break this,
whereas as the reaction proceeds, activation energy is increased due to

requirement of more energy to break complex compounds. Further, as
seen from Fig. 3(c), the activation energies value altered very little with
conversion, suggesting that pyrolysis of 3LFM might be regarded as a
single-step reaction. These findings are consistent with those seen in the
literature for wastes of identical nature [29,32,54-56]. Furthermore,
each feedstock has a distinct disintegration temperature range, and
activation energy is completely temperature-dependent. Fragile bonds
require less heat and energy to break down, whereas stronger bonds
demand more heat and energy. Among the several models used to
analyse TGA data in this work, the Vyazovkin models make no mathe-
matical assumptions.

3.5.2. Model fitting method
CR method was utilised to compute the activation energies based on
different reaction models at H.R of 10, 20, and 40 °C/min, as listed in
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Table 4
Model fitting kinetics based on CR method.
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Reaction model 10 °C/min 20 °C/min 40 °C/min Average value
E (kJ/mol) R? E (kJ/mol) R? E (kJ/mol) R? E (kJ/mol)

Al 107.71 0.984 99.38 0.982 107.03 0.974 103.25

A2 40.73 0.656 36.03 0.622 34.8 0.525 37.18

A3 10.94 0.101 8.27 0.066 5.09 0.018 8.1

A4 3.95 0.013 5.6 0.028 9.76 0.06 6.43

R1 79.33 0.774 74.76 0.811 83.02 0.751 79.03

R2 104.2 0.904 94.88 0.899 97.67 0.878 98.91

R3 112.32 0.934 102.54 0.930 105.90 0.914 106.92

F1 130.09 0.975 119.3 0.973 123.93 0.964 124.44

F2 195.80 0.979 181.14 0.981 190.49 0.975 189.14

F3 276.98 0.915 257.52 0.919 272.72 0.908 269.07

F4 368.38 0.859 343.58 0.865 365.34 0.851 359.1

D1 214.22 0.952 196.58 0.951 206.19 0.949 205.66

D2 256.02 0.994 235.31 0.993 248.7 0.994 246.67

D3 273.27 0.993 252.32 0.993 266.14 0.991 263.91

D4 251.14 0.984 231.44 0.983 243.69 0.981 242.09

Table 4. The E values found employing model-free approaches were
selected since they are not dependent on a specific kinetics process. The
CR-based E values were used to calculate the controlling reaction
mechanism. By matching the measured activation energy values of the
CR method with model-free techniques, the most relevant response
mechanism was established. Table 4 showed that the average activation
energy derived from the reaction model D4 [g(a):l—(2/3)a—(1—a)2/ 3is
242.09 kJ/mol, which is comparable to that obtained from the KAS,
FWO, and VZK models (229.15 kJ/mol). Therefore, three-dimensional
diffusion with cylindrical symmetry is the required reaction mecha-
nism for the pyrolysis of 3LFM. Previously, Liu et al. [57] reported that
the required mechanism of pyrolysis of typical plastic waste is R2
(contracting area model), with activation energy values ranging from
140.19 to 156.12 kJ/mol in the first stage and F5 (fifth-order model)
with activation energy values ranging from 231.72 to 247.75 kJ/mol in
the second stage. In another investigation, Chen et al. [28] showed that
the activation energy derived using the F2 model for the pyrolysis of
surgical face mask rope was 260 kJ/mol, which was near to the acti-
vation energy calculated using the FWO, KAS, and VZK techniques (271
kJ/mol). The current study is consistent with the previously published
literature.

3.6. Z(a) master plot

Pyrolysis of any feedstock is a complex process that comprises a
variety of series and parallel reactions occurring at the same time. As a
result, establishing the response mechanism of such a complex process is
highly difficult. A mechanistic model based on appropriate mathemat-
ical approximation has been presented to predict the response mecha-
nism of such complex systems. The Criado’s z(a) master plot was
employed to deduce the reaction mechanism of such a complex process.
Egs. (5) and (6) were used to get the theoretical and experimental
curves. The functions f(a) and g(a) can be obtained from the supple-
mentary section (Table S1). Four different forms of regulatory mecha-
nisms, such as An, Rn, Dn, and Fn, were used to identify the response
mechanism. Where An is the nucleation and growth control, Rn is the
phase boundary control, Dn is the diffusion control, and Fn is the
random nucleation control. As seen in Fig. 3(d), the experimental curve
overlapped D4 theoretical curve in between conversion 0.1-0.8, which
is associated with the diffusion mechanism on 3-D; however, in con-
version 0.8-0.9, the experimental curve only crosses D1 and D2 theo-
retical curve. As a result, no precise response mechanism can be inferred
between the conversions of 0.8-0.9. The current finding revealed that
pyrolysis of 3LFM followed a single reaction mechanism over the con-
version range of 0.1-0.8. This finding is consistent with the fluctuation
of E values with regard to o (Fig. 3(c)), where there is a very little
alteration in E values with respect to o. Interestingly, it is also well

matched with the reaction mechanism obtained from the CR method.
However, it is well known that both methods have different approxi-
mations and assumptions.

3.7. Thermodynamic analysis

Thermodynamic analysis was carried out at each H.R (10, 20, and
40 °C/min) using the activation energy from VZK method, as presented
in Table 5. The average A value was 5.0105E + 15, 2.1587E + 15, and
1.86333E + 15 s ! at H.R of 10, 20, and 40 °C/min, respectively. More
precisely it altered from 4.37692E + 14-1.25452E + 16, 2.00328E +
14-5.34464E + 15, and 1.75471E + 14-4.60057E + 15 s7! in the
conversion range 0.1-0.9 at H.R of 10, 20, and 40 °C/min, respectively.
This high pre-exponential factor value (>10° s™!) indicates that there
was no surface reaction and that chemical complexes were synthesised
prior to the formation of end products in the 3LFM pyrolysis. The
average value of change in enthalpy (AH) is obtained to be 213.91,
213.8, and 213.71 kJ/mol at H.R of 10, 20, and 40 °C/min, respectively.
More precisely, it altered from 203.09-221.9, 203.02-221.77, and
202.91-221.7 kJ/mol at H.R of 10, 20, and 40 °C/min, respectively. It is
earlier reported that during a single reaction, a change in enthalpy
represents the difference in energy between reactants and products [58].
Furthermore, as shown in Fig. 4(a), the AH value is positive for each
conversion, indicating that the energy of the reactant is less than the
energy of the product. Thermal degradation is most likely if the differ-
ence between the average AH and E values does not exceed 7 kJ/mol
[59]. Tables 3 and 5 showed that the difference between AH and E values
at each conversion level does not exceed 6.2 kJ/mol. This illustrates that
the potential energy barrier is easily overcome during 3LFM pyrolysis,
and the product produced is viable. AG, as displayed in Fig. 4(b), rep-
resents the possibility and difficulty of a specific reaction happening.
The greater the AG value, less likely the associated response. Further-
more, if AG is positive, the related response may not happen on its own.
At H.R of 10, 20, and 40 °C/min, the average value of AG is 188.17,
192.58, and 193.34 kJ/mol, respectively. The presence of positive
values of AG at respective H.R and individual conversion implies that
pyrolysis of the 3LFM is a nonspontaneous process that occurs only
when external energy is supplied. Change in entropy (4S) represents the
degree of unpredictability in the system. The average value of change in
enthalpy (4S) is obtained to be 36.09, 29.1, and 27.8 J/mol.K at H.R of
10, 20, and 40 °C/min, respectively. More precisely it altered from
20.49-47.6,13.88-40.38, and 12.63-38.99 kJ/mol at H.R of 10, 20, and
40 °C/min, respectively. If the AS value is negative, it means that the
related reaction system’s disorder degree reduces after the reaction oc-
curs, and the disorder degree of the reactants is greater than that of the
products. It can be seen from the Fig. 4(c) that at all the conversion, AS
value is positive. It means products formed by bond dissociations had a
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Table 5
Thermodynamic analysis of pyrolysis of 3LFM.
pCcC/ Conversion  A(1/sec) AH(kJ/ AG(kJ/ AS(J/mol.
min) mol) mol) K)
10°C/ 0.1 4.37692E + 203.09 188.47 20.49
min 14
0.2 2.87065E + 213.78 188.17 35.9
15
0.3 1.2637E + 15 208.94 188.3 28.94
0.4 1.31797E + 209.12 188.3 29.2
15
0.5 2.08188E + 211.7 188.22 32.92
15
0.6 3.78231E + 215.1 188.13 37.82
15
0.7 8.45081E + 219.7 188.01 44.44
15
0.8 1.23443E + 221.85 187.95 47.53
16
0.9 1.25452E + 221.9 187.95 47.6
16
Average 5.0105E + 15 213.91 188.17 36.09
20°C/ 0.1 2.00328E + 203.02 1929 13.88
min 14
0.2 1.26215E + 213.69 192.59 28.94
15
0.3 5.65441E + 208.85 192.72 22.12
14
0.4 5.89196E + 209.03 192.71 22.37
14
0.5 9.21658E + 211.59 192.64 25.99
14
0.6 1.65322E + 214.98 192.55 30.77
15
0.7 3.63085E + 219.58 192.42 37.25
15
0.8 5.26085E + 221.73 192.36 40.27
15
0.9 5.34464E + 221.77 192.36 40.34
15
Average 2.1587E+15  213.8 192.58 20.1
40°C/ 0.1 1.75471E + 202.91 193.65 12.63
min 14
0.2 1.0948E + 15 213.6 193.34 27.62
0.3 4.92562E + 208.75 193.48 20.84
14
0.4 5.13144E + 208.92 193.47 21.08
14
0.5 8.00788E + 211.5 193.39 24.7
14
0.6 1.43196E + 214.9 193.3 29.47
15
0.7 3.1318E+ 15 219.5 193.17 35.92
0.8 4.52883E + 221.65 193.11 38.92
15
0.9 4.60057E + 221.7 193.11 38.99
15
Average 1.86333E + 213.71 193.34 27.8
15

higher degree of disorderness than the reactants. Further, as seen from
Fig. 4, H.R has very little effect on thermodynamic parameters. Change
in enthalpy decreases marginally at particular conversion. At the same
conversion and with increase in H.R from 10 to 20 °C/min, AG value
increases by approximately 4 kJ/mol. Interestingly, on increasing H.R
from 20 to 40 °C/min, it increases only by 1 kJ/mol. This is because as H.
R raised, the motion of the reactant molecules increased causing thermal
degradation of 3LFM simpler. The AS value with rise in H.R is still
positive, however it decreased with rise in H.R. The decrease in AS value
with rise in H.R decreases the degree of randomness during bond
dissociation.
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3.8. Kinetic compensation effect

The kinetic compensation effect is used to characterise the rela-
tionship between activation energy and logarithmic pre-exponential
factor. The kinetic compensation effect is governed by the equation: In
A = a+ bE. In this equation, a and b are defined as a = In kjsp, and b = 1/
(RT;s,), where Ty, and ki, are the isokinetic temperature and rate,
respectively. Suppose the Tj, values at different heating rates are within
the active pyrolysis temperature range. In that case, the calculated ki-
netic parameters are acceptable. Fig. 4(d) showed the change in acti-
vation energy, the logarithmic pre-exponential factor, and values for the
compensating parameters (d). T, values of 694.41, 709.56, and 713.35
Kat H.R of 10, 20, and 40 °C/min are all well within the active pyrolysis
temperature range of 573.15 to 799.15 K. Further, the regression coef-
ficient (R?) value is equal to 1, which validated the accuracy of the
calculated kinetic parameters.

3.9. Artificial neural network modelling

The findings of the TGA analysis were utilised to build an extremely
efficient ANN model. Based on experimental data sets, this ANN model
was created to anticipate pyrolysis data using a feed-forward back
propagation technique. When predicting the accuracy and performance
of the ANN model, the number of neurons in the input and output layers
is fixed; the number of neurons in the hidden layer is the variable that
may be controlled. Initially, a hidden layer is developed in order to have
a simpler ANN model. The most efficient structure was identified to be
2*10*1, which was chosen based on the R? value and MSE (mean square
error) as the second criteria. The model was created by arbitrarily par-
titioning the entire 8207 datasets into 5745 for training (70%). Another
set of 1231 trials was used to validate (15%) and evaluate (15%) the
established model. The validation and testing steps are crucial for
verifying the correctness of the created model and its future applicability
in forecasting output under changing process conditions. Fig. 5 depicts
four separate graphs: training, regression, performance, and error his-
togram. The training state graph (Fig. 5(a)) illustrates the alteration in
the amplitude of the gradient and the number of validation checks with
an increase in iterations (or epochs). A total of 241 iterations were
carried out in the inquiry, according to the performance graph in Fig. 5
(b), with iteration 235 showing the best validation achievement with an
MSE of 0.00022291 and R? value of 0.99. In all training, validation, and
testing phases, regression graphs (Fig. 5(c)) revealed high R? value,
demonstrating how accurate and effective the constructed ANN model is
in forecasting the outcomes of pyrolysis. Furthermore, along with a high
R? value, the model’s appropriateness is demonstrated by a low MSE
value (Fig. 5(c)). The neural network’s accuracy is demonstrated by the
error histogram plot (Fig. 5(d)), which compares the anticipated and
empirically determined target values. The majority of the inaccuracies,
as shown in Fig. 5(d), are within a + 1 range, which is acceptable. The
network performance was validated using regression and histogram
graphs. The resulting model’s strong ability to predict the outcomes of
pyrolysis is demonstrated by its high overall R? value of 0.99.

3.9.1. Validation of the feasibility of ANN model

The mass loss data (mg) obtained via ANN was used to predict the a
and da/dT at H.R of 10, 20, and 40 °C/min. The experimentally deter-
mined and ANN-based mass loss data are plotted in Fig. 6. It showed that
both data are very close to each other, with a strong correlation coeffi-
cient (R? = 0.999) at each heating rate. Further, the comparison be-
tween the experimentally determined and ANN-predicted a and da/dT
values with respect to temperature at each heating rate in the active
pyrolysis zone is depicted in Fig. 7. The experimentally determined and
ANN predicted values almost perfectly overlap each other, as shown in
the relevant Fig. 7. The slight variations between the actual and ANN
predicted values might be due to errors arising because of the inexact TG
result at high and low o [60].
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Fig. 4. (a) Change in AH, (b) Change in AG, (c) Change in AS with respect to conversion, and (d) kinetic compensation effect at all heating rates.

3.10. Physicochemical characterization of bio-oil

The physicochemical properties (Table 6) of bio-oil produced after
pyrolysis of 3LFM at 500 °C and a heating rate of 40 °C/min were
investigated. The yield of the bio-oil at this condition was 46.72%. The
colour of the bio-oil was seen to be black, and its odour was smoky. The
pH of the bio-oil was 4.83. This is the major disadvantage of bio-oil
might be due to the attendance of different types of organic acids. The
low pH causes decreased HHV and induce corrosion in boilers and
pipelines during its application [61]. Hence up-gradation of bio-oil, such
as catalytic cracking, is necessary to enhance the pH value. The viscosity
of the bio-oil was 4.75 cSt, comparable to diesel fuel. Viscosity plays an
essential role design and injection of fuel. In general, bio-oil supple-
mented with increased viscosity has a negative influence on flame
temperature and fluidity, which may cause engine damage during
combustion [62]. The density of bio-oil is 860 kg/m®, greater than
gasoline and diesel fuel. The high density was due to the presence of
complex organic molecules in the bio-oil. The HHV of the liquid fuel was
24.54 MJ/Kkg, significantly less than the diesel and gasoline fuel. This
may be because there are more organic acids present. Finally, it was
discovered that the ash concentration was 0.22 and that there was 3.25
weight percent of ramsbottom carbon residue, which indicates that
bio-oil has a tendency to produce carbon at high temperatures.

3.11. GCMS of 3LFM bio-oil
Gas chromatography-mass spectroscopy of the bio-oil was carried

out, and the obtained mass spectra were matched with the NIST (Na-
tional Institute of Standards and Technology) library database to

recognise the unknown compounds. It should be noted that only com-
pounds having an area percentage greater than one are considered in
this study. The details of the identified compounds are presented in the
supplementary material section (Table S2 and Fig. S1). It is evident that
bio-oil obtained through pyrolysis of lignocellulosic biomass typically
contained hydrocarbons, acids, esters, ethers, aldehydes, benzene de-
rivatives, oxygenated compounds, phenols etc., in sufficient quantity
[35]; however, the bio-oil obtained after pyrolysis of polymeric material
(non-woven fabrics) mostly contained hydrocarbons. The presence of
these compounds causes bio-oil to be effective in industrial applications.
The composition of bio-oil significantly changes with changes in feed-
stock, reactor, type of pyrolysis, operating condition, etc. In this study,
based on GCMS analysis, the hydrocarbon, acids, ether, ester, ketone
alcohol, bromine-containing, phenol, benzene derivatives, and
oxygen-containing compounds account for 79.58, 6.53, 0.88, 1.3, 2.73,
1.03, 1.05, 1.09, 4.35, 0.28, and 1.18%, respectively. The major com-
pounds identified in the bio-oil are: hexadecane (13.01%), nonadecane
(10.09%), pentadecane (6.54%), heptadecane (4.87%), tridecane
(3.61%), pentadecane, 2, 6, 10-trimethyl (3.46%), phytane (2.69%), 1,
2-Benzenedicarboxylic acid (2.55%), 1, 2-Benzenedicarboxylic acid,
dioctyl ester (2.42%). Further, Yousef et al. [63] pyrolyzed waste sur-
gical mask in a pyrolysis reactor at 25°C/min heating rate and at four
different temperatures. The GCMS results revealed that the major
compounds identified in all of the pyrolyzed samples were 2,4-Dime-
thyl-1-heptene (12.5-23.8%), 2-Undecene, 4-methyl- (4.7-7.3%), 2-Ace-
tylcyclopentanone (4.75-14.5%), and 4-Isopropyl-1,
3-cyclohexanedione (9-11.7%). In an another study conducted by
Yousef et al. [56], 3PFM was thermally and catalytically pyrolyzed using
ZSM-5 in a TG-MS. The results revealed that 1-butanol (19.7-31.2%)
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Fig. 6. Experimentally determined and ANN predicted mass loss data (a) 10, (b) 20, and (c) 40 °C/min.

and carbon dioxide (41.6-63.6%) were the two primary components in
the volatile products produced at the 5 °C/min, whereas at 30 °C/min,
the same chemicals were produced in greater quantity, especially carbon
dioxide (55.9-69.5%) and 1-butanol (12-30.4%). Additionally, pentane,
2,4-Dimethyl-1-heptene, 2-Acetylcyclopentanone, and other significant
compounds were detected when Yousef et al. [29] pyrolyzed a 3-ply face
mask using a TG-MS. In the present study the presence of
oxygen-containing molecules such as acids, alcohol, ester, and ketone is
reduced, increasing the stability of a separated liquid. Acids inherent in
bio-oil cause corrosion of metals, making transportation, consumption,
and preservation of bio-oil a serious difficulty that must be addressed

10

prior to commercialisation. The higher percentage of hydrocarbons in
the bio-oil was due to commencement of decarboxylation processes,
which enhanced hydrocarbon production [64]. The significantly higher
hydrocarbon percentage could replace conventional fuel; however, the
presence of acids in the bio-oil prevents this. Hence bio-oil should be
modified before commercialization as a conventional fuel; however, it
can be used for house cooking or extraction of useful chemicals.

3.12. Pyrolysis reaction pathways

Using the three monomers as an example displayed in Fig. 8, the
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Fig. 7. TGA and DTG of experimental and ANN predicted data in the active pyrolysis zone.

Table 6 process of intramolecular hydrogen transfer following random breaking
able

was used to explain the pyrolysis of polypropylene in 3LFM [9]. Inter-
Physicochemical properties of 3LFM bio-oil compared to diesel and gasoline. P Pyroly poyp p}.l (9]
molecular hydrogen transfer, p-fracture, and intermolecular hydrogen

Analysis LS bio-oil Diesel Gasoline extraction processes were all part of the pyrolysis process [65]. The
Odour Smoky - - fracture position can be A or B, resulting in the formation of the four
Colour Black - - chain structures a, b, ¢, and d, respectively, and then continuing to break
Acidity 4.83+0.18 - - to generate dienes, alkanes, and cycloalkanes. Short-chain hydrocarbons
Viscosity (cSt) (30°C) (50 rpm) 4.75 + 0.25 2-4 0.12 dl hain hvd b 1 d d duri h
Density(kg/m) 860 4 3.84 228 238 and long-chain hydrocarbons were also produced during the process.
HHV (MJ/kg) 24.54 4 0.34 445 47.3

Ash Content (wt. %) 0.22 £+ 0.08 - -

Ramsbottom carbon residue (wt. %) 3.25 + 0.05 - -
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Fig. 8. Pyrolysis reation pathway of 3LFM sample.

4. Conclusion

3LFM had been successfully pyrolyzed in a TGA and semi-batch
reactor to evaluate its pyrolysis performance and bioenergy potential.
The physicochemical analysis results revealed higher volatile matter
(95.4%) and negligible moisture content (0.31%). The pyrolysis per-
formance indices revealed improved pyrolysis efficiency at the highest
heating rate (40 °C/min) and is most appropriate for the thermal
degradation process to achieve the desired product. The kinetic analysis
results revealed average values gained from KAS, FWO, and VZK
methods are 234.07, 233.68, and 219.7 kJ/mol, respectively. The CR
and master plot method revealed that three-dimensional diffusion with
cylindrical symmetry D4 [g(a):l-(2/3)a-(1-(x)2/ 3] is the required reac-
tion mechanism of the pyrolysis of 3LFM. The kinetic compensation
effect revealed that the values of Tj, at each heating are well within the
active pyrolysis temperature range. The potential energy barrier is easily
crossed, and the product generated is viable, as indicated by thermo-
dynamic analysis. The experimentally determined and ANN predicted
values almost perfectly overlap each other, indicating that ANN corre-
sponded well with the thermogravimetric data, and it might be used in
pyrolysis to better understand such a complicated process. The GCMS
analysis revealed higher hydrocarbons and lower oxygenated com-
pounds. These findings imply that pyrolysis treatment might be used to
decompose hazardous 3LFM, which has a large potential for use in the
renewable energy industry, resulting in fewer environmental problems.
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