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A B S T R A C T

Background: Catalytic co-pyrolysis process is an emerging thermochemical pathway to convert multiple wastes, 
such as biomass and municipal solid wastes into value added fuels. The ecology would suffer from mishandling of 
these materials, leading to landfills and microplastic contamination. However, the co-pyrolysis of the surgical 
face mask (SFM) wastes with biomass remains a niche research area.
Methods: The co-pyrolysis performance, kinetics and thermodynamics of oil palm empty fruit bunches (EFB) and 
SFM mixture were evaluated via thermogravimetric analysis (TGA) approach at heating rates from 10 to 100 ◦C. 
min− 1 with weight ratio of 1:1, 4:1 and 1:4. Additionally, the development of the artificial neural network (ANN) 
model to represent the thermal degradation behaviour of the overall catalytic co-pyrolysis process for EFB and 
SFM mixtures.
Significant findings: The highest average pyrolysis performance index, Ir value of 8.11 was found in the reaction at 
50 ◦C.min− 1. The weight change, ΔWTGA showed the thermal degradation behaviour of EFB and SFM co-pyrolysis 
exhibited predominantly inhibitory characteristics, as the experimental values were higher than the theoretical 
values. Moreover, the HZSM-5 catalyst showed great affinity towards the sample matrix, achieving high 
reduction of activation energy and difference in enthalpy of 13.54 % and 14.94 %, respectively.

1. Introduction

The growing demand of the palm oil has made the oil palm sector a 
significant economical aspect for developing countries especially the top 
palm oil producers such as Indonesia, and Malaysia [1]. However, only 
10 % of palm oil is being extracted from the total harvest [2]. The 
by-products, i.e., palm kernel shell, oil palm fronds, pressed fibres and 
empty fruit bunches (EFB) generate an abundant supply of solid wastes 
[3]. These biomasses are used as boiler fuel to produce steam and 
generate energy to the palm oil mill process [2-5]. While all 

carbonaceous feedstock produces carbon dioxide during thermal con-
version, the direct combustion of biomass results in the immediate 
release of greenhouse gases (GHGs) into the atmosphere [1,6]. The 
alternative, pyrolysis, is able to recover and utilise the carbon species 
from the biomass in the products, i.e. syngas, bio-oil, and bio-char. These 
products can be utilised as a renewable energy source, contributing to 
the sustainability of the process [7]. Pyrolysis is an endothermic, inert, 
thermal conversion pathway, that can be applied to a wide variety of 
feedstock. It can be classified into slow, fast, and flash pyrolysis, which 
offers excellent control on the feedstock material and the desired 

* Corresponding author.
E-mail address: bridgidchin@curtin.edu.my (B.L.F. Chin). 

Contents lists available at ScienceDirect

Journal of the Taiwan Institute of Chemical Engineers

journal homepage: www.journals.elsevier.com/journal-of-the-taiwan-institute-of-chemical-engineers

https://doi.org/10.1016/j.jtice.2024.105811
Received 17 April 2024; Received in revised form 24 September 2024; Accepted 21 October 2024  

Journal of the Taiwan Institute of Chemical Engineers 165 (2024) 105811 

Available online 30 October 2024 
1876-1070/© 2024 The Author(s). Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers. This is an open access article under the CC BY 
license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:bridgidchin@curtin.edu.my
www.sciencedirect.com/science/journal/18761070
https://www.journals.elsevier.com/journal-of-the-taiwan-institute-of-chemical-engineers
https://doi.org/10.1016/j.jtice.2024.105811
https://doi.org/10.1016/j.jtice.2024.105811
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtice.2024.105811&domain=pdf
http://creativecommons.org/licenses/by/4.0/


products [8,9].
Following this, recent biomass conversion studies employ the idea of 

co-pyrolysis as a pathway to reduce multiple wastes, such as biomass 
and municipal solid wastes. From the studies, co-pyrolysis has gained 
attraction, as an effective technique to convert these wastes to valuable 
fuels. Current studies of co-pyrolysis of biomass with plastic wastes in 
other studies include review articles [10-14], microscale thermo-kinetic 
studies [15-21], and the synthesis of biofuels using a pyrolyser set up 
[22-27] and their findings summarised in Table 1. The benefits for 
mixing biomass with plastic wastes include the high hydrogen and low 
oxygen content, which balance the features of the biomass which has 
high oxygen content [13]. The high oxygen content of the feedstock 
could result in low calorific and thermally unstable biofuel [24]. 
Furthermore, mixed wastes pyrolysis could also help to lower the acti-
vation energy, E of the pyrolysis process. According to Salvilla et al. 
[17], researchers reported the E of high-density polyethylene plastic 
(HDPE) reduced with the addition of Ipil and Nara biomass samples, 66 
% and 24 %, respectively (at 1:1 feedstock ratio). Similar trend was also 
reported in the pyrolysis of kidney bean stalk with HDPE, where the 
reduction of E was 35 %. Following this, lowering the E would help in 
reducing the operational cost, thus improving the sustainability of the 
pyrolysis process.

Hence, it would be beneficial to apply this conversion technique to 
the plastic waste issue brought upon by the COVID-19 pandemic. These 
COVID-19 related wastes can be divided into two main categories 
namely waste generated from the medical institutions (i.e., medical 
bottle, N95 face masks and syringes), and waste generated from the 
public for social distancing purposes (i.e., surgical medical face masks 
(SFM), and rubber gloves) [29]. This research work aims to focus on the 
latter, as the waste management for these wastes are not under 
controlled as the medical wastes from the medical institutions. Mis-
managing these wastes would be detrimental to the environment, 
causing microplastic pollution, and landfills [30,31]. Several studies 
from literatures began investigating the thermal degradation behaviours 
of SFM as a potential solution to manage these wastes [32-35]. In 
summary, the experiments showed promising pyrolysis characteristics 
of SFM wastes, which include high yield, high volatile matter content, 
and high selectivity to aromatic compounds. However, the co-pyrolysis 
of these SFM wastes with biomass remains a niche research area.

Furthermore, catalysts also play a role in enhancing the co-pyrolysis 
process and product upgrading, this process is known as the catalytic co- 
pyrolysis (CCP). Zeolite based catalyst such as HZSM-5 is one of the most 
common catalysts utilised in the CCP process. HZSM-5 has both the 
Lewis acid sites and Brønsted acid sites, which facilitates the dehydra-
tion, decarbonylation, decarboxylation, dehydrogenation, dealkylation, 
oligomerisation and Diels-Alder reaction, to remove oxygen content 
from the liquid fuels [24]. The CCP of biomass and plastic waste and its 
thermal degradation behavior is not well understood. Its performance 
could potentially minimize the energy requirement for co-pyrolysis, 
enhancing the sustainability of the process.

Besides that, artificial neural network (ANN) is gaining attention as a 
highly effective model prediction tool. It functions similarly to the 
human brain and neurons, i.e. able to process large amounts of data, and 
providing real time predictions. The utilisation of this tool to model fit 
the pyrolysis and co-pyrolysis process has been increasingly gaining 
attention due to its ability to adapt and predict to non-linear relation-
ships [36]. Nawaz and Kumar [37] employed ANN to model fit the py-
rolysis of SFM, obtaining a trained ANN model with the accuracy of 
R-squared, R2 = 0.99998, and mean squared error (MSE) = 2.7 × 10− 4. 
Similarly, Wang et al. [38] applied ANN for the model fitting of tobacco 
straw pyrolysis. The model trained achieved a R2 = 0.99999 and mean 
squared error (MSE) = 7.51 × 10− 3. Moreover, Mohan et al. [39] 
employed ANN for the co-pyrolysis of waste seed, and LDPE. The 
co-pyrolysis behaviour was perfectly adapted in the model with a R2 and 
MSE of 1.00 and 2.21 × 10− 11, respectively. To the best of our knowl-
edge, there is a lack of study on the prediction of the CCP of EFB and SFM 

Table 1 
Summary of co-pyrolysis of biomass and plastic waste research direction.

Ref. Feedstock/ Article type Findings/summary

[10] Review Features the concept of co-pyrolysis of 
biomass and COVID-19 driven plastic 
waste. Summarises the findings of 
reported co-pyrolysis mechanisms. 
Explores the synergistic and 
antagonistic relationships between 
binary feedstocks with TGA data.

[11] Review Discusses the effect of parameters i.e., 
effect of feedstock properties, mixing 
ratio, temperature, and catalyst.

[12] Review Reports literature findings on the effect 
of operating conditions i.e. effect of 
time, temperature, mixing ratio and 
pressure. Delves into the reaction 
mechanisms of co-pyrolysis of biomass 
and plastic wastes.

[13] Review Reviews the co-pyrolysis of different 
types of plastics with biomass, co- 
pyrolysis at microscale and at bench 
scale, co-pyrolysis with different types 
of catalysts, and co-pyrolysis products.

[14] Review Reviews the co-pyrolysis of 
agricultural waste with disposable 
medical face mask. Summarises the 
key advances in this co-pyrolysis 
process and the kinetic studies.

[15] Biomass: Pinewood 
Plastics: black polycarbonate 
(BPC), polyethylene terephthalate 
(PETE), and polypropylene (PP)

The study applied DAEM to study the 
thermo-kinetics for the co-pyrolysis of 
several recycled plastic waste with 
pinewood. Highest degree of synergy 
was observed with 
BPC plastic content of 50 % in 
pinewood, at 75 % for PETE in 
pinewood, and at 25 % for PP in 
pinewood. This shows that different 
plastic types would have different 
degrees of synergies with biomass with 
at different mixing ratios.

[16] Biomass: kidney beans stalk 
Plastic: high density 
polyethylene (HDPE)

The kinetics was determined with 
Coats-Redfern method and Doyle’s 
method. Introduces the synergistic 
effect calculation (ΔW) using the 
difference in experimental and 
theoretical DTG data. An ANN model 
was developed utilising the mass loss 
data from TGA and showed excellent 
performance (R2 = 0.9999) in the 
prediction of the thermochemical 
behaviour of the feedstock samples.

[17] Biomass: Corn stover, narra, and 
ipil 
Plastic: PP, low-density 
polyethylene (LDPE), and HDPE

Synergistic analysis quantified with 
the difference of mass loss rate from 
the TGA with theoretical values.

[25] Biomass: Sawdust 
Plastic: Polystyrene (PS)

Co-pyrolysis of sawdust and 
polystyrene found highest synergy at 
25 % PS content, which enhances the 
bio-oil yield from 31 % to 62 %.

[26] Plastic: Mixed medical wastes Pyrolysis of mixed medical wastes in a 
fixed bed reactor. The highest product 
distribution was at 500 ◦C with 57.1 % 
pyrolysis oil yield. Gas and char yield 
were 26.5–37.3 % and 24.2–12.4 %, 
respectively. Aromatics and cyclic 
hydrocarbons were the major 
compositions for the pyrolysis oil.

[28] Biomass: Rapeseed stalk 
Plastic: Polyethylene 
terephthalate (PET), PP, and 
polyvinyl chloride (PVC)

Co-pyrolysis of biomass with plastics 
containing different elemental 
compositions, i.e. oxygen-rich PET, 
hydrogen-rich PP, and chlorine rich 
PVC. RS-PP co-pyrolysis obtained the 
highest hydrocarbon yield of 98.73 %. 
PP acts as a hydrogen donor for the 
cracking of aromatic structure of RS, 
which enhanced hydrocarbon 
conversion.
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with HZSM-5 over the ANN model.
The determination of kinetic and thermodynamic parameters for the 

co-pyrolysis of biomass-plastic waste is imperative to designing an en-
ergy efficient and sustainable process. Thermogravimetric analysis 
(TGA) is a powerful tool to elucidate the kinetic mechanisms of ther-
mochemical conversion of biomass and plastic wastes. The kinetic pa-
rameters were processed through model-free methods or 
isoconversional kinetic models i.e. Kissinger-Akihara-Sunose (KAS), and 
Flynn-Wall-Ozawa (FWO). These models assume solid-state samples 
follows a single-step volatilisation mechanism [40], and allows the 
determination of activation energy via a function of the extent of con-
version with no prerequisite requirement of the decomposition reaction 
mechanism [41]. However, as the process becomes much complex with 
the addition of a secondary feedstock. Iso-conversional models becomes 
inadequate to explain the complex reaction kinetics. Therefore, the 
DAEM was chosen as the kinetic model in this study. The model assumed 
the co-pyrolysis process occurs through several parallel reactions [42]. It 
is a suitable model to represent the physical and heterogeneity of the 
co-pyrolysis process [43]. The multi-reaction model also can be well 
adapted in a broad range of heating rates and pyrolysis temperature 
[42]. Moreover, DAEM has been adapted to study the mechanisms of 
co-pyrolysis, and CCP processes [15,44,45].

Although there are various studies reported on the co-pyrolysis of 
biomass and plastic wastes, there are no data available to determine the 
co-pyrolysis reaction kinetics of EFB and SFM. Most of the co-pyrolysis 
of biomass with plastics in literature employs pure plastics as the feed-
stock. However, to address the underlying surge of plastic wastes, which 
are usually found as composites of different types of plastics, this paper 
had selected SFM (composed of polyolefin plastics i.e. PP and PE) as the 
co-feedstock for the co-pyrolysis reaction. Hence, this paper aims to 
determine the thermo-kinetic parameters for the catalytic co-pyrolysis 
of EFB and SFM and its mixtures through DAEM on the TGA data con-
ducted. Thus, determining the configuration with the lowest E. 
Following this, to explore the synergistic interactions between EFB and 
SFM, and the influence of a catalyst (HZSM-5). The synergistic studies 
performed can reveal the significance of the interaction between EFB 
and SFM pyrolysis intermediates, which can imply reduction in the 
thermal requirements of the catalytic co-pyrolysis reaction system. 
Moreover, the development of the ANN model to represent the thermal 
degradation behaviour of the overall catalytic co-pyrolysis process for 
EFB and SFM.

2. Methods

2.1. Sample acquisition, preparation, and characterisation

The oil palm biomass, EFB was provided by Sarawak Oil Palms 
Berhad (SOPB) and was dried in a convection oven for 24 h with the 
temperature setting of 105 ◦C, to remove the moisture content. The dried 
EFB were grounded and sieved to <500 μm. The SFM were acquired 
from the brand Pomerol, the metal strip and cotton straps were removed. 
The filter layers of the SFM were cut and sieved to <500 μm. The 
feedstock samples were characterised via proximate analysis (TGA/DSC 
3+, Mettler Toledo, ASTM D7582–12) and ultimate analysis (Vario 
MICRO, Elementar, ASTM D3176–09), to determine the macro-contents 
and elemental contents of the samples. The HZSM-5 catalyst was ac-
quired from the manufacturing brand, Alfa Aesar. added in-situ with a 10 
wt.% of the total weight of the EFB-SFM mixture (1:1, 1:4, 4:1). The 
selection of the weight ratios were studied by Ruiz-Montoya et al. [46] 
for biomass-HDPE co-pyrolysis, which showed significant E reduction 
compared to their mono-feedstock counterparts. Besides that, Anh Vo 
et al. [47] also utilised only 20 wt.% PP in the study of 
bamboo-polystyrene co-pyrolysis process to emphasise the role of 
biomass. Hence, to emphasise the role of EFB and SFM, the feedstock 
weight ratio of 1:4 and 4:1 for EFB:SFM was selected. Furthermore, the 
equal parts (1:1) feedstock weight ratio was employed in several studies 

on co-pyrolysis [39,48-52].

2.2. Thermogravimetric analyser (TGA) experiments

All the thermal degradation experiments were performed on the 
Seiko EXSTAR TG/DTA 6300 thermogravimetric analyser (TGA) with 
heating rate settings of 10, 20, 50 or 100 ◦C.min− 1. The broad range of 
heating rates are selected to represent the heating conditions of the slow 
to fast pyrolysis process as conducted in these studies [53,54]. Firstly, 
purging of the TGA were performed by flowing the inert nitrogen gas 
(N2, 5 N purity) at a constant flowrate of 100 mL.min− 1 for 5 min at 
room temperature, to ensure an inert environment in the pyrolysis 
process. Next, the samples loaded onto a platinum crucible was heated 
non-isothermally from temperature 50 ◦C to 900 ◦C. The limitation of 
the study can arise from a few factors such as, heterogeneity of the 
sample (obvious in case of co-pyrolysis), instrument calibration, and 
vibrations in the platform. Hence, the first 20 % of the TGA, and data 
with linearity, R2 < 0.8 are not considered in the computation of 
thermo-kinetic parameters.

2.3. Synergistic effect study between EFB-SFM mixture co-pyrolysis

For co-pyrolysis technique, it is important to investigate any syner-
gistic effect between the biomass-plastic matrix. Hence, in the TGA 
blend ratio experiments, the difference in weight with respect to tem-
perature (ΔWTGA), and weight loss rate (ΔWDTG) between the experi-
mental and theoretical results are computed to evaluate if the EFB and 
SFM mixture exhibit inhibitory or synergistic relationship [17,55]. The 
equations below depict the theoretical values (denoted with Th 
subscript) from TGA Eq. (1) and DTG Eq. (2), and the differences of these 
values with respect to experimental (denoted with Exp subscript) TGA 
Eq. (3) and DTG Eq. (4) are represented as follows: 

WTGA,Th = xEFBTGAEFB + xSFMTGASFM (1) 

WDTG,Th = xEFBDTGEFB + xSFMDTGSFM (2) 

ΔWTGA = WTGA,Exp − WTGA,Th (3) 

ΔWDTG = WDTG,Exp − WDTG,Th (4) 

2.4. Pyrolysis performance index, Ir

The pyrolysis performance index is introduced by [56] as a method 
to evaluate the feedstock reactivity based on the expression as Eq. (5): 

Ir =

(
dα
dt

)

max
⋅αΔT

Tp⋅Ti⋅Tf
(5) 

where 
(

dα
dt

)

max 
is the maximum degradation rate, αΔT is the degree of 

conversion of the degradation peak, Tp is the temperature at the peak ( 
◦C), Ti is the initiation temperature of the degradation peak ( ◦C), and Tf 
is the offset temperature of the degradation peak ( ◦C). The index relies 
on the feedstock conversion, feedstock energy content, pyrolysis time, 
and energy consumption. For an effective pyrolysis process, the goal is to 
maximize Ir by increasing feedstock conversion and reducing pyrolysis 
time. The numerator parameters, such as fractional feedstock conver-
sion and heating value of feedstock, should be high, while pyrolysis time 
and energy consumption should be low. Utilising this index allows us to 
evaluate the suitability of feedstock for pyrolysis and enhance the pro-
cess to decrease energy consumption [57].

2.5. Model fitting with artificial neural network (ANN)

An ANN model was trained in this work with heating rate and tem-
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perature as the inputs, and weight loss (wt.%) as the output variable. 
The purpose of developing an ANN model is to predict and represent the 
thermal degradation behaviour catalytic co-pyrolysis process of EFB and 
SFM. The model was constructed in the MATLAB R2022b software with 
the neural network toolbox installed. The feedforward algorithm was 
selected as the supervised training algorithm. A total of 1730 dataset 
was divided randomly into training (70 %), testing (15 %), and valida-
tion (15 %), further details are summarised in Table 2 to develop the 
prediction model. The mean square error (MSE) in Eq. (6) was computed 
to evaluate its training progress at each epoch until the minimal MSE 
value has been achieved or the maximum epoch has reached. Besides 
that, the coefficient of determination (R2) in Eq. (7) was further 
employed to evaluate the regression of the ANN model created. 

MSE =
1
N

∑N

i=1

(
yi − yi, model

)2
(6) 

R2 = 1 −

∑N
i=1

(
yi − yi, model

)2

∑N
i=1(yi − yi)

2 (7) 

where N is the number of data, yi is the target value, yi,model is the 
network output, and yi is the mean of the target values. Besides that, the 
CCP of EFB and SFM mixture at 1:1 ratio and 30 ◦C min− 1 heating rate 
were conducted. Its TGA results are compared with the prediction re-
sults from the trained ANN model to validate its accuracy in predicting a 
foreign parameter i.e., 30 ◦C.min− 1 heating rate.

2.6. Kinetic model and parameters

The pyrolysis reaction is defined as the thermal degradation of a 
material with an absence of oxygen. To perform kinetic analysis, TGA 
data obtained can be processed via a suitable kinetic model. In this 
study, the multi-reaction model, DAEM is selected to compute the ki-
netic parameters for the co-pyrolysis of EFB and SFM. The DAEM as-
sumes multiple first order reaction occurring simultaneously, each 
having its own E, and pre-exponential factor, A [42,58]. The generalised 
equation for DAEM can be described as Eq. (8) [45]. Where V, V*, t, R, 
and T, are the volatiles mass fraction at any given time or temperature, 
the total volatile mass fraction, time (s), the universal gas constant 
(8.314 J.mol− 1.K− 1), and temperature (K) respectively. Furthermore, 
the V/V* can be represented as the degree of conversion, α by following 
Eq. (9), where mf represents residual weight of the feedstock sample, mi 
is the initial weight of the feedstock sample, and mt is the mass at any 
given time and temperature. In addition, the model assumes the E fol-
lows a distribution function, f(E) [42]. Most studies employ the Gaussian 
distribution function as a solution for f(E), which are given as Eq. (10)
[59]. However, there are other existing methods that are available, i.e., 
Weibull [60], and logistic distribution [61]. 

1 −
V
V∗

=

∫∞

0

exp

⎛

⎝ − A
∫t

0

exp
(

−
E

RT

)

dt

⎞

⎠f(E)dE (8) 

V
V∗

= α =
mf − mt

mf − mi
(9) 

f(E) =
1

σ
̅̅̅̅̅̅
2π

√ exp
[

−
(E − Eo)

2

2σ2

]

(10) 

where Eo, represents the initial guess activation energy and σ represents 
the standard deviation. While the inner integral dt can be represented as 
φ(t), and given that T = T0 + βt, the integral can be rewritten in terms of 
temperature, T (K), or φ(E, T), as shown in Eq. (11). 

φ(t) = exp

⎛

⎝ − A
∫t

0

exp
(

−
E

RT

)

dt

⎞

⎠ ≅ exp

⎛

⎝ −
A
β

∫T

0

exp
(

−
E

RT

)

dT

⎞

⎠

(11) 

where the β represents the heating rates. Following this, Miura and Maki 
[62] introduced a simplified method of approximating the integral φ(E, 
T) Eq. (12), and substituting the correlation φ(E, T) = 1 − V/V* = 0.58, 
forms Eq. (13). 

φ(E,T) = exp

⎛

⎝ −
A
β

∫T

0

exp
(

−
E

RT

)

dT

⎞

⎠ ≅ exp
[
ART2

βE
exp

(

−
E

RT

)]

(12) 

1 −
V
V∗

= exp
[
ART2

βE
exp

(

−
E

RT

)]

(13) 

Next, taking natural logarithm on both sides, and rearrange to form 
Eqs. (14) and (15). The value of 0.58 to the term (1 − V/V*) and rear-
range, forms a linear representation of the DAEM in Eq. (16). 

ln
(

1 −
V
V∗

)

= ln
{

exp
[
ART2

βE
exp

(

−
E

RT

)]}

(14) 

ln
(

β
T2

)

= ln
(

AR
E

)

− ln
[

− ln
(

1 −
V
V∗

)]

−
E

RT
(15) 

ln
(

β
T2

)

= ln
(

AR
E

)

+ 0.675 −
E
R

⋅
1
T

(16) 

With the linear expression, Arrhenius plots for each sample and 
mixtures could be obtained by plotting the ln(β/T2) to (1/T), with 
varying points of conversion. The E and A is obtained from the slope, ( −
E/R) and the intercept, ln(AR/E) + 0.675 of the linear fitting line.

2.7. Thermodynamic parameters and analysis

The kinetic model selected for this project is the DAEM as shown in 
Eq. (8), and the procedure of the kinetic analysis was adopted but not 
limited to the study from Ng et al. [45], to compute the E and A values 
necessary for thermodynamic analysis. The thermodynamic parameters, 
change in enthalpy (ΔH), change in Gibbs free energy (ΔG), and change 
in entropy (ΔS) were computed via Eqs. (17)-(19), respectively. 

ΔH = E − R⋅T (17) 

ΔG = E + R⋅Tm⋅ln
(

kB⋅Tm

h⋅A

)

(18) 

ΔS =
ΔH − ΔG

Tm
(19) 

where Tm, kB and h refers to the mass loss temperature (K), Boltszman 
constant (1.38 × 10− 23 J.K− 1), and the Planck’s constant (6.626 × 10− 34 

J.s), respectively.

Table 2 
ANN model construction configurations.

Constrains Configurations

Network architecture 2 × 10 × 1
Input data • Temperature 

• Heating rate
Output data Weight %
Training algorithm Levenberg-Marquardt
Data division method dividerand
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3. Results and discussion

3.1. Feedstock characterisation: proximate and ultimate analysis

Table 3 shows the results for ultimate, and proximate analyses of the 
feedstock samples EFB and SFM. The results are coherent with the 
findings in literature [63-65]. The moisture content in EFB is determined 
at 8.8 wt.%. Conversely, SFM do not retain any moisture in atmospheric 
conditions. Moisture content in the feedstock is undesirable as it would 

increase the water content of the pyrolytic oil, leading to a decrease in 
fuel properties [66]. Hence, drying as a pre-treatment process would 
increase the operational cost of the upscaled pyrolysis process [7]. 
Following this, the volatile content of EFB and SFM are 72.08 and 97.21 
wt.%, respectively. The volatile content could indicate the capacity of 
fuel readily able to be converted into pyrolytic oil or gas [67]. 
Furthermore, the fixed carbon and ash content for EFB is 15.90 wt.%, 
and 3.22 wt.%, respectively. The high fixed carbon and ash content of 
EFB is undesirable, as it could contribute to the char yield. However, 
SFM have a significantly lower fixed carbon and ash content of 2.56 and 
0.23 wt.%.

Additionally, the results from the ultimate analysis showed high 
oxygen content of EFB, 49.88 wt.%; while SFM do not contain any ox-
ygen content. The high oxygen content in the pyrolytic oil causes ther-
mal instability, which results in a low-quality oil, i.e. having low 
calorific value, high viscosity, a short shelf life and is corrosive [68]. In 
contrast, SFM have a higher carbon (84.63 wt.%) and hydrogen content 
(15.18 wt.%), than EFB (44.82 wt.% and 5.23 wt.%, respectively). The 
high hydrogen content of SFM could function as a hydrogen pool, 
donating its hydrogen to stabilise the radical biomass intermediates in 
the co-pyrolysis process [69].

Table 3 
Ultimate and proximate analysis of EFB and SFM.

Sample EFB SFM

Proximate analysis
Moisture, wt.% 8.80 0.00
Ash, wt.% 3.22 0.23
Volatile matter, wt.% 72.08 97.21
Fixed carbon, wt.% 15.90 2.56
Ultimate analysis
Carbon (C), wt.% 44.82 84.63
Hydrogen (H), wt.% 5.23 15.18
Oxygen (O), wt.% 49.88 0.00
Nitrogen (N), wt.% 0.07 0.00
Sulphur (S), wt.% – 0.19

Fig. 1. (a) TGA and (b) DTG curves for EFB, SFM and its mixtures.

Fig. 2. (a) TGA and (b) DTG curves on the effect of heating rate for EFB:SFM 
(weight ratio of 1:1).
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3.2. Thermogravimetric analysis (TGA) and pyrolytic behaviour

3.2.1. TGA of EFB and SFM, and its mixtures (1:1)
Fig. 1 shows the thermogravimetric (TG) curve and derivative ther-

mogravimetric (DTG) curves of pure EFB, pure SFM, and the binary 
mixture of EFB and SFM in weight ratio of 1:1 at a heating rate of 10 ◦C. 
min− 1. For the case of thermal degradation of pure EFB, the thermal 
decomposition starts with moisture removal stage from 64 ◦C to 172 ◦C, 
followed by the main thermal decomposition stages. The reaction 
thermal decomposition can be divided into two stages for EFB, which 
consist of (i) the depolymerization of cellulose and hemicellulose at the 
temperature range from 226 ◦C to 351 ◦C, and (ii) devolatilization of 
lignin at the temperature range from 397 ◦C to 425 ◦C. Lignin has a much 
complex structure than cellulose and hemicellulose, hence, in most TGA 
studies on biomass feedstock, lignin is often identified as the second 
peak [70]. At the end of the TGA, the EFB sample achieved a conversion 
of 90.89 wt.%.

In contrast, the devolatilization process of SFM showed one degra-
dation peak, at the temperature range between 241 ◦C and 385 ◦C. 
Unlike EFB, no significant weight loss was observed below this range 
due to the absence of moisture content in the SFM sample. The SFM 
samples achieved complete conversion at the temperature of 385 ◦C. In 
comparison to the TGA studies on pure plastic waste feedstocks, the 

degradation temperature range of LDPE (420 ◦C - 520 ◦C) and PP (420 ◦C 
- 500 ◦C) are much higher than the SFM in this current study, albeit the 
experiment was conducted at a higher heating rate of 20 ◦C min− 1 [17]. 
However, a similar study conducted on the TGA of SFM, reported that at 
the temperature range of 300 ◦C to 500 ◦C, SFM obtained a conversion 
rate of 97.4 wt.%, which is in better agreement to the current study [71].

Furthermore, for the sample mixture of EFB and SFM (weight ratio of 
1:1), the TG curve followed a similar degradation trend as the pure EFB 
sample, where two distinct peaks were observed. In contrast, the DTG 
curve showed a broader temperature range at the initial degradation 
stage of 227 ◦C to 366 ◦C, where it is identified that the degradation of 
the hemicellulose and cellulose from the EFB and SFM component 
overlapped with each other. The second peak is comparable to that of 
the second degradation peak of EFB. Additionally, as the SFM compo-
nent decomposes between the decomposition of cellulose-hemicellulose 
matrix and lignin, it is possible to overlap with the degradation of lignin 
as well. Hence this mechanism allows the pyrolysates from the two 
feedstocks to interact with each other. In similar studies, i.e. the co- 
pyrolysis of oil palm trunk and PP, three main peaks were observed, 
where the first peak corresponds to the hemicellulose and cellulose 
decomposition at 187 ◦C to 387 ◦C, which agrees in this current study. 
Following this, a sharp peak observed in the range from 387 ◦C to 507 ◦C 
which is attributed to the decomposition of the PP material overlapping 

Fig. 3. (a) TGA and (b) DTG curves of EFB-SFM co-pyrolysis blending ratios. Fig. 4. Synergistic effect of EFB:SFM in terms of (a) ΔWTGA and (b) ΔWDTG.
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the holocellulose composition. At the end temperature arrange of 800 ◦C 
to 900 ◦C, there was a minor peak, which accounts to the degradation of 
lignin from the biomass [52].

3.2.2. Effect of heating rate on the co-pyrolysis of EFB and SFM
Another observation from the results, is where at greater heating 

rates the peak temperature is shifted to the right-hand side of the TGA 
and DTG curves, taking the example of the TGA and DTG curves of the 
mixed waste thermal decomposition as shown in Fig. 2. This phenom-
enon is widely referred as thermal lag. As heating rate of the pyrolytic 
condition increases, the heat transfer to the inner core of the sample 
particles is limited by the poor thermal conductivity characteristics of 

Fig. 5. Pyrolysis performance index trends across different samples and conditions.

Table 4 
Thermal degradation of sample mixtures at different heating rates ranging from 10 to 100 ◦C.min− 1.

Sample Heating 
rate, 
◦C.min− 1

Degradation temperature, ◦C Residual 
weight, wt.%

Peak 
degradation 
rate, 
wt.% min− 1

Peak 
degradation 
rate, 
wt.% min− 1

Ir ( ×
10− 5)

Ir ( ×
10− 5)

Average Ir ( ×
10− 5)

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2

Ti Tp Tf Ti Tp Tf

EFB 10 226 274 351 397 410 425 9.112 6.294 20.367 2.62 2.68 2.65
20 230 300 358 386 414 454 12.842 15.285 26.877 5.39 3.23 4.31
50 245 345 400 415 430 570 12.251 52.536 33.845 1.36 2.92 2.14
100 350 400 450 460 470 700 10.420 89.575 33.249 1.27 1.97 1.62

SFM 10 241 317 385 – – – 0.000 10.022 – 3.60  3.60
20 262 394 396 – – – 0.000 24.147 – 5.91  5.91
50 310 445 475 – – – 0.661 83.819 – 12.71  12.71
100 380 520 540 – – – 0.947 172.508 – 16.01  16.01

EFB:SFM 
(1:4)

10 194 310 365 377 464 515 2.820 1.139 24.698 0.50 2.66 1.58
20 251 312 352 401 473 517 9.380 0.866 20.113 0.28 4.53 2.41
50 258 328 278 438 495 528 7.672 1.053 20.761 0.41 5.14 2.78
100 287 347 377 407 501 557 6.36 1.083 18.217 0.27 3.38 1.83

EFB:SFM 
(1:1)

10 227 264 366 400 412 421 9.347 6.538 18.891 2.70 2.47 2.59
20 230 306 386 400 422 448 8.059 11.513 26.992 3.90 3.28 3.59
50 255 350 400 400 400 450 9.040 28.925 51.715 7.37 6.53 6.95
100 310 410 440 450 460 600 7.304 60.258 65.351 9.99 4.88 7.44

EFB:SFM 
(4:1)

10 190 309 360 416 469 506 17.920 3.905 6.264 1.52 0.52 1.02
20 200 315 400 448 479 573 17.520 4.064 6.491 1.33 1.10 1.22
50 208 331 400 420 493 620 23.979 4.248 5.816 1.17 1.00 1.09
100 218 342 430 440 501 605 25.068 4.211 5.109 0.98 0.76 0.87

EFB:SFM: 
HZSM-5 
(1:1:10 wt)

10 228 288 335 403 414 424 16.641 5.284 19.453 2.24 2.57 2.41
20 236 320 388 408 426 444 17.410 12.047 24.873 3.81 2.98 3.40
50 255 345 350 355 380 450 19.125 28.784 51.548 8.50 7.71 8.11
100 340 420 450 455 460 510 17.410 53.657 61.154 7.73 5.30 6.52
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the biomass and plastic waste sample [15,45]. At a heating rate of 10 ◦C. 
min− 1, the thermal degradation of the holocellulose component reaches 
its first peak temperature at 264 ◦C, whereas at a heating rate of 100 ◦C. 
min− 1, the initial peak temperature rises to 410 ◦C. According to 
Embaye et al. [72], although with elevated heating rates lead to pro-
longed decomposition attributed by the poor heat transfer, it enhances 
the degradation rate profiles, which indicates a much rapid decompo-
sition of the feedstock components. In this study, the weight loss rate of 
the two peaks increases along with heating rate, from 6.538 wt.% min− 1 

and 18.891 wt.%.min− 1 at 10 ◦C min− 1 heating rate, to 60.258 wt.%. 
min− 1 and 65.351 wt.% min− 1 at 100 ◦C.min− 1, this trend also aligns 
well with other studies [45,73]. At higher heating rates i.e. fast pyrolysis 
setting, leads to reduced secondary reactions, with more rapid 

decomposition of fuel components and reduced char products [72]. 
Based on Table 3, shows the TGA further details the effect of heating 
rates on the EFB and SFM co-pyrolysis configurations. Throughout the 
heating rates from 10 to 100 ◦C.min− 1, all results suggest that as heating 
rate increases, the weight loss rate increases, hence improving the py-
rolysis performance index, which will be further detailed in Section 
3.2.4.

3.2.3. Effect of different blending ratio on the co-pyrolysis of EFB and SFM
Fig. 3 depicts the TG and DTG curves for the co-pyrolysis of EFB and 

SFM at different mixture ratios, 1:4, 1:1, and 4:1. From the TGA graphs, 
all mixture ratios result in two main reaction decomposition stages, but 
in different magnitude in terms of degradation rate. For the case of 

Fig. 6. (a) Regression of the training, validation, and test phase of the ANN model. (b) Minimum MSE obtained at 244th epoch. (c) The normal distribution of the 
zero error values of the ANN model. (d) ANN model prediction value and the experimental data at CCP of EFB and SFM at 30 ◦C.min− 1.
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higher composition of SFM (EFB to SFM ratio of 1:4), the first peak (190 
◦C – 366 ◦C), which corresponds to the degradation of SFM, cellulose, 
and hemicellulose is the lowest, with a degradation rate of 1.14 wt.%. 
min− 1. Interestingly, the 1:1 wt ratio showed highest degradation rate 
activity in the first peak, followed by the blending ratio of EFB to SFM of 
4:1 (3.91 wt.%.min− 1). In contrast, the following peak (377 ◦C to 515ׄ 
◦C), the degradation rate increases as SFM composition increases, which 
peaked at the mixture ratio of EFB to SFM of 1:4, with a degradation rate 
of 24.70 wt.%.min− 1.

In addition, to determine if the EFB and SFM samples exhibit any 
synergistic or inhibitory relationship, the TG and DTG difference be-
tween experimental and theoretical, ΔWTGA and ΔWDTG was calculated 
across the heating temperature of 50 to 800 ◦C. Among the mixture ratio 
TGA experiments conducted, Fig. 4(a) shows that only at mixture ratio 
of EFB to SFM 1:1, positive synergy at the temperature range of 180 ◦C to 
320 ◦C was observed. This temperature range coincide with the degra-
dation of SFM, hemicellulose, and cellulose, with a maximum difference 
of 10.15 wt.% at 280 ◦C. Hence, the synergy at SFM:EFB 1:1 showed that 
there was sufficient amount of hydrogen donating plastic constituents, 
to react and stabilises biomass radicals, thus contributes to a greater 
degradation rate [74]. However, it is followed by a negative dip at 320 
◦C. The thermal degradation behaviour of the co-pyrolysis of EFB and 
SFM is predominantly inhibitory, where experimental values are higher 
than the theoretical values. The negative synergistic effect could be 
explained by the heterogenous mixture of the EFB and SFM mixtures 

causing a local heat transfer limitation in the matrix [75], which was 
also reported in the study of agricultural biomass and polyolefin plastic 
co-pyrolysis [17]. In a different perspective, the mass loss rate difference 
in Fig. 4(b) depicts the ΔWDTG across the different blends of EFB and 
SFM mixture. The positive values of the ΔWDTG indicates a synergistic 
relationship. Conversely, this would be an inhibitory relationship. From 
the results, temperature range before 418 ◦C showed negligible or 
negative values (237 ◦C – 396 ◦C) for ΔWDTG. However, the ΔWDTG 
shifted to a positive value in the range of 418 ◦C to 500 ◦C. This 
observation agrees with [17], where the co-pyrolysis of HDPE with 
biomass blends showed a positive synergy in the range of 450 ◦C to 520 
◦C. According to Salvilla et al. [17], this inhibitory relationship followed 
by a promotional effects’ phenomenon can be attributed to the volatiles 
being trapped in the melt phase of the plastic component. This inhibits 
the mass loss rate at the lower temperature showing an inhibitory effect. 
As the temperature elevated, the release of these trapped volatiles 
contributed to the increase in mass loss rate.

3.2.4. Pyrolysis performance study
Moreover, the pyrolysis performance index, Ir was calculated to 

evaluate the pyrolytic behaviour of the feedstock samples. Firstly, the 
initial temperature of the degradation peak, Ti, the final temperature of 
the degradation peak, Tf, the degradation peak temperature, Tp, the 
maximum weight loss rate, and the residual weight of all the sample 
mixtures with varying heating rate were identified and summarized in 

Table 5 
Kinetic analysis from various samples involved using DAEM.

Sample α R2 Fitted equation E (kJ mol− 1) A (min− 1)

    Individual Average Individual Average
EFB 0.2 0.9879 y = − 5552.9 x + 0.2103 46.17 79.75 3.73 × 103 1.52 × 108

 0.3 0.9744 y = − 6188.6 x + 0.9665 51.45  8.86 × 103 
 0.4 0.9629 y = − 7192.1 x + 2.3014 59.79  3.91 × 104 
 0.5 0.8421 y = − 10,696 x + 6.4304 88.93  3.61 × 106 
 0.6 0.9505 y = − 15,092 x + 11.594 125.47  8.92 × 108 
 0.7 0.8293 y = − 12,833 x + 7.6261 106.69  1.43 × 107 
 0.8 0.4518 y = − 11,281 x + 7.6863 93.79  1.34 × 107 
SFM 0.2 0.9892 y = − 3212.2 x - 4.2683 26.71 32.22 1.24 1.18 × 102

 0.3 0.9951 y = − 3591.8 x - 3.8571 29.86  41.3 
 0.4 0.9933 y = − 3670.2 x - 3.904 30.51  40.3 
 0.5 0.9952 y = − 3962.2 x - 3.5736 32.94  60.5 
 0.6 0.9962 y = − 4219.5 x - 3.2938 35.08  85.3 
 0.7 0.9965 y = − 4548.2 x - 2.9208 37.81  251.0 
 0.8 0.9934 y = − 4874.5 x - 2.5443 40.53  209.0 
 0.9 0.9910 y = − 5259.5 x - 2.106 43.73  349.0 
EFB:SFM (1:4 wt.%) 0.2 0.9957 y = − 5424.6 x - 1.6157 45.10 59.51 1.49 × 104 3.56 × 104

 0.3 0.9608 y = − 5965.9 x - 1.1675 51.69  1.09 × 104 
 0.4 0.9886 y = − 6217.4x - 1.1009 49.59  9.77 × 103 
 0.5 0.9943 y = − 7203 x + 0.0524 59.89  4.13 × 103 
 0.6 0.9859 y = − 8137 x + 1.1374 67.65  1.38 × 104 
 0.7 0.9638 y = − 10,001 x + 3.3809 83.15  1.60 × 105 
 0.8 0.9713 y = − 10,543 x + 4.0095 87.65  3.17 × 105 
EFB:SFM (1:1 wt.%) 0.2 0.9945 y = − 5082 x - 0.7036 42.25 62.71 1.37 × 103 1.45 × 107

 0.3 0.9937 y = − 5337.5 x - 0.6124 44.38  1.58 × 103 
 0.4 0.9932 y = − 5888.3 x - 0.0339 48.95  3.10 × 103 
 0.5 0.9903 y = − 6192.6 x + 0.0569 51.49  3.57 × 103 
 0.6 0.856 y = − 9063.7 x + 3.6007 75.36  1.81 × 105 
 0.7 0.9733 y = − 13,692 x + 9.3587 113.84  8.65 × 107 
 0.8 0.6830 y = − 12,990 x + 6.6923 108.00  5.70 × 107 
EFB:SFM (4:1 wt.%) 0.2 0.9803 y = − 7615.4 x + 4.5634 63.31 63.92 3.98 × 105 1.12 × 105

 0.3 0.9675 y = − 7158.2 x + 2.8293 43.52  4.83 × 104 
 0.4 0.9929 y = − 5235.2 x - 1.1316 59.51  1.21 × 104 
 0.5 0.9866 y = − 7406 x + 1.2485 61.57  1.41 × 104 
 0.6 0.9753 y = − 9854.4 x + 3.5634 81.93  1.89 × 105 
 0.7 0.5461 y = − 8858.6x + 0.9937 73.65  1.30 × 104 
EFB:SFM: 

HZSM-5 
(1:1:10 wt.%)

0.2 0.9763 y = − 4710.6 x - 1.3702 39.16 56.74 6.52 × 102 2.49 × 105

0.3 0.9733 y = − 4959.8 x - 1.2761 41.24  7.54 × 102 
0.4 0.9671 y = − 5261.7 x - 1.1039 43.75  9.50 × 102 
0.5 0.8147 y = − 6481.6 x + 0.3585 53.89  5.05 × 103 
0.6 0.3896 y = − 8344.2 x + 2.164 69.37  3.95 × 104 
0.7 0.9237 y = − 11,191 x + 5.2268 93.04  1.14 × 106 
0.8 0.6963 y = − 12,233 x + 4.4367 101.71  5.63 × 106 
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Fig. 5, Table 4. The EFB showed comparable results as heating rate 
increased, indicating that the reaction is independent of heating rate. 
This may be attributed by the high lignin content in EFB, which the end 
products are the biochar, lowering the conversion rate [76]. In the case 
of co-pyrolysis system, the addition of the SFM enhanced the overall Ir of 
EFB at all heating rates experiment. The reaction time is shortened, and 
the maximum degradation rates have increased, thus improving the 
pyrolysis reaction. With the addition of a catalyst, the results were 
comparable results, with the best recorded Ir value of 8.11 obtained from 
HZSM-5 catalyst at heating rate of 50 ◦C.min− 1.

3.3. Model fitting with artificial neural network (ANN)

An ANN model was constructed to model-fit the CCP of EFB and SFM 
behaviour. The ANN model was built with the reaction temperature (50 
◦C to 800 ◦C) and heating rates (10, 20, 50, and 100 ◦C.min− 1) as the 
input variables and the corresponding weight ratio as the output vari-
able. Fig. 6(a) and (b) shows the performance of the trained ANN model. 
The regression (R2) and the mean square error (MSE) obtained from the 
training, was 0.9939, and 1.534 × 10− 4 (at the 244th epoch), respec-
tively. Besides that, Fig. 6(c) also shows the error histogram is normally 
distributed throughout the zero error, between the values − 0.045 and 
0.044. Hence, this performance demonstrates that the differences be-
tween the target and output values are not significant, indicating a well- 
trained network. Fig. 6(d) showed a sample prediction for the CCP of 
EFB and SFM at 30 ◦C min− 1 heating rate, where the experimental data 
were not included in the training of the ANN model. The results showed 
some discrepancy. However, it was able to predict the general thermal 
degradation pattern and was able to predict the residual weight accu-
rately. The performance for the prediction against the experimental 
result was R2 of 0.9295 and a MSE of 9.34 × 10− 3.

3.4. Thermo-kinetic analysis

3.4.1. Kinetic analysis using DAEM method
The TGA experimental data showed good linear fit for all the single 

feedstock and binary feedstock blends, in the Supplementary mate-
rials, with regression coefficients (R2), greater than 0.8 for all conver-
sion range of 0.1–0.8. However, at α = 0.1, this region often refers to the 

dewatering process in the biomass composition, where it causes dis-
crepancies in the results. Hence the low R2 values. Besides that, at α =
0.8, where this region corresponds to the degradation of the recalcitrant 
lignin component, would also reduce the accuracy of the model. 
Therefore, in this study, the DAEM for EFB and its mixtures will only 
cover the conversion range of α = 0.2 to 0.7, for the computation of 
kinetic parameters, while pure SFM is conducted in its full conversion 
range. By taking the average E and A of each stepwise conversion of α =
0.1. the average values of E and A for the single feedstock EFB were 
determined at 79.75 kJ.mol− 1 and 1.52 × 108 min− 1, respectively 
(Table 5). The results are in agreement with the study conducted by 
Sidek et al. [77], where the E and A parameters determined via Criado 
method of the 3rd order, was 76.53–77.19 kJ.mol− 1 and 1.07–1.62 ×
104 min− 1, respectively. In contrast, Surahmanto et al. [78], determined 
the E and A parameters by DAEM method, 107–18 – 227.28 kJ.mol− 1 

and 1.79 × 1013 – 9.87 × 1020 s− 1, respectively. The ambiguous results 
for the activation energy arise due to the difference in the organic 
constituent’s present [79]. While for SFM, the values are 32.22 kJ.mol− 1 

and 1.18 × 102 min− 1, respectively. However, the thermo-kinetic pa-
rameters reported by Montero-Calderón et al. [80], determined a greater 
value of E and A, 182.23 - 214.80 kJ.mol− 1 and 3.70 × 1011 – 1.50 ×
1016 s− 1, respectively. The higher E from biomass attributes t the ther-
mal stability properties of lignocellulosic constituents as observed in the 
TGA studies in Section 3.2.1. In contrast, SFM made from polyolefin 
materials are easily volatised.

Fig. 7(a) highlights the E distribution for each conversion step where 
E was observed to be on the higher side as the conversion rate pro-
gresses, especially samples with EFB. This trend was also in agreement 
with a study conducted on the co-pyrolysis of non-edible seeds with 
LDPE waste from Mohan et al. [39], and the E distribution of pine wood 
and corn straw from Mian et al. [81]. At α < 0.5 for the pure EFB 
sample, the E are low at the range of 41.77 - 59.79 kJ mol− 1, which 
attributes to the energy required to decompose cellulose and hemicel-
lulose. While at α > 0.5, the E required increased significantly to 88.93 - 
125.47 kJ mol− 1, which indicates most of the hemicellulose and cellu-
lose had been decomposed, and a higher energy requirement is needed 
to thermally degrade lignin. On the contrary, the E throughout the 
thermal conversion of SFM is identical, indicating a homogenous plastic 
sample.

Fig. 7. (a) E trends across conversion rate between different samples and mixtures, (b) average E trends across different samples and mixture ratio.
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For biomass-plastic waste matrix, it was obvious the E required for 
the thermal conversion increases, as EFB composition increases (Fig. 7
(b)). Taking the mixture ratio 1:1 as an example, the E obtained from the 
experimental data was 62.71 kJ.mol− 1, while theoretically, by taking 
the average E from the single feedstock analysis, it would only require 
55.99 kJ.mol− 1. This could very well contribute by the negative synergy 
between both samples due to their heterogenous nature [75]. To over-
come this limitation, catalytic co-pyrolysis with HZSM-5, showed that 
the overall E across conversion rate is lower than that of single feedstock 
EFB and the co-feedstock matrix without catalyst, thus implied a much 
energy efficient configuration.

3.4.2. Thermodynamic analysis
Table 6 summarises the thermodynamic parameters such as ΔH, ΔG, 

and ΔS, at each α values. The ΔH refers to the energy difference between 
the reactant and products, it is an indicator whether a reaction is 
endothermic or exothermic in nature. From the results, the ΔH values for 
all samples and its mixtures are positive, which means that the pyrolysis, 
and co-pyrolysis process in general is endothermic. Furthermore, ac-
cording to Jung et al. [32], if the deviation between the average ΔH and 
the average E values is <7 kJ.mol− 1, it signifies that the thermal 
decomposition reaction is likely to take place. From the current study, 
the difference between the ΔH and E for the samples and its mixtures 
ranges between 5.34 to 5.51 kJ.mol− 1, indicating the pyrolysis reaction 
is expected to occur. Furthermore, in comparison to the ΔH values 

between the single feedstock pyrolysis of EFB and co-pyrolysis of 
EFB-SFM blends, the latter showed a reduction in ΔH of 21.48 % to 28.05 
% (between the EFB-SFM blends of 4:1, 1:1, and 1:4). Following this, 
with an addition of HZSM-5 catalyst, the thermal requirement was 
further reduced by 10.67 % (as compared to EFB-SFM = 1:1 blend 
co-pyrolysis). This implies that, the system becomes less endothermic, 
which allows the reaction to occur at a much lower thermal 
requirement.

Following this, ΔG describes the increase in the total energy of the 
system, in the process of formation of co-pyrolysis complex [55,72]. A 
positive ΔG signifies the system is thermodynamically challenged and 
non-spontaneous [55]. In this study, the average ΔG of all pyrolysis, 
co-pyrolysis, and catalytic co-pyrolysis reaction revealed positive values 
ranging from 168.08 kJ.mol− 1 to 184.33 kJ.mol− 1. This means that the 
reaction is highly unfavourable thermodynamically. Although the 
average ΔG does not show any significant trends, individual thermal 
degradation follows an increase in ΔG with each conversion step, α.

Moreover, ΔS reflects the degree of disorder of a reaction system 
[32]. Lower or negative ΔS values indicates that the system had attained 
thermodynamic equilibrium from going through physicochemical 
changes. While positive and high values of ΔS means that the reaction 
system is far from thermodynamic equilibrium. To demonstrate, the ΔS 
negative values computed in this study indicates that formation of 
thermodynamically more stable products from the starting reactants 
[82]. Besides that, from the individual thermal decomposition results, as 

Table 6 
Thermodynamic analysis from various samples involved.

Sample α ΔH (kJ.mol− 1) ΔG (kJ.mol− 1) ΔS (kJ.mol− 1.K− 1)

Individual Average Individual Average Individual Average

EFB 0.2 41.28 74.30 152.98 169.73 − 0.1900 − 0.1484
 0.3 46.43  156.88  − 0.1831 
 0.4 54.66  160.20  − 0.1709 
 0.5 83.36  173.16  − 0.1340 
 0.6 119.56  182.56  − 0.0887 
 0.7 100.49  192.58  − 0.1234 
 0.8 86.86  190.94  − 0.1249 
SFM 0.2 21.46 26.71 168.36 176.18 − 0.2324 − 0.2261
 0.3 24.48  172.30  − 0.2283 
 0.4 25.01  176.40  − 0.2287 
 0.5 27.36  178.62  − 0.2254 
 0.6 29.43  180.68  − 0.2227 
 0.7 32.09  179.14  − 0.2138 
 0.8 34.75  184.47  − 0.2154 
 0.9 37.88  186.44  − 0.2112 
EFB:SFM (1:4 wt.%) 0.2 39.41 53.46 162.57 184.33 − 0.1798 − 0.1799
 0.3 45.81  175.01  − 0.1827 
 0.4 43.55  177.12  − 0.1838 
 0.5 53.75  194.94  − 0.1911 
 0.6 61.42  197.10  − 0.1812 
 0.7 76.83  199.24  − 0.1609 
 0.8 81.29  200.05  − 0.1553 
EFB:SFM (1:1 wt.%) 0.2 37.37 57.37 153.75 168.08 − 0.1984 − 0.1744
 0.3 39.35  158.88  − 0.1975 
 0.4 43.77  163.37  − 0.1921 
 0.5 46.14  169.25  − 0.1912 
 0.6 69.69  178.09  − 0.1590 
 0.7 107.90  185.16  − 0.1081 
 0.8 101.61  202.47  − 0.1313 
EFB:SFM (4:1 wt.%) 0.2 58.69 58.34 142.46 173.08 − 0.1508 − 0.1704
 0.3 38.60  138.53  − 0.1688 
 0.4 54.24  169.01  − 0.1809 
 0.5 55.87  179.50  − 0.1803 
 0.6 75.76  193.97  − 0.1593 
 0.7 66.89  215.03  − 0.1823 
EFB:SFM: 

HZSM-5 
(1:1:10 wt.%)

0.2 34.20 51.25 156.39 170.51 − 0.2047 − 0.1887
0.3 36.12  161.67  − 0.2037 
0.4 38.47  166.83  − 0.2021 
0.5 48.40  172.76  − 0.1885 
0.6 63.50  185.03  − 0.1720 
0.7 86.82  194.89  − 0.1445 
0.8 94.66  222.96  − 0.1514 
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higher conversion is achieved, the ΔS value also increases, which in-
dicates that the reactivity of the system had also increased. This finding 
agreed with [55], which further explain that the reaction modules 
reacted faster to generate an activated complex at reduced residence 
times.

4. Conclusion

In summary, the co-pyrolysis relationship between EFB and SFM, and 
the presence of a catalyst (HZSM-5) have been studied at varying 
heating rates of 10–100 ◦C.min− 1. Higher degradation rate was found in 
higher heating rate. At heating rate of 100 ◦C.min− 1¸ the degradation 
rate was reported at 65.351 wt.%.min− 1. Meanwhile, at heating rate of 
10 ◦C.min− 1¸the degradation rate was found 18.891 wt.%.min− 1. 
Furthermore, the pyrolysis performance index, Ir, which measures the 
pyrolytic efficiency of the sample matrix was evaluated. At heating rate 
of 10 ◦C.min− 1, the Ir found was 2.59. Meanwhile, at heating rate of 100 
◦C.min− 1, the Ir value increased to 7.44. Moreover, the role of the HZSM- 
5 catalyst was significant, where at heating rate of 50 ◦C.min− 1, the 
highest average Ir value of 8.11 was achieved. Furthermore, the reaction 
kinetics via the DAEM method showed good linearity of R2 > 0.80. 
Notably, the values of E and the ΔH of the EFB-SFM blends showed 
reduction of 21.37 % and 22.79 %, respectively, as compared to the 
single feedstock EFB pyrolysis. Furthermore, the E and the ΔH param-
eters showed a further reduction of 13.54 % and 14.94 %, respectively 
with HZSM-5 catalyst. The enhancement of the Ir and the reduction of 
reaction energy requirement with HZSM-5 catalyst, shows that the se-
lection of an effective catalyst is imperative in the design of a more 
energy efficient reactor system. Future studies can explore different 
catalyst design to further enhance the energy efficiency and green fuel 
production rate. Following this, the thermo-kinetic parameters deter-
mined from this work presents the catalytic co-pyrolysis of SFM and EFB 
with HZSM-5 catalyst has the potential as feedstocks for fuel generation, 
while addressing the hazardous issues associated with SFM. Moreover, 
the demonstration of the ANN model in recognising the catalytic co- 
pyrolysis behaviour of the EFB-SFM mixtures could help in predicting 
the outcome of different input parameter configurations improving the 
efficiency of not requiring additional laboratory experiments. Extended 
work can be conducted to broaden the ANN model to input additional 
parameters, i.e. proximate and ultimate analysis results of different 
biomass-plastic waste samples, such that the prediction model can be 
robust enough to encompass different co-pyrolysis feedstock 
combinations.
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