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A B S T R A C T

The search of sustainable route for biofuel production from renewable biomass have garnered wide interest
to seek for various routes without compromising the environment. Co-pyrolysis emerges as a promising
thermochemical route that can improve the pyrolysis output from simultaneously processing more than two
feedstocks in an inert atmosphere. This paper focuses on the kinetic modeling and neuro-evolution optimization
in the application of catalytic co-pyrolysis of microalgae and plastic waste using HZSM-5 supported on
limestone (HZSM-5/LS), in which co-pyrolysis of binary mixture of microalgae and plastic wastes (i.e. High-
Density Polyethylene and Low-Density Polyethylene) was investigated over different heating rates. The results
have shown a positive synergistic effect between the microalgae and polyethylene in which the apparent
activation energies values have reduced significantly (∼20 kJ/mol) compared to that obtained by pyrolysis of
individual microalgae component. The kinetic models reflect that the mixture of microalgae and Low-Density
Polyethylene for use as co-pyrolysis feedstock requires activation energy that is 23% and 13% lower compared
to that required by pure microalgae and the mixture of microalgae and High-Density Polyethylene, respectively.
The Progressive Depth Swarm-Evolution (PDSE) was used for neural architecture search, which subsequently
provided optimal reaction condition at 873 K can achieve 99.6 % of degradation rate using a tri-combination
of LDPE (0.13 %) + HDPE (0.77 %) + MA (0.11 %) in the presence of HZSM-5/LS catalyst.
1. Introduction

With the growing demand for fossil fuels, rapid depletion of fossil
fuels such as coal, crude oil and natural gas have garnered consid-
erable concerns [1]. In 2019, more than 80% of the world’s total
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energy consumption was associated with usage of fossil fuels, where
the global usage of crude oil was the highest at 31.4%, followed by
coal at 26.2% and natural gas at 23.2% [2]. Thus, the increasing
consumption of fossil fuels along with the rapidly growing human
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Nomenclature

Abbreviation

ANN Artificial Neural Network
ARD Average Relative Deviation
CH4 Methane
CO2 Carbon Dioxide
DAEM Simplified Distributed Activation Energy Models
DTG Derivative Thermogravimetric
ELU Exponential Linear Unit
G-20 Group of Twenty
G-DAEM Gaussian Distributed Activation Energy Models
GHGs Greenhouse Gases
HDPE High-Density Polyethylene
HZSM-5/LS HZSM-5 supported on Limestone catalyst
ICTAC International Confederation for Thermal Analysis

and Calorimetry
IEA International Energy Agency
LDPE Low-Density Polyethylene
MA Pure Microalgae
MAE Mean Absolute Error
MBE Mean Bias Error
MSE Mean Squared Error
MSW Municipal Solid Waste
NATAS North American Thermal Analysis Society
PE Polyethylene
PP Polypropylene
PS Polystyrene
PVC Polyvinyl chloride
RELU Rectified Linear Unit
RMSE Root Means Square Error
SELU Scaled Exponential Linear Unit
TANH Hyperbolic Tangent Activation Function
TG Thermogravimetric
TGA Thermogravimetric Analysis
TGA-FTIR Thermogravimetric Analysis Coupled with Fourier

Transform Infrared Spectroscopy

Notation

𝐴 Pre-Exponential Factor or Frequency Factor
α The Raw Materials Compositions Converted tnto

Products with Respect to Time
𝛽 Heating Rate
𝐶 Reaction Conversion
𝐸𝑠 Activation Energy
r Rate of Reaction
T𝑚 Temperature
𝑇𝑚𝑎𝑥 Upper Limit of Reactor Temperature
𝑇𝑚𝑖𝑛 Lower Limit of Reactor Temperature
𝑇 𝑟 Reactor Temperature

population and the inevitable human innate’s aspirations for higher
standard of living have raised substantial concerns on the depletion
of non-renewable fossil fuels. In addition, the burning of fossil fuels
is acknowledged across the globe as the main contributor to global
warming due to the high content of carbon dioxide (CO2) produced
uring the combustion process. According to Canadell et al. [3], the
mount of CO2 emission from fossil fuels was predicted to raise ca.
.8%, leading to a new high record of 37.1 billion tonnes of CO
2

2

mission in 2019. To alleviate such challenges associated with the
onsumption of fossil fuel, Group of Twenty (G-20) has been initiated
o phase out the insatiable consumption of fossil fuel and search for
ew alternatives renewable energy based on the 12 Principle of Green
hemistry, emphasizing on development of eco-friendly and energy-
fficient production of bio-based fuel products [4]. In year 2016, the
nternational Energy Agency (IEA) claimed that more than 30 countries
ave participated in the renewable energy campaign and the advocated
enewable energy sources are solar, biomass and wind power. Notably,
he usage of renewable energies has exceeded coal energy and became
he largest source of installed power capacity in the world [5].

Biomass is one of the largest contributors to renewable energies, ac-
ounting for 12.4% of the energy usage in 2017 [6]. Industrial experts
ave also forecast that biomass energy will remain as energy resource
ith the largest growth rate among the other renewable energy in
ear future, specifically in the period of 2018–2023 [7,8]. Destek and
kumuş [9] have reported that an increase of bioenergy usage from

he G-20 countries will stimulate regional economic development and
mployment by providing new, decentralized and diversified income
treams from bioenergy and biomass production. Sulaiman et al. [10]
ave also reported that an increase of biomass energy in the energy mix
f European Union (EU) can mitigate the CO2 emissions and reduce
he global warming potential, resulting in higher energy security and
ircular economic system. Despite the advantages of biomass energy
ver conventional fossil fuels, the yield of bio-oil and gaseous products
btained from waste biomass are still low, mainly attributed to the
ntrinsically high moisture content, high alkali metal and low energy
ensity of wood biomass [11,12].

In recent years, co-pyrolysis technologies have been extensively
nvestigated by researchers as a potential thermochemical method to
onvert solid biomass into bioenergy. The technology shows several
dvantages: (1) no expensive chemical reagent (e.g. inert gases) is
equired for the whole process (2) tunable characteristic (e.g., calorific
alue, energy density, and stability) of products, and (3) enhancing
roduct quality without the need of further purification steps [12–
4]. Fig. 1 shows a comprehensive schematic flowchart indicating the
mportance of pyrolysis kinetics parameters of a biomass feedstock to
he process design, feasibility assessment and scaling up for indus-
rial applications [15]. Generally, the design of pyrolysis processes for
iomass requires hydrodynamics and transport simulations including
he mass and heat transfer as well as the kinetic parameters infor-
ation, where the non-isothermal condition kinetic parameters can

e easily attained using Thermogravimetric analyzer (TGA) [16–18].
ased on the Scopus® database, the numbers of research work related
o the keywords ‘‘biomass’’, ‘‘thermogravimetric analysis’’ and ‘‘thermal
egradation’’ have been increasing significantly over the years. The
ast decade alone (2011–2021 February) have accounted for 2,946
elevant journal articles (Fig. 2). In general, this research field has
onstantly received increasing interests from the academicians. The
verage annual increment of the scholarly output is accounted for about
8.25%.

Fig. S 2(a) presents the network map using the full counting method
f VOSViewer (https://www.vosviewer.com/) from the keywords ex-
racted from the identified publications. From the network map, it
an be clearly seen that there is a significant research cluster (yellow-
olored) on kinetic study (Fig. S 1(b)). This indicates that TGA is
n analytical tool widely used to investigate the kinetic mechanism
f lignocellulosic biomass pyrolysis by the academic community. For
nstance, Sher et al. [19] have investigated thermal degradation of
ifferent biomass feedstock (e.g., rice straw, miscanthus, waste wood,
heat straw and wood pellet) under different reacting agents via TGA.
hey discovered that higher activation energy (𝐸𝑠) with lower degra-
ation reactivity were attained for biomass (wheat straw and wood
ellet) with low cellulosic composition as compared to biomass with
igh cellulosic composition due to the complexity of cellulose structure
long-chain hydrocarbon). In addition, they reported that the thermal

https://www.vosviewer.com/
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Fig. 1. Schematic flow chart of design of biomass pyrolysis processes [15].
Fig. 2. Trend of journal articles per year which contain ‘‘Biomass’’, ‘‘Thermal Degradation’’ and ‘‘Thermogravimetric Analysis’’ in abstract keywords, and title.
Source: Adapted from Scopus® database.
ecomposition rate regardless of the type of biomass in an inert at-
osphere was much slower than that in atmosphere with oxidizing

gents. Barzegar et al. [20] have studied the kinetic study of wood
iomass in different torrefaction conditions under air and oxy-fuel com-
ustion environments. The study revealed that oxy-fuel combustion can
ighly affect the decomposition rate of cellulose and lignin components
hereas the influence on the degradation of hemicellulose components
re negligible, which is in good agreement with previous study [21].

Artificial Neural Network (ANN) is a computational model con-
tructed based on the structure and functions of the biological nerve
ystem, and it has been widely adopted in various application. Its
3

earliest documented application can be back-dated to the mid-1990s,
where Kamińnski et al. [37] proposed the use of ANN to model the
thermal degradation of vitamin C. The capability of ANN in model-
ing thermal behavior without the need of pre-determination of the
functional relationship between operating parameters and the corre-
sponding outcome has been clearly shown in this work. Progressing to
the 21st Century, some researchers have extended the ANN applications
in biomass decomposition as shown in Table 1. For instance, Abbas
et al. [38] have proposed using neural networks to model the thermal
behavior of pulverized coal and biomass by considering three param-
eters (i.e., fuel atomic ratios, heating rate, and temperature). Their
work pointed that the computational economy offered by the neural
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Table 1
Summary of application of neural network approach in valorization of waste to bioenergy.

Application Feedstock Input parameters Activation
function

Performance
function/Error
Metrics

Reference

Co-pyrolysis of microalgae
and biomass

Mixture of peanut shell
and Chlorella vulgaris

Heating rate and
temperature

Log-sigmoid and the
tan-sigmoid

MSE [22]

Cultural growth of
microalgae

Algal biomass Heating rate, temperature,
pH and NO3 composition

Log-sigmoid MSE and RMSE [23]

Extraction of sugars in
microalgae via hydrolysis

Mixed microalgal biomass pH, algal biomass
concentration, temperature,
and hydrolysis time

Log-sigmoid and the
tan-sigmoid

MSE and ARD [24]

Transesterification of
microalgae oil to biodiesel
under supercritical
methanol condition

Chlorella CG12 Reaction time,
temperature, and blend
ratio

Log-sigmoid RMSE [25]

Catalytic degradation of
microalgae via pyrolysis

Chlorella vulgaris Heating rate, temperature,
and heating duty

Neural architecture is
optimized and considers
activation functions of
softmax, elu, selu, softplus,
softsign, relu, tanh,
sigmoid, hard sigmoid,
exponential and linear.

MSE, RMSE and
MBE

[26]

Catalytic pyrolysis of
plastic waste

HDPE Heating rate, temperature,
and blend ratio

Tansig–tansig and
losig–tansig

MSE, RMSE and
MBE

[27]

Synthetic fuel production
from pyrolysis of plastic
waste

HDPE, LDPE, PP, and PS Heating rate and plastic
composition

Tan-sigmoid MSE [13]

Catalytic pyrolysis of
plastic waste

LDPE Heating rate and
temperature

Log-sigmoid and
tan-sigmoid

MSE, RMSE, and
MBE

[28]

Pyrolysis of biomass Lignocellulosic, forest
residue and olive oil
residue.

Heating rate and
temperature

Log-sigmoid and
tan-sigmoid

MSE [29]

Co-pyrolysis of biomass
and coal

Coal gangue and peanut
shell

Heating rate, temperature,
and blend ratio

Tan-sigmoid MSE, RMSE, and
MBE

[30]

Co-combustion of
municipal waste and coal

Paint sludge and australian
lignite

Temperature and blend
ratio

Tan-sigmoid MSE and RMSE [31]

Co-pyrolysis of biomass
and municipal waste

Rice husk and sewage
sludge

Temperature and blend
ratio

Tan-sigmoid MAE and RSME [32]

Co-pyrolysis of expired
food and plastic mixture

PVC sheath for new and
aged cables

Heating rate Tan-sigmoid MSE and RMSE [33]

Co-combustion of biomass
and coal

Pine sawdust and lignite
coal

Heating rate, temperature,
blend ratio

Tan-sigmoid MSE, RMSE, and
MBE

[34]

Thermal oxidative
decomposition of biomass

Soybean straw Heating rate and
temperature

Tan-sigmoid MSE and RMSE [35]

Co-pyrolysis of biomass Rice husk Heating rate and
temperature

Log-sigmoid and the
tan-sigmoid

MSE and RMSE [36]
l
o
n
o
p
o
s
o
f
i
m
t

network-based model is significantly better than that developed from
conventional tools (e.g., single-reaction devolatilization model). It is
then subsequently extended by Conesa et al. [39] to model the thermal
decompositions of polyethylene, cellulose and lignin using a multi-layer
ANN model. The developed model was trained via a backpropagation
learning algorithm (i.e., gradient descent algorithm). Their results show
that ANN can model the highly non-linear nature of thermal decompo-
sition processes accurately. To-date, ANN-based thermal degradation
modeling has been applied to various types of biomass, e.g., forest
residue [29], walnut shells [40], sewage sludge [41], Chlorella vul-
garis [42], and Nephelium lappaceum L shell [43]. Most of the works
focused on degradation of single biomass, while few studies recently
have attempted to use ANN approach to model the co-pyrolysis of
simultaneously processing a combination of various materials (e.g. rice
husk with sewage sludge [32], Chlorella vulgaris with peanut shell [22],
corn hub with HDPE [44]; coal gauge with peanut shell [45]; sewage
sludge with peanut shell [30]). However, limited works have been
reported in determining the optimal ANN topology of thermal degra-
dation or pyrolysis until a method to determine the optimal ANN
topology using trial-and-error method in co-pyrolysis of rice husk with
sewage sludge has been reported in 2019 by Naqvi et al. [32] using a
 m

4

small number of layers with limited activation function. In the similar
year, Teng and co-authors [26] have also proposed a novel Progressive
Depth Swarm-Evolution (PDSE) neuro-evolutionary method to replace
the trial-and-error method in determining the optimum degradation
rate of Chlorella vulgaris, resulting in a better prediction accuracy in
terms of Root Mean Square Error (RMSE) and Mean Bias Error (MBE)
(90% reduction in error), and an excellent R2 value of 0.999.

To the best of the authors’ knowledge, there are two gaps in the
iterature that should be fulfilled, namely the feasibility of co-pyrolysis
f microalgae and plastic waste as source of bioenergy and determi-
ation of the precise optimal thermal degradation rate with the aid
f Artificial Intelligence. Herein, this paper aims to be a study that
rovides further understanding of the synergistic effect of co-pyrolysis
f Chlorella vulgaris with plastic wastes, starting with (Step 1) under-
tanding the recent research development in pyrolysis characteristics
f microalgae and plastic waste; (Step 2) selection of suitable feedstock
or co-pyrolysis; (Step 3) identifying the pros and cons of the state-of-art
so-conversional kinetics models in literature; (Step 4) selection of the
ost precise and ideal kinetic models for the study; (Step 5) identifying

he kinetic and thermodynamic parameters based on the most ideal

odel; and (Step 6) identifying the optimum thermal conversion rate of
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Fig. 3. Ternary diagram with different types of microalgae according to lipid, protein and carbohydrates composition [52].
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such co-pyrolysis using neuro-evolutionary approach. The findings can
be a key reference to the academic researchers and engineers to identify
the bottlenecks and potential improvements in the development of the
pyrolysis process by elucidating the synergistic effect of co-pyrolysis
and the use of third generation of biofuel feedstock.

1.1. Selection of feedstock

1.1.1. Microalgae (MA)
Up-to-date, the generation of biofuel has evolved to the third gen-

eration, where microalgae (MA) are used as raw material for biofuel
production. Microalgae is noted as a renewable energy crop with high
energy content that requires minimal land area to cultivate [46]. These
beneficial properties have successfully made it an attractive source and
sustainable alternative for biofuel production [47]. The most abundant
microalgae studied for biofuel production are Cyanophyceae, Chloro-
phyceae, Chlorella vulgaris, Bacillariophyceae and Chrysophyceae [48,49].
The residues of these microalgae compose carbohydrates, proteins and
lipids which can be converted into different types of biofuels such
as biodiesel [49], syngas [50] and bio-oil [51] via thermochemical
conversion. Fig. 3(a) shows a ternary diagram on normalizing the
parameters such as lipid, protein and carbohydrate contents of various
microalgae [52]. Based on the diagram, microalgae with a high lipid
content is more favorable in obtaining a higher bio-oil yield. From
Fig. 3, the microalgae strain with the higher lipid content is corre-
sponded to Scenedesmus almeriensis and Nannochloropsis gaditana (red
circle) using Chlorella vulgaris (green circle) as a Refs. [52,53]. The
rationale behind using Chlorella vulgaris as a reference strain in this
study is because it is one of the most studied microalgae due to its high
productivity and tolerance to environmental factors such as salinity, pH
and temperature [54–56].

Since the past decades, researchers started to analyze the ther-
mal degradation rate of microalgae, which aids the pyrolyzer design
through the microkinetic data obtained. For instance, the degradation
behavior of Spirulina under nitrogen and CO2 atmosphere has been
revealed lately by Hong’s group [57], claiming that CO2 atmosphere
favored the pyrolysis of algae with high protein content and low
lipid content due to the enhanced cracking of the volatile organic
compounds during the pyrolysis process. Table 2 shows a series of
kinetic models for thermal degradation of microalgae. In 2019, Fong
and co-authors have studied catalytic pyrolysis of Chlorella vulgaris
using various types of catalysts such as HZSM-5 zeolite, limestone, and
bifunctional HZSM-5/limestone. Based on the kinetic results, catalytic
 c

5

pyrolysis of Chlorella vulgaris over the bifunctional HZSM-5/LS shown
a more promising results with a lower average Es and 𝛥H as compared
to that pyrolyzed using HZSM-5 and limestone catalysts [58]. Another
study from Bui et al. [59], which is a comparative kinetic modeling
of thermal degradation of Chlamydomonas and Chlorella sorokiniana.
The five pseudo-components model was found to be the most suit-
able method to simulate the pyrolysis of microalgae residues as the
predicted kinetic data were comparable to previous literature.

1.1.2. Plastic waste
As the world population is growing rapidly, the generation rate

of municipal solid waste (MSW) has also increased proportionally. In
2014, approximately 890.8 and 178.6 million tons of wastes were
generated in EU-28 member states and China, respectively [76]. The
amount of MSW is expected to increase beyond 2.2 billion tons by
year 2025, contributing to higher greenhouse gases (GHGs) emission
from the disposal of MSW via incineration and landfill [77]. Despite
that 70%–80% of the global plastic waste can be recyclable, about
90%–95% of the collected wastes are still disposed via landfilling

hich leads to environmental pollution and land deficiencies [78,79].
rom 2004 to 2014, the amount of plastic wastes generated had risen
rom 225 million tonnes/year to 311 million tonnes/year globally,
ecording an increment of 86 million tons/year [80]. The recycling
f plastic waste is still very low, at which less than 2% of the plastic
ollected is recycled into the same quality material [81]. Such scenario
s ascribed to the complex plastic waste recycling systems with separate
ollections and several different process design, resulting in a higher
aste management cost than the traditional waste processing systems

i.e. incineration and landfill) [82].
Studies have revealed that high pyro-oil yield can be obtained from

he pyrolysis of plastics alone with nearly no oxygen content found in
he derived oil [83–85]. Therefore, plastics can be considered as a suit-
ble feedstock to produce pyrolysis oils. In 2020, Hu et al. investigated
he thermal decomposition of four different plastic (e.g high-density
olyethylene (HDPE), low-density polyethylene (LDPE), polypropylene
PP) and polystyrene (PS)) using TGA-FTIR, revealing that CH4 is the
ajor product from degradation of HDPE, LDPE and PP, while the

romatics and C–H containing compounds are the main products from
egradation of PS [86,87]. Mumbach and his team [73] also studied on
he thermal degradation behavior of plastic solid waste at four heating
ates (278, 283, 293, and 303 K min−1) via the deconvolution technique
sing the asymmetric double sigmoidal function. The simulation profile

urves obtained from the simplified kinetic expression based on the
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Table 2
Recent TGA pyrolysis for kinetic studies on various microalgae based on mass of sample, final temperature, heating rate, and gas flow.

Types of Microalgae Mass of sample
(mg)

Final
temperature (K)

Heating rate
(K/min)

Gas flow
(mL/min)

Kinetic model References

Chlorella vulgaris 10 1173 10–100 100 Flynn–Wall–Ozawa (FWO),
Kissinger–Akahira–Sunose
(KAS), Starink and
Vyazovkin

[58]

Chlorella vulgaris 10 1073 5–40 100 FWO and KAS [60]

Chlorella vulgaris 9 873 10–40 40 FWO and KAS [61]

Chlorella vulgaris 5 973 10 100 Multiple parallel reaction
models

[62]

Chlorella Sorokiniana 5 1000 20 100 five pseudo-components
model

[59]

Isochrysis galbana;
Nannochloropsis limnetica; and
Spirulina platensis

10 1073 10–40 20 Kissinger, Friedman, FWO,
KAS, Vyazovkin,
Distributed Activation
Energy Model (DAEM)

[63]

C. sorokiniana 21; and
Monoraphidium 3s35

5 873 20–50 150 DAEM [64]

Nannochloropsis gaditana and
Scenedesmus almeriensis
Chlorella vulgaris

8 1273 40 100 Coats Redfern model,
Multiple parallel reaction
models

[52,65]

and Diplosphaera sp. MM1 5–10 1173 10–30 – Vyazovkin [66]

Scenedesmus almeriensis
Nannochloropsis gaditana

20 1123–1223 40 200 Volumetric model,
Shrinking core model and
Random pore model

[67]

Dunaliella tertiolecta 10 1073 5–40 50 FWO [68]
Table 3
The kinetic and thermodynamic parameters of various types of biomass obtained via TGA analysis.

Feedstock Heating rate (K/min) Es (kJ/mol) A (min−1) 𝛥𝐻 (kJ/mol) References

Rice husk 10, 20, 30, 50, and 100 175.4 2.939 ×1017 170.2 [69]
Wolffia arrhiza 10, 30 and 50 170.4 – 165.3 [70]
Sludge Waste 20 181.2 1.77 × 1018 211.3 [71]
Cherry seed 5,10,20 and 40 274.6 – – [72]
Plastic solid waste 5, 10, 20, and 30 170.8 – 163.2 [73]
Coir pith 20 200.1 4.05 × 1015 200.1 [74]
Wood sawdust 5,10 and 15 181.5 3.83 ×1022 245.5 [75]
Plum pits 5,10 and 15 136.4 4.20 ×1013 164.5 [75]
Olive pits 5,10 and 15 108.1 1.42 ×1011 116.1 [75]
Chlorella vulgaris 10, 20, 30, 50, and 100 156.2 4.83 ×1018 151.1 [58]
kinetic triplet and deconvolution results were in good agreement with
experimental conversion curves, indicating the suitability of PS for
pyrolysis. In addition, Table 3 shows that the 𝐸𝑠 of plastic waste
170.76 kJ/mol) was much lower than other materials (e.g., cherry
eed (274.6 kJ/mol), sewage sludge (181.18 kJ/mol)), showing that
lastic waste is much easier to be degraded and more suitable to be
bioenergy feedstock as compared to that of cherry seed and sewage

ludge.

.1.3. Synergistic effect of co-pyrolysis of biomass with plastic mixtures
Co-pyrolysis is a process that involves the degradation of a mixture

f two or more materials as feedstocks, in which a positive synergistic
ffect between molecules will be developed to lower the thermal degra-
ation rate and thus the Es of the whole system reduced. Many studies
ave reported that the co-pyrolysis of biomasses have improved the
iquid product yield and purity without any new system configuration
r addition of solvent into the system [8,88]. The main advantage of
o-pyrolysis method is that it could lower the Es of the system, reduce
he amount of plastic waste treatment (e.g., incineration and landfills),
nd maintain the energy security by controlling the volume of plastic
aste removed (Table 4). Over the decades, researches have reported

he benefits of co-pyrolysis techniques as compared to conventional
yrolysis of biomass [89,90]. For instance, Chen et al. [90] studied
he co-pyrolysis behavior of tobacco straw and polypropylene mixture,
nd they found that the addition of polypropylene enhances the gas
6

production associated with the reduction of 𝐸𝑠 compared to pyrolysis of
tobacco straw individually. In addition, Wang et al. [91] have reported
that co-pyrolysis of plastic and biomass shows a higher heating values
than the conventional pyrolysis as the char content in the mixture en-
hances the catalytic reactivity by decreasing the pyrolysis temperature,
with an enhancement by a positive synergistic effect developed by the
plastic-biomass mixture. Moreover, the addition of polypropylene (PP)
was found to promote the pyrolysis process of biomass by lowering
the active zone peak pyrolytic temperature of degradation, where
additional reaction radicals can be formed during co-pyrolysis: initi-
ation, formation of secondary radicals (depolymerization, formation
of monomers, favorable and unfavorable hydrogen transfer reactions,
intermolecular hydrogen transfer (formation of paraffin and dienes),
isomerization, via vinyl groups), and termination by disproportionation
or recombination of radicals [92–94].

Plastic wastes are attractive feedstock for co-pyrolysis due to their
low oxygen and higher hydrogen content [94]. Especially, the munici-
pal plastic wastes (e.g., PE, PP and PS) are hydrocarbons without any
oxygen linkage. Thus, high hydrogen content with low or zero oxygen
content in the plastic wastes could compensate for the intrinsic hydro-
gen deficiency in biomass to produce pyrolysis-oil with higher heating
values [97]. In 2016, Chattopadhyay et al. [98] have studied catalytic
co-pyrolysis of biomass and plastics blends in fixed-bed reactors. A
positive synergistic effect between biomass and plastics was observed,
where the formation of liquid and gaseous products was gradually
increased with the rise in the plastic blending ratio. Based on their
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Table 4
Comparison of different co-pyrolysis methods to obtain pyrolysis oil [8,14,95,96].

Upgrading methods Operating conditions Process description Advantages Disadvantages

Hydrocracking or
hydrogenolysis

Severe conditions (>300 ◦C,
1–10 MPa), it requires 𝐻2 donor
solvents, catalyst (NiAl2O3, TIO2).

It involves both hydrogenation
and cracking; reduce the
molecules to the smallest carbon
chain

It gives room for large quantities
of light products

High cost, it needs complicated
equipment, catalyst deactivation,
reactor clogging

Co-pyrolysis Moderate temperature
(400–600 ◦C); two or more
feedstock materials at optimal
mixing ratio, absence of gasifying
agent; mild pressure and
moderate heating rate;
introduction of inert gas such as
nitrogen or argon; and short
residence time of vapor product.

It involves three basic steps
(samples preparation,
co-pyrolysis, and condensation),
two or more feedstock materials,
moderate operating conditions,
absence of oxygen (O2)

Simple, safe, and effective
approach for production of a
high-grade pyrolysis oils due to
the synergistic effects between
the constituent feedstocks.

Pre-treatment process of feedstock
is needed, which is time and
energy consuming.

Emulsification Mild conditions, surfactant is
needed

Can be combined with diesel for
bioenergy usage. Bio-oil is highly
miscible, mixable with
petrochemical fuels with the
presence of surfactants

Simple and less corrosive Requires high energy for
production

Gasification High temperature (700–900 ◦C).
Gasifying agent is essential and
high heating rates.

It involves gasifying agent such
as steam or O2. High temperature
is needed to break the biomass
molecules and then react with the
H2O molecules to form bio-oil or
syngas.

High maturity Low yield of bio-oil production
and more energy is required.

Supercritical Mild conditions, organic solvents
are needed such as alcohol,
acetone, ethyl acetate, glycerol

Enhance the reaction through its
unique transport properties:
gas-like diffusivity and liquid-like
density.

Higher oil yield, better fuel
quality (lower oxygen content
and lower viscosity)

High operating and maintenance
cost.
findings, the optimum performance (i.e., yielding 47 vol% of hydrogen
(H2) gas) can be obtained by setting the biomass-to-plastics ratio at
5:1 under the presence of 40% Co/30% CeO2∕30% Al2O3 catalyst and
heating rate of 10 K/min. Moreover, Jin et al. [99] have studied the
synergistic effects of biomass and plastic co-pyrolysis and pyrolysis
kinetics using a thermogravimetric analyzer. Based on their results,
a positive synergistic effect on product yields is observed under non-
sooty conditions, resulting in higher char yields with lower tar yields.
Whereas co-pyrolysis under sooty conditions inhibits the formation of
gases products and soot (solid char) formation, resulting in higher tar
yields and different soot morphologies (lesser yield).

2. Materials and methods

In this work, binary mixture of microalgae and plastic waste was
selected to demonstrate the feasibility of co-pyrolysis via kinetic mod-
eling and neural network approaches. The research methodology and
procedures are shown in Fig. 4, which includes a description of the
TGA experimental procedures (Section 2.1), selection of the most suit-
able kinetic model for the binary mixture of microalgae and plastic
wastes valorization (Section 2.2), and followed by the empirical data
optimization using neuro-evolution method (Section 2.3).

2.1. Thermal degradation experimental procedures

The experimental set up for degradation of MA, MA with HDPE, and
MA with LDPE mixtures under non-isothermal condition at 5 different
heating rates (e.g 10 K/min, 20 K/min, 30 K/min, 50 K/min, and
100 K/min) is shown in Fig. 5. The pure microalgae ash ‘‘Chlorella
vulgaris’’ (MA), HDPE, and LDPE were obtained from Centre for Biofuel
and Biochemical Research, Universiti Teknologi PETRONAS (UTP) and
Shen Foong Plastic Industries Sdn Bhd, Malaysia. The physiochemical
properties of the MA, HDPE, LDPE feedstocks such as volatile matter,
ash content and fixed carbon were analyzed based on BS EN 14774-
3:2009, BS EN 14775:2009, BS EN 15148:2009 standards, as provided
in Table S1. The HZSM-5/LS catalyst was prepared based on wetness

impregnation method reported in our previous studies [58,69]. Zeolite

7

(HZSM-5) and Limestone (LS) powders were obtained from Merck
Sdn Bhd and Calrock Sdn. Bhd, respectively. Firstly, the limestone
was annealed at 1173.15 K (900 ◦C) for 4 h to convert the calcium
carbonate (CaCO3) into calcium oxide (CaO). The bifunctional HZSM-
5/LS catalyst was prepared using 5 g of aqueous HZSM-5 mixed with
100 mL of deionized water. Subsequently, LS (5 g) was added into
the suspension under continuous stirring. The resultant suspension was
treated by ultrasound for a duration of 0.5 h. Lastly, the mixture
of HZSM-5/LS was dried at temperature of 353.15 K for 12 h and
calcined at temperature of 873.15 K for 3 h. During the experiment,
an approximate 5 mg of well-mixed sample of Pure MA, HDPE, and
LDPE as well as binary mixtures of HDPE/MA or LDPE/MA with a
mass ratio of 50/50 were placed in a ceramic crucible and introduced
into the system. The mass ratio was based on the optimum ratio given
by previous studies [100–102], where 50/50 (MA: Plastic waste) was
the ratio to attain maximum yields of alcohols and hydrocarbons via
thermal degradation. Then, the equipment was pre-heated to 353.15 K
under a continuous N2 flow of 100 mL/min to remove the unwanted or
trapped gases in the system before starting the pyrolysis from 353.15–
1173.15 K. Each experimental run was repeated for at least thrice to
ensure the reliability and repeatability of the obtained data.

2.2. Selection of kinetic models

Table 5 shows a series of model free (iso-conversional) and model
fitted methods recommended by International Confederation for Ther-
mal Analysis and Calorimetry (ICTAC) and also the state of art kinetic
models that have been discovered in recent years [105–107]. All the
kinetic parameters obtained through non-isothermal conditions and
the derivations of the models are shown in Table S.1. The main ad-
vantages of non-isothermal conditions are easy to control the range
of temperature set, eliminate the error caused by thermal induction
period, and permit a rapid scan of the whole temperature range of
interest [107–109].

Amongst all the models proposed, the distributed activation energy
model (DAEM) is the most favorable and precise method because it
can calculate the 𝐸𝑠 and A of a complex reaction such as microalgae

with a boundless number of non-reversible first order homologous
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Fig. 4. Schematic flow chart design of the co-pyrolysis of microalgae and plastic waste binary mixture.
reactions [122]. DAEM is widely used in the pyrolysis of lignocellulosic
biomass to determine the kinetic parameters of multiple reactions
through the assumption of simultaneous first-order reactions [123].
There are various methods in solving the DAEM to initiate the ki-
netic parameters in the present literature. For example, an asymptotic
method was used to construct an exact approximation to each of the
integrals to obtain the solutions at a faster rate by reducing the com-
putation time [124,125]. Cai and Ji [126] have also applied a pattern
search method to evaluate the kinetic parameters of DAEM. Notably,
they have found out that the frequency factor (A = 𝐴0𝑇𝑚) is a function
of temperature and thus, the approximation of temperature integral can
be upgraded by fixing the semi-empirically tuned numerical parameters
in the range of 4 ≤ u′ ≤ 200 and −2.5 ≤ m ≤ −2.5 to improve the
accuracy of the model (G-DAEM) [125,126].

Thermodynamic parameters [i.e. enthalpy change (𝛥H), Gibbs free
energy (𝛥G) and entropy change (𝛥S)] can be computed after obtaining
8

the kinetic values. The enthalpy is known as a system’s heat content
whereas the change in enthalpy energy (𝛥H) defines the amount of
energy that enters to or exits from the system during the co-pyrolysis
process where +𝛥H indicates an endothermic reaction and –𝛥H in-
dicates an exothermic reaction. Furthermore, the Gibbs free energy
(𝛥G) is the measure of the maximum reversible work that can be done
in a thermodynamic system. According to National Math and Science
Initiative [127], −𝛥G means that the process is thermodynamically
favorable and will occur spontaneously whereas +𝛥G shows a ther-
modynamically unfavorable reaction. The change in entropy (𝛥S) is
to measure the randomness or disorder in a system; a negative value
suggests that there is less dispersal meanwhile a positive value means
that there is more dispersal. Few studies from literatures had conducted
thermodynamic analyses on the co-pyrolysis of biomass and plastic
waste mixtures [44,87].
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Fig. 5. Experimental setup of the co-pyrolysis process using TGA.
Fig. 6. (a) Variable depth neural network as the neural network search space (b) Neural architecture search using Progressive Depth Swarm Evolution (PDSE) (c) Reaction
optimization using simulated annealing algorithm.
2.3. Neural network architecture search and reaction condition optimiza-
tion

This work presents the neuro-evolution approach for TGA model-
ing [26]. This approach uses the Progressive Depth Swarm Evolution
(PDSE) algorithm which progressively searches from a shallow neural
network to a deep neural network with maximum depth of 10. The
neural network search space model was constructed using a variable
depth neural network as shown in Fig. 6(a). The depth of the search
space model can be varied to give a neural network of different depths,
number of neurons (unique for each layer), and activation functions
(unique for each layer). The activation functions that were optimized
in this work (during neural architecture search) include softmax, elu,
9

selu, softplus, softsign, relu, tanh, sigmoid, hard sigmoid, exponential
and linear activation functions.

In this work, six input variables of the neural network were chosen
to be manipulated as follows: mass fraction of HDPE as reactant, mass
fraction of LDPE as reactant, mass fraction of microalgae as reactant,
presence of catalyst, heating rate of the reactor and reactor temperature
meanwhile the output of the reactor refers to the remaining mass
percentage of the reactants. The loss of the ANN was chosen to be
measured using Mean Absolute Error (MAE), ensuring that the errors
were proportional to the reaction variables. Additionally, Mean Bias
Error (MBE), Root Mean Square Error (RMSE) and R2 value were also
used as validation metrics. As ANN are mathematically differentiable
models, training of weights and bias benefit greatly from using stochas-
tic gradient descent algorithms [128]. Therefore, the weights and biases
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Table 5
Mathematical equations of different model fitting and model free kinetic methods.

Method Equation Remarks Ref

Kissinger ln
(

𝛽
𝑇𝑚

2

)

= ln
(

𝐴𝑅
𝐸𝑠

)

− 𝐸𝑠

𝑅𝑇𝑚
Kissinger is the first iso-conversional method
reported in literature where the Es of each
conversion value are fully utilized to evaluate
kinetic parameters. This is because it assumed that
Es does not vary according to the conversion rate
and thus, its accuracy is low. The accuracy of the
Kissinger method is limited to about 1% as it is
accurate only for first order reaction.

[103–105]

Ozawa–Flynn–Wall
(FWO)

ln (𝛽) = ln
(

𝐴𝐸𝑠

𝑔(𝛼)𝑅

)

−5.331− 1.052 𝐸𝑠

𝑅𝑇
FWO method is used to predict the Es as a
function of the reaction conversion over the whole
temperature domain. However, the accuracy of the
FWO method is not satisfactory because of the
crude temperature integral approximation.

[106,107]

Kissinger–Akahira–
Sunose
(KAS)

ln
(

𝛽
𝑇 2

)

= ln
(

𝐴𝑅
𝑔(𝛼)𝐸𝑠

)

− 𝐸𝑠

𝑅𝑇
A simplified temperature integral approximation is
used in the derivation. The method is derived
based on the assumption of a constant Es from the
start of the reaction to the conversion degree.
Thus, KAS method offers great improvements in
terms of predicting more accurate Es values when
compared to FWO method.

[108–110]

Friedman ln
(

𝑑𝛼
𝑑𝑡

)

= ln [𝐴𝑓 (𝛼)] − 𝐸𝑠

𝑅𝑇
Friedman technique is a widely used
iso-conversional method due to its simplicity and
high accuracy. Although this technique is sensitive
to data noise, the noise effect can be minimized
by considering not solely on the data for a specific
degree of conversion. This method makes no
mathematical approximations and considered that
conversion functions f (𝛼) remain constant which
indicates that sample decomposition is depends
solely on loss of mass rate. The systematic error in
evaluating the Es is reduced as the method is
independent from the range of heating rates.

[111–113]

Starink ln
(

𝛽
𝑇 1.92

)

= Constant − 1.0008 𝐸𝑠

𝑅𝑇
Starink method is more accurate than KAS and
FWO method. This is because the approximation of
the temperature integral is highly precise and
accurate. In real case, this approximation has
eventually no significant effect on the accuracy of
the method when applied to practical data.
Amongst KAS, FWO, Friedman and Kissinger that
provide Es directly from the gradient (i.e. with the
absence of the iterative procedures) the Starink
method provides the best accuracy of Es analysis
methods.

[114–116]

Weighted Average
Global Method

ln
[

g(∝)
𝑇 2

]

= ln
(

𝐴𝑅
𝛽𝐸

)

− 𝐸𝑠
𝑅𝑇

𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝐸𝑠 = 𝑋2

𝑋2+𝑋3
𝐸2 +

𝑋3

𝑋2+𝑋3
𝐸3

Weighted average global model is grouped under
model fitting method based on the two-stage
reaction kinetic scheme to achieve the global
kinetic parameters from biomass combustion. The
kinetic scheme is calculated using Coats-Redfern
method.

[117,118]

Distributed activation
energy model (DAEM)

ln
(

𝛽
𝑇 2

)

= ln
(

𝐴𝑅
𝐸𝑎

)

+ 0.6075 − 𝐸𝑠

𝑅𝑇
DAEM method is one of the multi-reaction models
used widely to clarify the thermal decomposition
of biomass. DAEM has a better universality in
kinetic modeling of material degradation process
such as plastic waste, municipal solid waste, rice
husk, microalgae; regardless how complicated is
the system.

[119–121]
for each neural network in the PDSE algorithm are inertly optimized
using the popular ADAM gradient descent algorithm [129]. For neural
architecture search, the PDSE algorithm shown in Fig. 6(b) was being
searched from an ANN model with low to high depth using the multiple
modified particle swarm optimization instances to optimize the number
of neurons and activation functions for each specific layer [128–130].
Since the neural architecture search problem was an NP-hard problem
which suffers from the exploitation–exploration dilemma [131], our
PDSE algorithm was designed to have hyper-parameters which balances
exploration and exploitation in neural architecture search. Firstly, the
maximum number of neural networks evaluated per depth was con-
strained (at 1000 in this work) to represent a control hyperparameter
10
for search exploitation. The depth range (1 to 10 in this work) also
provides a control hyperparameter to limit the exploration space. Both
maximum number of neural networks evaluated per depth and depth
range can be adjusted according to the computational power of the pro-
cessing unit. Therefore, the PDSE algorithm can provide an adjustable
exploration and exploitation to search for an optimal neural network
model.

After the best neural network model was obtained from the PDSE
algorithm, the simulated annealing algorithm [132] was used to opti-
mize the reaction conversion by manipulating the reaction conditions
by using the best neural network as the surrogate model. The simulated
annealing acts as a stochastic solver which solves the optimal reaction
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condition treating the neural network as a ‘‘Blackbox’’ model, which is
presented in the 5 steps below.

Step 1: Generate initial solution (reaction conditions) randomly.

Step 2: Find a neighbor solution for each of the initial solutions.

Step 3: Stochastically choose a solution between the initial and neigh-
bor solution based on the probability,
𝑝 = exp(− 𝐹 𝑖𝑡𝑛𝑒𝑠𝑠𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟−𝐹 𝑖𝑡𝑛𝑒𝑠𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑇 𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ).

tep 4: Linearly decrease the temperature.

tep 5: Repeat from step 2 if the termination condition is not met.
For the optimization formulation, a mass fraction constraint was

ntroduced to ensure that the mix of reactant mass fraction sums up
o one. The main objective of this optimization analysis is to maximize
he conversion in various reactor temperature range as expressed in the
quations below:

𝑎𝑥 𝐶 = 1 −𝑀𝑎𝑠𝑠 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 (𝑖𝑛 𝐹 𝑟𝑎𝑐𝑡𝑖𝑜𝑛) (1)

𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑒𝑑 𝑡𝑜∶
𝑅
∑

𝑟
𝐹𝑟 = 1 (2)

𝑇𝑚𝑖𝑛 ≤ 𝑇 𝑟 ≤ 𝑇𝑚𝑎𝑥 (3)

here 𝐶 is the reaction conversion, 𝐹𝑟 is the mass reaction of reactant
∈ 𝑅, 𝑇 𝑟 is the reactor temperature, 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 is the upper and

ower limit for the range temperature range, respectively.

. Results and discussion

.1. Thermal degradation behavior of microalgae and polyethylene

.1.1. Microalgae (MA)
The results for pyrolysis of only MA at different heating rates of

0 K/min, 20 K/min, 30 K/min, 50 K/min and 100 K/min were used
o plot the thermogravimetric (TG) and derivative thermogravimetric
DTG) curves as shown in Fig. 7(a) and Fig. 8(a), respectively. Three
tages of degradation can be observed from the degradation profile:
tage I (water evaporation and dissipation of light volatile compounds
tage) occurs at temperatures ranging from room temperature (∼298 K)
o approximately 460 K; Stage II (main decomposition stage to yield
olatile matter) occurs at temperature of 460–830 K, and Stage III (high
emperature decomposition stage) occurs at above 830 K. The temper-
ture range specifically in stage II where the main decomposition takes
lace was taken according to DTG curves and summarized as shown in
able 6. The initial temperature where stage II begins was denoted as
0, while the final temperature where stage II ends and stage III begin
s denoted as 𝑇𝑓 . Lastly, the peak temperature where the maximum
emperature achieved in stage II is denoted as 𝑇𝑝.

Fig. 7(a) shows that the trends of TG curves at all different heating
rates were almost identical: there is a slight decrease of weight loss
in Stage I (15 wt%), then a rapid loss of weight during Stage II (47
wt%), followed by a constant weight loss in Stage III. Similarly, the
trend in DTG curve showed in Fig. 8(a) was similar for all heating
rates of 10–100 K/min, where there are two significant peaks observed
at 500–800 K. Other minor peaks in the temperature range indicate
the degradation of protein, carbohydrate and lipids [133]. According
to Chen et al. [134], the peak, shoulder and long tailing shown in
the DTG curves indicate different degradation mechanisms of MA.
The overlapping of the significant peaks leads to the formation of
shoulder, which represents the rapid decomposition of hemicellulose
structure meanwhile the peak and tailing indicate the cellulose and
lignin decomposition, respectively.

Such finding was in a good agreement with those previous studies
on pyrolysis of MA (e.g., Chlorella pyrenoidosa, Chlorella vulgaris, and
Chaeodacrylum tricomutum), in which two similar major peaks were
observed in Stage II of degradation, suggesting that the MA species tend
11
to have more than one major peak in Stage II of degradation [59,63,
65,135]. Whereas, comparing with the DTG profile of other types of
biomass (e.g. pine sawdust, sawdust, Areca nut husk, fern stem and
sugarcane straw), only one major peak can be observed during Stage
II or known as the active zone of degradation [134,136–138]. The
peak intensity shown in the DTG curve represents the reactivity of the
samples during pyrolysis reaction; a low peak intensity indicates that
a complete thermal degradation process can be achieved faster due
to lesser energy required in the system. Thus, the difference in peak
intensity observed in this study was due to the different decomposition
mechanisms of organic and inorganic constituents, length and distribu-
tion of chains within the constituents and the pyrolytic conditions of
the system.

3.1.2. Polyethylene
From Fig. 7(b) and 7(c), the trend of TG curves of pure LDPE and

HDPE were slightly different from that of pure MA (70%), in which the
weight loss reached almost 100%, regardless the heating rates. This is
due to that the pure MA has a higher ash and fixed carbon content,
resulting in a higher residue remaining at the end of the pyrolysis (10–
40 wt%) as compared to polyethylene (ca. 0 wt% for LDPE; < 5 wt%
for HDPE). These results were consistent with those studies reported
previously by other authors on the TG trends of plastic wastes and
biomass [98,139]. As shown in Fig. 8(b) and 8(c), the main degradation
of both LDPE and HDPE occurred at the temperature range of 500–
830 K. Unlike the pyrolysis of MA, the decomposition of pure LDPE
and HDPE exhibited only one narrow degradation stage and degraded
at a higher temperature of 500 K. Whereas, the decomposition of MA
started to decompose at a lower temperature of 300 K and consisted
of three decomposition stages. Such discrepancies in TG profile can be
attributed to the strong structural composition of pure MA (i.e. protein,
carbohydrate, and lipid) that need a higher temperature to be degraded,
which could not be find in LDPE and HDPE molecules.

However, there were slight differences shown in the DTG curve of
HDPE as illustrated in Fig. 8(c) when compared to that of LDPE. By
observing the DTG trends of HDPE, there were multiple peaks observed
at heating rates of 10–20 K/min, while only one major peak can be
observed at heating rates of 30–100 K/min. Whereas, the DTG trend of
LDPE in Fig. 8(b) only shows one major peak for every heating rate.
Such slight differences in DTG curves of HDPE and LDPE were mainly
due to the difference in volatile matter content and the tensile strength
of both samples. According to Dewangan et al. a higher volatile matter
is found in LDPE which provides a higher volatility and reactivity over
HDPE [139]. Meanwhile, HDPE has a higher tensile strength as opposed
to LDPE and hence, the intermolecular forces within the polymer chain
of HDPE are stronger and more complex to be depolymerized [98].

3.1.3. Co-pyrolysis of MA and polyethylene mixtures
From the TG results of co-pyrolysis of MA and polyethylene blends

as illustrated in Fig. 7(d) and 8(f), the weight loss obtained in the
co-pyrolysis was much higher as compared to that of solely MA. For
instance, ca. 10 wt% and 15 wt% of the residue were remained at the
end of co-pyrolysis of LDPE with MA and HDPE with MA mixture,
respectively. A minor weight loss of ca. 5 wt% for both LDPE and
MA mixture was observed at the temperature region of 300–450 K,
followed by a continuous rapid decrement of weight loss of 85–90 wt%
occurred from 450 K to 830 K and lastly, an almost constant trend
in remaining residue (ca. 10 wt% for 20–100 K/min; < 10 wt% for
10 K/min). Comparably, a similar trend can be observed from the TG
curve of HDPE/MA blends as well, where the decomposition began
from 300 K to 450 K with a maximum weight loss (15–60 wt%), the
weight then dropped sharply at 450–830 K with an approximation of
75–80 wt%, and reached constant at temperature above 830 K (> 10
wt% for 30 K/min; ≤ 10 wt% for remaining heating rates). From the
results, it can be concluded that LDPE/MA blend decomposed more

during stage II as compared to HDPE/MA blend. Since LDPE has a
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Fig. 7. TG graphs of (a)–(c): non-catalytic pyrolysis of pure MA, pure LDPE and pure HDPE; (d) non-catalytic co-pyrolysis of LDPE/MA, (e) catalytic co-pyrolysis of LDPE/MA
with bifunctional HZSM-5/LS catalyst, (f) non-catalytic co-pyrolysis of HDPE/MA, and (g) catalytic co-pyrolysis of HDPE/MA with bifunctional HZSM-5/LS catalyst.
slightly higher volatile matter content and relative volatility than that
of HDPE, and thus LDPE/MA blend was more readily decomposed into
volatile hydrocarbons than HDPE/MA blend during the second stage of
co-pyrolysis process [140].

By observing the trends of DTG curves for LDPE/MA and HDPE/MA
co-pyrolysis process as indicated in Fig. 8(d) and 8(f), the rate of weight
loss over time (dw/dt) for both mixtures were lower than that of pure
LDPE and HDPE. The maximum rate of weight loss over time of LDPE
decreased from 140 wt%/min to about 75 wt%/min at 100 K/min,
while maximum dw/dt of HDPE reduced from 125 wt%/min to ca. 90
wt%/min at the same heating rate when compared with the dw/dt of
co-pyrolysis. This is due to the slow dw/dt rate of pure MA where the
maximum dw/dt rate was only 22 wt%/min at 100 K/min. This clearly
indicates the pyrolysis of pure MA has a slower dw/dt rate, where
the highest dw/dt rate achieved was only 22 wt% at 100 K/min. This
12
suggests that the presence of MA in the co-pyrolysis process leads to
a positive synergetic effect in reduction the degradation rate of LDPE
and HDPE in the blending mixtures, which is supported by previous
studies [141,142].

3.2. Catalytic co-pyrolysis of MA and polyethylene mixtures

As demonstrated in Fig. 7(e) and 7(g), the TG trends for catalytic
co-pyrolysis of MA and polyethylene blends were very similar to that of
co-pyrolysis of the mixtures without the presence of catalyst. Likewise,
the decomposition started from 100 wt% to 95 wt% at temperature of
300–450 K, and then underwent a rapid decomposition at the stage
II where most of the weight losses occurred, lastly reached an almost
constant at the end of the process. As reported, the addition of the
catalyst is to enhance the desire product by reducing the apparent
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Fig. 8. DTG graphs of (a)–(c): non-catalytic pyrolysis of pure MA, pure LDPE and pure HDPE; (d) non-catalytic co-pyrolysis of LDPE/MA, (e) catalytic co-pyrolysis of LDPE/MA
ith bifunctional HZSM-5/LS catalyst, (f) non-catalytic co-pyrolysis of HDPE/MA, and (g) catalytic co-pyrolysis of HDPE/MA with bifunctional HZSM-5/LS catalyst.
s required of the co-pyrolysis process. Therefore, with the aid of a
uitable catalyst, a higher yield and selectivity of desired yield can
e attained in a shorter co-pyrolysis time [143]. The advantage of
ntroduction of bifunctional HZSM-5/LS catalyst in co-pyrolysis can be
bserved from the DTG curves in Fig. 8(e) and 8(g) where the rate of
w/dt for both catalytic co-pyrolysis LDPE/MA and HDPE/MA have
ecreased significantly as compared to non-catalytic co-pyrolysis pro-
ess, indicating that lesser energy required in the degradation process.
he DTGmax has reduced from 74.71–138.16 wt%/min (non-catalytic

co-pyrolysis) to 51.52–84.12 wt%/min (catalytic co-pyrolysis). This
proved that with the presence of catalyst, the rate of decomposition of
the mixtures were faster with a lower degradation rate loss, by speeding
up the reactions as well as enhancing rate of degradation through the
𝑐 − 𝑐∕𝑐 − 𝑜 cleavage, [144–146].
13
3.3. Kinetic and thermodynamic analysis

Based on the estimated 𝐸𝑠 and A values from simplified DAEM via
plotting of Arrhenius plot of 𝑙𝑛

(

𝛽
𝑇 2

)

against 1
𝑇 , G-DAEM (following the

iteration method of the values of 𝐸𝑠 and A using MATLAB R2019b by
taking the initial guess values obtained from simplified DAEM, [125]),
the standard deviation (𝜎), maximum activation energy (𝐸𝑚𝑎𝑥) and A
values attained in this study were in the range of 5–70 kJ/mol, 50–
350 kJ/mol and 104–1030 s−1, respectively. The average 𝜎 value can
be obtained from the f(E) distribution curves of G-DAEM (Fig. S 2
(a)–(e)) at peak value of f(E)∼0.0114. The value of 𝜎 represents the
difference from the mean or expected value. Lower 𝜎 values suggest
that most of the numbers were close to the mean, while higher 𝜎 values
indicate that the numbers were further apart from the mean which
leads to a wider distribution curve. Therefore, the mean values for 𝜎
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Table 6
Weight loss of thermal decomposition for catalytic and non-catalytic pyrolysis of MA with polyethylene blends at different heating rate.

Samples Heating rate
(𝛽, K/min)

𝑇0
(K)

𝑇f
(K)

𝑇p
(K)

Weight loss
(wt%)

-DTGmax
(wt%/min)

Fit (%)

Pure MA (Stage II) 10 456 824 521 50.930 2.20 3.56
20 458 825 524 54.892 4.34 5.74
30 459 826 531 54.742 6.39 8.81
50 460 827 537 53.760 10.23 11.62
100 463 829 542 53.778 21.11 10.58
Average – – 531 53.620 – 8.06

Pure LDPE (Stage II) 10 529 800 681 63.523 12.25 9.90
20 539 808 707 69.041 30.33 4.18
30 541 820 722 49.575 41.49 5.89
50 545 825 741 76.267 57.50 13.99
100 559 827 768 77.312 145.01 9.38
Average – – 724 67.144 – 8.67

LDPE + MA (Stage II) 10 475 803 675 61.227 14.31 7.27
20 477 813 672 45.395 16.32 7.30
30 483 830 669 48.017 18.50 8.73
50 485 831 716 39.992 30.57 8.20
100 490 841 764 43.236 74.71 9.22
Average – – 699 47.573 – 8.14

Pure HDPE (Stage II) 10 480 747 741 60.616 18.03 8.40
20 518 767 729 60.975 21.64 9.76
30 519 775 772 55.420 52.03 8.71
50 520 814 767 54.702 66.87 8.82
100 525 859 779 50.188 128.16 7.19
Average – – 757 56.380 – 8.58

HDPE + MA (Stage II) 10 483 815 734 63.220 12.61 7.81
20 486 826 756 62.057 22.29 9.40
30 488 862 759 45.718 21.88 8.03
50 488 878 770 57.829 53.57 8.60
100 497 880 790 72.064 86.40 7.14
Average – – 762 60.178 – 8.20

LDPE + MA + HZSM-5/LS 10 473 777 700 60.565 24.55 7.79
(Stage II) 20 474 810 692 66.009 23.64 8.16

30 478 813 707 56.845 23.21 7.76
50 478 830 735 65.973 35.81 6.87
100 484 831 735 41.897 51.52 13.67
Average – – 714 58.258 – 8.85

HDPE + MA + HZSM-5/LS 10 481 799 741 60.681 10.11 6.93
(Stage II) 20 485 809 706 65.368 20.11 8.76

30 485 818 761 57.436 30.30 8.50
50 487 840 756 55.339 33.49 8.61
100 489 876 789 66.266 84.12 7.41
Average – – 754 61.018 – 8.04

Note: T0 = Initial temperature of stage II; Tf = Final temperature of stage II; Tp = Peak temperature of stage I.
c
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and 𝐸𝑚𝑎𝑥 were chosen as 35 kJ/mol and 200 kJ/mol while the A was
aken from the results of simplified DAEM. For simplified DAEM, the
alidity of the model was determined by the values of R2, whereas
or G-DAEM, a fit percentage was calculated by Eq. 35 (shown in
lectronic Supplementary) using MATLAB R2019b to verify the error
f the model.

Fig. 9(a)–(e) illustrate the Arrhenius plot of 𝑙𝑛
(

𝛽
𝑇 2

)

against 1
𝑇

erived from simplified DAEM model at selected 𝑉
𝑉 ∗ ranging from 0.1–

.9. Most of the plots were non-linear and hence, line fitting was
erformed and the values of coefficient of determination (R2) were
etermined. The R2 value indicates the linear regression of the chosen
odel with the linear fitting line, where a positive value of R2 near to 1

s more favorable in term of precision. From the overall DTG results, the
alues of R2 determined were ranging from 0.9–0.99 which indicates
hat the chosen model does fitted well. All of the values for kinetic
nd thermodynamic analyses were tabulated as shown in Table 7 and
able 8, respectively. The estimated mean 𝐸𝑠 values using simplified
AEM for individual pyrolysis of pure samples of MA, LDPE and HDPE
re 135 kJ/mol, 89 kJ/mol and 104 kJ/mol, respectively. Meanwhile,
he estimated mean Es values using simplified DAEM for co-pyrolysis of
A and LDPE and co-pyrolysis of MA and HDPE are 104.3 kJ/mol and

19.2 kJ/mol, respectively. In another words, the estimated mean Es
alues for co-pyrolysis of MA and LDPE is slightly lower compared to
 s

14
o-pyrolysis of MA and HDPE. It was also found that pure MA requires
uch higher energy (ca. 31–46 kJ/mol) during its pyrolysis process

s compared to pure polyethylene, mainly attributed to the structural
omplexity of pure MA consisting a complex mixture of cellulose,
emicellulose, lignin, proteins, carbohydrates and lipids. Conversely,
ure polyethylene is made up of simple polymer chains. Thus, pure MA
ends to have a higher 𝐸𝑠 values over pure polyethylene. However, after
ntroducing pure polyethylene blends into the pure MA, the 𝐸𝑠 value
as reduced, indicating that there was a positive synergistic effect in

eduction of thermal degradation rate between the blends. For instance,
he 𝐸𝑠 value of pure MA decreased to 107 kJ/mol after blending with
DPE. Correspondingly, in co-pyrolysis of HDPE and MA, the 𝐸𝑠 has
een reduced to a value of 119 kJ/mol. This finding revealed the 𝐸𝑠
alue has reduced in co-pyrolysis of LDPE with pure MA or HDPE with
ure MA mixture compared to the individual pure MA. In addition, a
igher 𝐸𝑠 was shown in the HDPE degradation plot as compared to
DPE due to a stronger tensile strength between molecules and density
n HDPE. Therefore, more energy was needed to break down the HDPE
ntermolecular bonds for degradation as discussed earlier [147–149].
n the case of adding small amount of HZSM-5/LS catalyst, the Es for
o-pyrolysis of HDPE and MA and LDPE and MA mixtures have reduced
10%, which is in good agreement with the DTGmax reported earlier.

Comparing with the G-DAEM model, the values of 𝐸𝑠 for every
ample were very much closer to those estimated by simplified DAEM
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Table 7
Summary of activation energies and pre-exponential values at respective conversion (𝛼) for non-catalytic and catalytic co-pyrolysis of MA with PE Blends.

Samples 𝛼 Kinetic models

DAEM Gaussian-DAEM

𝐸S (kJ/mol) A (min−1) R2 Fitted Equation 𝐸S (kJ/mol) A (nin−1) F(E) 𝜎

Pure MA (Stage II) 0.1 124 7.911×1012 0.9945 −1.490×104x + 20.697 125 7.91×1012

0.0114 34.98

0.2 110 5.892×1010 0.9949 −1.328×104x + 15.913 112 5.89×1010
0.3 113 3.327×1010 0.9939 −1.361×104x + 15.317 113 3.33×1010
0.4 119 3.601×1010 0.9853 −1.436×104x + 15.342 120 3.60×1010
0.5 118 7.817×109 0.9810 −1.424×104x + 13.824 119 7.82×109
0.6 120 3.662×109 0.9773 −1.448×104x + 13.048 121 3.66×109
0.7 131 7.681×109 0.9684 −1.571×104x + 13.707 131 7.68×109
0.8 163 6.186×1011 0.9787 −1.966×104x + 17.872 164 6.19×1011
0.9 212 3.143×1014 0.9581 −2.551×104x + 23.842 212 3.14×1014
Average 134.4 3.588×1013 0.9813 – 135.2 3.59×1013

Pure LDPE (Stage II) 0.1 88 3.708×107 0.9707 −1.062×104x +8.766 88 3.71×107

0.0114 34.99

0.2 90 1.574×107 0.9937 −1.088×104x + 7.885 91 1.57×107
0.3 94 4.160×106 0.9912 −1.135×104x + 6.512 94 4.16×106
0.4 93 2.043×106 0.9821 −1.114×104x + 5.820 93 2.04×106
0.5 89 8.878×105 0.9761 −1.074×104x + 5.023 90 8.88×105
0.6 85 3.617×105 0.9864 −1.026×104x + 4.170 86 3.62×105
0.7 77 7.357×104 0.9909 −9.278×103x + 2.678 77 7.36×104
0.8 88 4.249×105 0.9938 −1.062×104x + 4.297 89 4.25×105
0.9 94 9.059×105 0.9301 −1.129×104x + 4.993 93 9.06×105
Average 88.7 6.853×106 0.9794 – 89 6.85×106

LDPE + MA (Stage II) 0.1 96 4.353×108 0.9199 −1.159×104x + 11.141 97 4.35×108

0.0114 34.99

0.2 90 1.443×107 0.9315 −1.080×104x + 7.805 90 1.44×107
0.3 100 2.789×107 0.9119 −1.200×104x + 8.359 100 2.79×107
0.4 105 3.549×107 0.8987 −1.258×104x + 8.552 104 3.55×107
0.5 100 1.161×107 0.9188 −1.209×104x + 7.475 105 1.16×107
0.6 91 1.480×106 0.9250 −1.093×104x + 5.516 91 1.48×106
0.7 95 2.127×106 0.9324 −1.143×104x + 5.834 96 2.13×106
0.8 104 6.219×106 0.9214 −1.257×104x + 6.812 104 6.22×106
0.9 151 4.187×109 0.9103 −1.817×104x + 12.955 152 4.19×109
Average 103.6 5.246×108 0.9189 – 104.3 5.25×108

LDPE + MA + HZSM-5/LS (Stage II) 0.1 112 1.479×1011 0.9832 −1.353×104x + 16.815 113 1.48×1011

0.0114 34.99

0.2 91 2.390×108 0.9073 −1.091×104x + 10.602 91 2.39×108
0.3 89 6.820×107 0.8933 −1.065×104x + 9.372 88 6.82×107
0.4 87 2.944×107 0.9165 −1.049×104x + 8.547 88 2.94×107
0.5 88 1.895×107 0.9725 −1.056×104x + 8.100 87 1.89×107
0.6 94 3.936×107 0.9722 −1.131×104x + 8.763 94 3.94×107
0.7 99 5.910×107 0.9374 −1.187×104x + 9.120 98 5.91×107
0.8 95 1.667×107 0.9171 −1.143×104x + 7.893 95 1.67×107
0.9 102 4.252×107 0.8952 −1.236×104x + 8.751 103 4.25×107
Average 95.2 1.649×1010 0.9327 – 95.2 1.65×1010

Pure HDPE (Stage II) 0.1 91 7.092×106 0.9426 −1.089×104x + 7.086 91.00 7.09×106
0.2 87 1.110×106 0.9697 −1.044×104x + 5.274 87.00 1.11×106 0.0114 34.99
0.3 83 1.403×105 0.9921 −9.939×103x + 3.255 83 1.32×105
0.4 82 1.948×105 0.9930 −9.806×103x + 3.597 81 1.95×105
0.5 88 3.805×105 0.9928 −1.057×104x + 4.191 88 3.81×105
0.6 88 3.387×105 0.9949 −1.062×104x + 4.069 89 3.39×105
0.7 90 3.559×105 0.9937 −1.077×104x + 4.105 90 3.56×105
0.8 95 6.736×105 0.9874 −1.144×104x + 4.683 95 6.74×105
0.9 111 6.688×106 0.9878 −1.330×104x + 6.828 111 6.69×106
Average 90.6 1.885×106 0.9838 – 90.6 1.89×106

HDPE + MA (Stage II) 0.1 167 1.644×1012 0.9897 −2.007×104x + 18.829 167 1.64×1012
0.2 140 5.409×109 0.9543 −1.682×104x + 13.289 139 5.41×109
0.3 120 1.213×108 0.9171 −1.440×104x + 9.646 119 1.21×108 0.0114 35.00
0.4 109 1.505×107 0.8954 −1.307×104x + 7.657 109 1.50×107
0.5 110 1.172×107 0.9338 −1.317×104x + 7.399 110 1.17×107
0.6 105 3.686×106 0.9699 −1.262×104x + 6.285 105 3.69×106
0.7 105 3.039×106 0.9977 −1.267×104x + 6.087 105 3.04×106
0.8 104 2.312×106 0.9968 −1.252×104x + 5.826 104 2.31×106
0.9 115 1.078×107 0.9911 −1.383×104x + 7.266 115 1.08×107
Average 119.4 1.833×1011 0.9606 – 119.2 1.83×1011

HDPE + MA + HZSM- 0.1 189 9.985×1013 0.8928 −2.278×104x + 22.808 189 9.98×1013
5/LS (Stage II) 0.2 117 1.067×108 0.9757 −1.404×104x + 9.543 116 1.07×108 0.0114 35.00

0.3 95 1.891×106 0.9782 −1.147×104x + 5.712 96 1.89×106
0.4 83 1.642×105 0.9577 −9.935×103x + 3.413 83 1.64×105
0.5 85 1.942×105 0.9332 −1.021×104x + 3.553 85 1.94×105
0.6 87 2.143×105 0.9290 −1.041×104x + 3.632 87 2.14×105
0.7 91 3.825×105 0.9519 −1.099×104x + 4.157 91 3.82×105
0.8 105 2.851×106 0.9664 −1.265×104x + 6.026 105 2.85×106
0.9 126 5.315×107 0.8609 −1.514×104x + 8.771 126 5.31×107
Average 108.7 1.109×1013 0.9384 – 108.7 1.11×1013
15
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Table 8
Summary of Thermodynamic Parameters at Respective Conversion (𝛼) for non-catalytic and catalytic co-pyrolysis of MA with PE blends.

Samples 𝛼 Kinetic models

DAEM Gaussian-DAEM

𝛥H(J/mol) 𝛥G (J/mol) 𝛥S (J/mol K) 𝛥H(J/mol) 𝛥G (J/mol) 𝛥S (J/mol K)

Pure MA (Stage II) 0.1 1.195×105 1.254×105 −11.172 1.21×105 1.27×105 −11.17
0.2 1.056×105 1.356×105 −56.499 1.07×105 1.37×105 −56.50
0.3 1.082×105 1.426×105 −64.759 1.08×105 1.42×105 −64.76
0.4 1.142×105 1.499×105 −67.129 1.15×105 1.50×105 −67.13
0.5 1.129×105 1.592×105 −87.254 1.14×105 1.60×105 −87.25
0.6 1.146×105 1.679×105 −100.269 1.15×105 1.68×105 −100.27
0.7 1.247×105 1.760×105 −96.758 1.25×105 1.76×105 −96.76
0.8 1.572×105 1.837×105 −50.009 1.58×105 1.84×105 −50.01
0.9 2.055×105 1.927×105 24.168 2.05×105 1.93×105 24.17
Average 1.292×105 1.592×105 −56.631 1.30×105 1.60×105 −56.63

Pure LDPE (Stage II) 0.1 8.248×104 1.631×105 −111.437 8.22×104 1.63×105 −111.44
0.2 8.414×104 1.775×105 −129.053 8.47×104 1.78×105 −129.05
0.3 8.767×104 1.957×105 −149.305 8.73×104 1.95×105 −149.31
0.4 8.559×104 2.045×105 −164.320 8.60×104 2.05×105 −164.32
0.5 8.199×104 2.118×105 −179.337 8.27×104 2.13×105 −179.34
0.6 7.775×104 2.201×105 −196.712 7.84×104 2.21×105 −196.71
0.7 6.864×104 2.427×105 −240.576 6.85×104 2.43×105 −240.58
0.8 8.058×104 2.243×105 −198.615 8.13×104 2.25×105 −198.62
0.9 8.625×104 2.218×105 −187.262 8.54×104 2.21×105 −187.26
Average 8.168×104 2.068×105 −172.957 8.18×104 2.07×105 −172.96

LDPE + MA (Stage II) 0.1 9.133×104 1.484×105 −81.707 9.19×104 1.49×105 −81.71
0.2 8.409×104 1.686×105 −120.992 8.43×104 1.69×105 −120.99
0.3 9.352×104 1.820×105 −126.546 9.38×104 1.82×105 −126.55
0.4 9.811×104 1.889×105 −129.943 9.75×104 1.88×105 −129.94
0.5 9.384×104 1.948×105 −144.457 9.83×104 1.99×105 −144.46
0.6 8.381×104 2.060×105 −174.832 8.39×104 2.06×105 −174.83
0.7 8.787×104 2.097×105 −174.381 8.88×104 2.11×105 −174.38
0.8 9.717×104 2.135×105 −166.383 9.67×104 2.13×105 −166.38
0.9 1.441×105 2.090×105 −92.898 1.45×105 2.10×105 −92.90
Average 9.709×104 1.912×105 −134.682 9.78×104 1.92×105 −134.68

LDPE + MA + HZSM-5/LS (Stage II) 0.1 1.078×105 1.330×105 −35.298 1.08×105 1.34×105 −35.30
0.2 8.561×104 1.460×105 −84.646 8.59×104 1.46×105 −84.65
0.3 8.325×104 1.534×105 −98.200 8.27×104 1.53×105 −98.20
0.4 8.164×104 1.601×105 −109.967 8.24×104 1.61×105 −109.97
0.5 8.193×104 1.676×105 −120.017 8.11×104 1.67×105 −120.02
0.6 8.766×104 1.759×105 −123.565 8.77×104 1.76×105 −123.57
0.7 9.224×104 1.799×105 −122.738 9.15×104 1.79×105 −122.74
0.8 8.795×104 1.930×105 −147.202 8.79×104 1.93×105 −147.20
0.9 9.556×104 1.955×105 −139.935 9.58×104 1.96×105 −139.93
Average 8.929×104 1.671×105 −109.063 8.93×104 1.67×105 −109.06

Pure HDPE (Stage II) 0.1 8.456×104 1.777×105 −123.018 8.50×104 1.78×105 −123.02
0.2 8.017×104 1.958×105 −152.670 8.04×104 1.96×105 −152.67
0.3 7.546×104 2.167×105 −186.456 7.58×104 2.17×105 −186.46
0.4 7.393×104 2.214×105 −194.707 7.34×104 2.21×105 −194.71
0.5 8.019×104 2.239×105 −189.794 8.03×104 2.24×105 −189.79
0.6 8.027×104 2.326×105 −201.139 8.09×104 2.33×105 −201.14
0.7 8.143×104 2.345×105 −202.189 8.19×104 2.35×105 −202.19
0.8 8.696×104 2.361×105 −196.937 8.68×104 2.36×105 −196.94
0.9 1.028×105 2.253×105 −161.756 1.03×105 2.26×105 −161.76
Average 8.231×104 2.177×105 −178.806 8.25×104 2.18×105 −178.81

HDPE + MA (Stage II) 0.1 1.605×105 1.811×105 −26.935 1.61×105 1.81×105 −26.94
0.2 1.332×105 1.929×105 −78.340 1.32×105 1.92×105 −78.34
0.3 1.130×105 1.999×105 −114.083 1.12×105 1.99×105 −114.08
0.4 1.019×105 2.030×105 −132.770 1.02×105 2.03×105 −132.77
0.5 1.025×105 2.092×105 −140.010 1.03×105 2.10×105 −140.01
0.6 9.753×104 2.190×105 −159.431 9.76×104 2.19×105 −159.43
0.7 9.748×104 2.292×105 −172.859 9.71×104 2.29×105 −172.86
0.8 9.615×104 2.314×105 −177.514 9.60×104 2.31×105 −177.51
0.9 1.075×105 2.228×105 −151.455 1.07×105 2.23×105 −151.46
Average 1.122×105 2.098×105 −128.155 1.12×105 2.10×105 −128.16

HDPE + MA + HZSM-5/LS (Stage II) 0.1 1.833×105 1.780×105 7.117 1.83×105 1.78×105 7.12
0.2 1.101×105 1.963×105 −114.865 1.09×105 1.96×105 −114.86
0.3 8.824×104 2.105×105 −162.944 8.88×104 2.11×105 −162.94
0.4 7.452×104 2.331×105 −211.251 7.49×104 2.33×105 −211.25
0.5 7.672×104 2.352×105 −211.082 7.69×104 2.35×105 −211.08
0.6 7.837×104 2.375×105 −211.998 7.88×104 2.38×105 −212.00
0.7 8.310×104 2.390×105 −207.644 8.27×104 2.39×105 −207.64
0.8 9.732×104 2.285×105 −174.719 9.72×104 2.28×105 −174.72
0.9 1.186×105 2.192×105 −134.069 1.19×105 2.19×105 −134.07
Average 1.011×105 2.197×105 −157.939 1.01×105 2.20×105 −157.94
16



I.J.Y. Tan, A.C.M. Loy, B.L.F. Chin et al. Green Technologies and Sustainability 2 (2024) 100077

i
o
1
p
A
r
A
c
f
b
v

Fig. 9. Arrhenius plots of (a)–(c): non-catalytic pyrolysis of pure MA, pure LDPE and pure HDPE; (d) non-catalytic co-pyrolysis of LDPE/MA, (e) catalytic co-pyrolysis of LDPE/MA
with bifunctional HZSM-5/LS catalyst, (f) non-catalytic co-pyrolysis of HDPE/MA, and (g) catalytic co-pyrolysis of HDPE/MA with bifunctional HZSM-5/LS catalyst.
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model. As mentioned earlier, pure MA has the highest mean 𝐸𝑠 value
(135 kJ/mol) opposing to pure LDPE and HDPE which require lower
mean 𝐸𝑠 values (89 kJ/mol and 90.56 kJ/mol respectively). Both
models have equal values of A as it was kept constant while running
terative calculations via G-DAEM. The results for the average A values
btained for both models were concluded as 3.588×1013, 6.853×106,
.885×106, 5.246×108 and 1.833×1011 min−1 for pure MA, pure LDPE,
ure HDPE, co-pyrolysis of LDPE/MA and HDPE/MA, respectively.
ccording to the G-DAEM, the distribution curve tends to shift to the
ight as the 𝐸𝑠 increased, and shift to the left when the 𝐸𝑠 decreased.
ll distribution curves were having equal width as the 𝜎 was kept
onstant for all cases. In addition, the validity of G-DAEM was verified
or each sample where the fitting percentage resembles the deviation
etween experimental and calculated conversion. Hence, the lower the
alues of fitting percentage, the higher the accuracy. The average fitting
 p

17
ercentages were in the range of 8.06–8.85% with a deviation below
5% and thus, the results obtained in this study were tolerable.

Based on Table 8, it appeared that the overall process was endother-
ic as the changes in 𝛥H were positive values, non-spontaneous as
ositive changes in 𝛥G were obtained, and the process was less disorder
s negative changes in 𝛥S were attained. Most importantly, the values
f 𝛥H and 𝛥S were lesser in co-pyrolysis of the mixture (plastic waste
nd biomass) compared to pyrolysis of pure MA, concluding that the
yrolytic conversion of mixture of plastic wastes and biomass produces
n activated complex with a more organized structure (i.e., a state near
o its thermodynamic equilibrium) than that of the initial reactants
Chlorella vulgaris). On the other hand, the 𝛥G values reduced in co-
yrolysis of MA/LDPE or HDPE blends. This can be explained through
he non-spontaneity process, suggesting that the energy absorbed in the
yrolysis system behaves endothermically during the decomposition of
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Table 9
Optimized reaction conditions of co-pyrolysis of microalgae and plastic wastes mixture for different temperature ranges.

Temperature range (K) HDPE fraction LDPE fraction MA fraction Catalyst required Heating rate (K/min) Reactor temperature (K) Conversion (%)

303.15–323.15 0.00 0.02 0.98 True 14 323.15 4.3
323.15–373.15 0.02 0.19 0.79 True 28 373.15 5.3
373.15–473.15 0.03 0.04 0.93 True 44 473.15 14.1
473.15–573.15 0.06 0.20 0.74 False 12 573.15 26.2
573.15–673.15 0.03 0.22 0.76 False 22 673.15 40.2
673.15–773.15 0.18 0.75 0.06 False 20 773.15 97.4
773.15–873.15 0.59 0.17 0.24 True 38 873.15 99.0
873.15–973.15 0.68 0.28 0.03 True 50 973.15 99.6
973.15–1073.15 0.44 0.53 0.03 True 72 1073.15 99.6
1073.15–1173.15 0.13 0.77 0.11 True 82 1173.15 99.6
T
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samples. [150–152]. The thermodynamic features illustrated that the
co-pyrolysis of plastic waste and biomass could be a good combination
for pyrolysis and that its bioenergy valorization is an alternative for
plastic waste management, promoting sustainability as part of a circular
economy.

3.4. Optimization of the conversion rate via neuro-evolution

Based on Fig. 10(b-e), it can be observed that the errors (MAE,
RMSE, MBE) and R2 for both training and validation were the highest
when a shallow neural network (with depth=1) was used when com-
pared to a deep neural network. This suggests that the TGA data has a
high non-linearity that should be modeled using deep neural networks.
For all the validation indicators, the depth with the lowest training
errors (MAE=0.00318, RMSE=0.00736, MBE=0.00018), lowest valida-
tion errors (MAE=0.00259, RMSE=0.00637, MBE=0.00073) and high
R2 (Training R2 = 0.99962, Validation R2 = 0.99971) was the ANN
with depth of 6. This optimal ANN model has neural architecture of
‘‘133, 245, 440, 203, 477, 1’’, activation function of ‘‘elu, hard sigmoid,
sigmoid, sigmoid, hard sigmoid, sigmoid’’. Using a separate test set
(Fig. 10(f)), the optimal ANN model obtained very similar error metrics
and R2 values. This shows that the ANN was not overfitted to only the
training data and the model does not have a significant bias due to its
low MBE observed in all training, validation, and test sets.

Fig. 11(a) visually explains the mass fraction constraints that were
implemented during the simulated annealing optimization procedure
for reaction condition optimization. The mass of reactants is separated
from the mass of the catalyst using mass fraction. From Fig. 11(b), the
inclusion of microalgae at lower mass fractions of HDPE enhanced the
mixed conversion of the thermal reaction, increasing the reaction mass
conversion. This effect was also valid when microalgae were added
into LDPE (Fig. 11(c)), however, a smaller microalgae mass fraction
was required for enhanced reaction conversion. Based on the findings,
the catalyst has the smallest effects on the MA conversion (Fig. 11(d)),
however this effect was not having significant evident throughout all
ranges of mass fraction. This also indicates that the use of the catalyst
for this reaction has to be further studied using reaction condition
optimization to ensure optimal usage. In Fig. 11(e), there was a clear
effect of MA mass fraction on the optimal heating rate which produces
higher reaction conversion.

An indication of variable effects can be deduced from Fig. 11(b-e),
however, the optimum conditions were difficult to be determined from
such snapshots (contour plots) of multidimensional reaction models.
To obtain the optimal reaction conditions, these multivariate variables
were optimized subsequently using simulated annealing optimization
to maximize the reaction conversion (Table 9). It can be observed
that the conversion was very low (≤14.1%) at temperatures below
473 K and the reaction conversion increased up to 97.4% when the
reactor temperature was 773 K. In general, the optimal heating rate
increases with reactor temperature, however it is also affected by the
fractions of reactant, suggesting that the heat capacity of the reactants
and the degradation were higher due to a more effective heat transfer

between the reactant molecules. This shows that the true effective H

18
range of the catalyst degradation was at a temperature of 873 K
and above. This is also in agreement with our previous work [26],
which found that HZSM-based catalysts operate more effectively at high
temperatures for microalgae reactants. Furthermore, mixing of HDPE,
LDPE and microalgae reactants show a positive synergistic effect on
the thermal degradation rate, as commonly (except under temperature
range between 303.15–323.15 K) all three reactants are required to
obtain optimal performance. However, at lower temperatures (<673.15
K), HDPE was only required at a small amount ∼0.10 mg in the mix.
Vice-versa, while at higher temperatures (>873.15 K), MA was only
required in small fractions ∼0.10 mg to achieve optimal conversion.

his phenomenon can be explained through MA structure, where long
hain protein and carbohydrate take longer reaction time to be break
own. Also, the 𝛥𝑆 of pure MA attained was much higher than LDPE
nd HDPE, and thus, the activated complex is in a less ‘‘organized’’
tructure and lower availability for the energy’s system energy to
enerate biofuel [21]. Based on the PDSE-ANN model, the predicted
ptimum pyrolysis conditions were a tri-combination of LDPE (0.13%)
HDPE (0.77%) + MA (0.11%) with the aid of HZSM-5/LS catalyst

t 1173.15 K and 82 K/min to yield a 99.6% thermal degradation
ate. In order to determine the reliability and accuracy of the model, 3
xperimental runs were repeated using the predicted optimum condi-
ions. Notably, the thermal degradation rate (96.7%, 98.2% and 97.8%)
ttained was very close to the one predicted, suggesting that neu-
al network model exhibits a good optimization modeling prediction
bility.

. Conclusion

This paper concludes by highlighting its objective, which aimed to
ontribute to the understanding of the synergistic effect of co-pyrolysis
f microalgae with plastic wastes. The study progressed through various
teps, including reviewing recent work on the pyrolysis characteristics
f microalgae and plastic waste, selecting suitable feedstock for co-
yrolysis process, evaluating iso-conversional kinetic models, choosing
he most precise kinetic models, identifying kinetic and thermodynamic
arameters, and ultimately determining the optimum thermal con-
ersion rate through a neuro-evolutionary approach. Together, these
tages improve our understanding of the co-pyrolysis process and of-
er valuable insights for future research in this field. The 𝐸𝑠 and A
ith first reaction order were obtained from two iso-conversational
inetic models, namely simplified distributed activation energy model
DAEM) and Gaussian distributed activation energy model (G-DAEM),
hereas the change of enthalpy, entropy and Gibbs free energy were
etermined from the activation energy values obtained from the kinetic
nalysis. The co-pyrolysis of biomass and plastic demonstrated positive
ynergistic effect as compared to pyrolysis of a pure component. From
he thermodynamic aspects, the overall co-pyrolysis process was found
o be endothermic, non-spontaneous and less disorder. Also, the opti-
ization of the co-pyrolysis process via neural network PDSE algorithm
ith subsequent simulated annealing suggests that the optimal reac-

ion conditions were pyrolyzing a tri-combination of LDPE (0.13%) +

DPE (0.77%) + MA (0.11%) with the aid of HZSM-5/LS catalyst at
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Fig. 10. (a) The effects of training loss and validation loss with respect to depth of neural network and number of networks evaluated. Training and validation metrics for the
best neural network of each depth using (b) mean absolute error (c) mean bias error (d) root mean square error (e) R-square value. (f) The predicted reaction conversion against
actual experimental conversion by the overall best neural network (depth=6).
1173.15 K and 82 K/min to yield a 99.6% thermal degradation rate.
Most importantly, an approximate similar degradation rate of ∼97.6%
(average) can be obtained by repeating the TGA experiments using the
predicted optimum conditions, indicating the reliability and accuracy
of the neural network model. For future works, it will be promising
and useful to integrate the neural network approach with kinetic and
thermodynamic parameters obtained in this study to design a pilot scale
co-pyrolyzer for microalgae and plastic wastes (HDPE/LDPE).
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