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Abstract  28 

Kinetic and thermodynamic parameters of catalytic co-pyrolysis of palm kernel shell 29 

(PKS) and high-density polyethylene (HDPE) with three different catalysts (zeolite 30 

HZSM-5, limestone (LS) and bifunctional HZSM-5/LS) using thermogravimetric 31 
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analyser via nitrogen environment were studied. The experiments were carried out at 32 

different heating rates ranging from 10 to 100 K min-1 within temperature range of 50-33 

900⁰C. Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS) and modified 34 

Distributed Activation Energy Model (DAEM) methods were employed in this current 35 

study. The average Ea for PKS, HDPE, PKS/HDPE (2:8) – HZSM-5, PKS/HDPE (2:8) – 36 

LS, PKS/HDPE (2:8) – HZSM-5/LS, PKS/HDPE (5:5) – HZSM-5/LS, PKS/HDPE (8:2) 37 

– HZSM-5/LS are 137.26-145.49, 247.73-250.45, 168.97-172.50, 149.74-152.79, 38 

115.30-120.39, 124.36-129.41, 151.03-154.47 and 152.67-157.31 kJ mol-1, respectively. 39 

Among the different catalysts used, LS demonstrated the lowest average Ea (151.30-40 

120.39 kJ/mol) and H (109.65-114.74 kJ mol-1). Positive values for H and G were 41 

found for the catalytic co-pyrolysis of PKS/HDPE mixtures which indicates the process 42 

is in endothermic reaction and possess non-spontaneous nature. The kinetic and 43 

thermodynamic analyses revealed the potential of PKS and HDPE as a potential feedstock 44 

for clean bioenergy production. 45 

Keywords: Co-pyrolysis; Palm Kernel Shell; High-Density Polyethylene; Kinetic; 46 

Thermodynamic; Catalytic. 47 

1.0 Introduction  48 

As the world population increases, the demand for resources surges exponentially over 49 

the years as a result of extensive human activities to accommodate for the growing 50 

population. This exerts a downward pressure on the resources available. Non-renewable 51 

resources, particularly the fossil fuels, which have been on the brink of extinction have 52 

ignited the exploration of energy resources with greater sustainability and are 53 

environmentally friendly. In fact, fossil fuels have been the major source towards primary 54 

energy consumption. This can be evidenced through the upsurge of consumption demand 55 
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 3 

for fossil fuels by approximately 51% between 1995 and 2015 and the percentage was 56 

believed to be further increasing by at least 18% by 2035 [1]. The subsequent effect of 57 

huge dependence on fossil fuels is the intense change of global climate and environmental 58 

deterioration due to greenhouse gases (GHGs) effect. These have been major global 59 

concerns that gained the public attention and therefore drives the energy system paradigm 60 

shift of fossil fuels to renewable energy sources.  61 

One of the potential alternatives to alleviate the dependence on conventional fuels would 62 

be the utilization of biomass. The carbon neutral nature of biomass makes it a valuable 63 

clean alternative renewable energy resource which could be contributing to a substantial 64 

share of the world’s primary energy mix as an effort to mitigate global warming and 65 

promote sustainability. Palm kernel shell (PKS) is deemed to be a potential biomass 66 

energy source due to its abundant production by palm oil mills. PKS also consist of 67 

relatively high carbon content and fixed carbon content of 51 wt% and 34 wt% 68 

respectively [2]. The benefits of high carbon content include producing biochar with 69 

greater resistance and stability [3]. Based on the statistics released by Malaysia Palm Oil 70 

Board (MPOB), the total amount of crude palm oil of 3.4 million tonnes produced a 71 

corresponding amount of palm oil waste of 25.5 million tonnes in 2016 [4].  In the 72 

following year 2017, a total amount of 2.1 million tonnes of crude palm oil was produced 73 

while a total of 80 million tonnes of biomass was generated [4]. The statistics show that 74 

lower amount of crude oil was produced yet the palm oil biomass was increased by a 75 

factor of 3 is a concerning issue as massive amount of waste could result in serious 76 

environmental degradation if the wastes are not properly treated or disposed of. The 77 

subsequent event of this is the sparked interest of researchers to delve into the utilisation 78 

of palm oil wastes as a biomass feedstock for generating bioenergy [5-6]. 79 
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The invention of plastics has certainly brought up a new world of possibilities and has 80 

since then bring forth the greatest convenience upon the human population. Despite its 81 

contribution to the raising of living standards to the humankind, the continuous demand 82 

of plastics has also led to the rising amount of waste produced. Consequently, more spaces 83 

would be consumed which also leads to environmental issues such as polluted 84 

environments which affects the ecosystem. It was reported that the global plastic output 85 

has exceeded 8.3 BNt [7], with yearly production close to 360 Mt, and the annual 86 

production is anticipated to double in 20 years as a result of the high consumer demand 87 

[8]. The tremendous growth of plastic wastes due to poor management has brought huge 88 

concerns to the public. As a result, alternative ways to manage and reuse these plastic 89 

wastes have been developed as an attempt to reduce their impact on the environment. One 90 

of the most prevailing ways to deal with the plastic waste is recycling. However, the 91 

recycling process itself is costly and has rather strict requirements in terms of separation 92 

of wastes. Another waste management approach would be utilizing plastic waste for 93 

energy recovery which makes plastic a useful renewable feedstock. One of the potential 94 

methods for this energy recovery is pyrolysis which is meant to thermally break down 95 

long chain of polymer molecules into simpler and smaller molecules. 96 

Pyrolysis is one of the thermochemical biomass conversion methods that produces 97 

biofuels by burning biomass under very high temperatures in an oxygen-deficient 98 

environment. Pyrolysis has gained its prominence due to the benefits it brings along in 99 

terms of bioenergy production. Pyrolysis possesses carbon negative property and 100 

produces bio-oil, biogas and biochar that are able to meet the circular economy and 101 

hydrocarbons closed-loop recycling process [9]. It was found that pyrolysis based models 102 

produced greater overall process efficiencies and had the capability to promote greener 103 
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 5 

economy through significant contributions towards environmental mitigation [10]. 104 

Besides that, pyrolysis also has the capability of alleviating a country’s reliance on 105 

imported energy resources as it allows energy to be generated from domestic resources 106 

and therefore facilitating the management of wastes especially in developing countries. 107 

For example, Malaysia government had established the National Green Technology 108 

Policy 2009 to intensify the renewable energy share in power generation and 109 

implementation of the green products for different applications. These steps were taken 110 

in order to attain effective renewable energy generation [11]. The need of using renewable 111 

energy for electricity generation was again re-emphasized in a new energy policy created 112 

under the Tenth Malaysia Plan (2011-2015) [12]. The main goal of this present study is 113 

to update knowledge on strategies for converting biomass and plastic waste in achieving 114 

Sustainable Development Goals (SDG) 7 i.e. affordable and clean energy in a sustainable 115 

manner. In keeping with commitment to the SDGs and Paris Agreement on climate 116 

change, the successful commercialization of this technology would have a significant 117 

impact on decarbonization efforts. 118 

Several in-depth reviews have documented on the pyrolysis of plastic wastes, and 119 

lignocellulosic biomass. Hassan et al. [13] had performed a review specifically on the 120 

catalytic co-pyrolysis of biomass, plastic and coal mixtures. It is found that the presence 121 

of acid catalyst can enhance both the yield and selectivity of the products [13]. Ma et al. 122 

[14] had conducted a critical review on the mechanism involved in the co-pyrolysis 123 

process of biomass and plastic waste mixtures. Hassan et al. [15] mentioned that high 124 

density polyethylene (HDPE) can be used as a hydrogen-supplement for co-pyrolysis of 125 

biomass and possibly brings forth improvements to the quality of the biofuel in terms of 126 

calorific value and heating value.  127 

Jo
urn

al 
Pre-

pro
of



 6 

Catalyst-driven pyrolysis is believed to bring forth enhancement purposes on not only the 128 

yields of the pyrolytic products but also their quality and selectivity. This is proven in the 129 

study conducted by Zhang et al. [16] where the application of zeolites catalyst on the 130 

pyrolysis of lignin had significantly improved the yields of pyrolytic liquid, selectivity to 131 

aromatic hydrocarbons and product quality. Based on their study, it was deduced that 132 

desirable products are attainable through the translation of depolymerized intermediates 133 

by catalysts. Meanwhile, the catalysts also functioned as an inhibitor to prevent 134 

repolymerization and therefore reduce the char formation [16]. Research results obtained 135 

by Tan et al. [17] have shown that zeolite HZSM-5 catalyst is the most effective catalyst 136 

for the pyrolysis of biomass when considering the product yields and reduction in coke 137 

formation. Besides that, catalysts also play a substantial role in the reduction of activation 138 

energy of a process for economic reasons as low activation energy implies less energy 139 

requirement for the initiation of a process and therefore low cost may be needed. There 140 

are several studies found in literatures utilising zeolite HZSM-5 [18-19], natural 141 

limestone (LS) [18,20], and bifunctional HZSM-5/LS as catalysts in pyrolysis process 142 

[18].  However, to the best of the author’s knowledge, the recent investigation on the co-143 

pyrolysis of the palm kernel shell (PKS) and plastic waste mixtures with the presence of 144 

commercial zeolite HZSM-5, LS, and bifunctional HZSM-5/LS had not been investigated.    145 

Therefore, this study aimed at investigating the thermal degradation, kinetic and 146 

thermodynamic analysis of the catalytic co-pyrolysis of PKS and high-density 147 

polyethylene (HDPE) mixtures behaviour via thermogravimetric analysis (TGA) 148 

approach. This study incorporates the use of zeolite H-ZSM5, LS, and H-ZSM5/LS as the 149 

catalyst to enhance the conversion of the feedstock for bioenergy production. Modified 150 

DAEM and iso-conversional methods such as Flynn-Wall-Ozawa (FWO), and Kissinger-151 
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Akahira-Sunose (KAS) are the kinetic modelling approaches for determining the kinetic 152 

parameters such as activation energy (Ea), pre-exponential (A). The DAEM model itself 153 

has been a successful approach for biomass pyrolysis due to its accountability for kinetics 154 

of complex reactions whereby pyrolysis is assumed to be constituted of parallel first order 155 

reactions [21]. The FWO method is the most popular used iso-conversional method which 156 

can be used without assuming the order of reaction and applied in a broad range of degree 157 

of conversion [22]. Meanwhile, KAS method is said to have a higher accuracy compared 158 

to FWO method [22]. Furthermore, the thermodynamic parameters such as enthalpy 159 

change (H), Gibb’s free energy (G), and entropy change (S) will also be evaluated 160 

using the FWO and KAS methods. Results obtained from the modified DAEM and iso-161 

conversional methods will be compared to verify the accuracy and reliability of these 162 

models in determining the kinetic parameters in the study of the catalytic co-pyrolysis of 163 

PKS and HDPE. And also, our research has revealed several key mechanistic aspects of 164 

catalytic co-pyrolysis of plastic and biomass waste mixtures. There are few studies found 165 

in literatures focused on both kinetic and thermodynamic analyses particularly for 166 

pyrolysis process are found in [23-25]. 167 

2.0 Materials and methods 168 

2.1 Feedstock characterization 169 

 The PKS was obtained from the local palm-oil mill in Miri, Malaysia whereas the HDPE 170 

was attained from Shen Foong Trading Sdn. Bhd., Tronoh Malaysia. For the plastic 171 

HDPE’s proximate analysis, it comprised of (0.34±0.11)% ash content, and (99.46±0.21)% 172 

volatile matter. Meanwhile, the biomass PKS was consisted of (66.90±0.10)% volatile 173 

matter, (7.90±0.20)% moisture content, (22.6±0.22)% fixed carbon, and (2.6±0.13)% ash. 174 

Based on the dry basis for the HDPE, the ultimate analysis of carbon, hydrogen, nitrogen, 175 
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 8 

sulphur, and oxygen contents were 81.45 wt%, 12.06 wt%, 0.34 wt%, 0.79 wt%, and 5.46 176 

wt%, respectively. Based on the dry basis for the PKS, the ultimate analysis of carbon, 177 

hydrogen, nitrogen, sulphur, and oxygen contents were 54.72 wt%, 7.2 wt%, 0.42 wt%, 178 

0.26 wt%, and 37.4 wt%, respectively. 179 

All the catalyst preparation and experimental procedures can be found in the 180 

supplementary material. 181 

2.2 Kinetic Theory 182 

Pyrolysis of solid biomass can be considered as a single-step global process, assuming 183 

that the solid biomass is converted into volatiles and char at a rate constant k as defined 184 

by Eq. (1).  185 

𝑆𝑜𝑙𝑖𝑑 
𝑘
→ 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝐶ℎ𝑎𝑟 (1) 186 

The graphical results from the TGA experiments conveys the thermal degradation 187 

behaviour of the PKS and HDPE feedstock, whereby the kinetic parameters such as 188 

activation energy and pre-exponential factor can be determined.  189 

Following the theory of reaction kinetics, the expression of solid-state devolatilization for 190 

non-isothermal conditions is as shown in Eq. 2.  191 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) (2) 192 

𝑔(𝛼) = 𝑘(𝑇)𝑡 (3) 193 

where α is the degree of conversion, 
𝑑𝛼

𝑑𝑡
 is the rate of reaction, 𝑘(𝑇) is the reaction rate 194 

constant, 𝑓(𝛼) is the differential reaction model, 𝑔(𝛼) is the integral reaction model and 195 

t is the reaction time.   196 
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Assuming first order reaction takes place, it can be defined as shown in Eq. 4.  197 

𝑑𝛼

𝑑𝑡
= 𝑘(1 − 𝛼) (4) 198 

Meanwhile, for nth order reaction, it is defined in Eq. 5.  199 

𝑓(𝛼) = (1 − 𝛼)𝑛 (5) 200 

The degree of conversion (α) can be expressed as Eq. 6 which is defined in terms of 201 

weight difference upon undergoing TGA.  202 

𝛼 =
𝑚0−𝑚𝑡

𝑚0−𝑚𝑓
 (6) 203 

where m0 is the initial weight (mg), mt is the instantaneous weight at time ‘t’ and mf is the 204 

final weight after pyrolysis.  205 

The k variable can be described by the Arrhenius equation as shown in Eq. 7.  206 

𝑘(𝑇) = 𝐴𝑒−
𝐸𝑎
𝑅𝑇 (7) 207 

Where k is the reaction rate constant, α  is the degree of conversion, A is the pre-208 

exponential factor (s-1), Ea is the activation energy (kJ/mol), R is the universal gas 209 

constant (8.314 J/(mol·K)) and T is the absolute temperature (K).  210 

Substitute Eq. 5 into Eq(s) 1 and 2 to obtain Eq(s) 8 and 9. 211 

𝑑𝛼

𝑑𝑡
= 𝐴𝑒−

𝐸𝑎
𝑅𝑇 𝑓(𝛼) (8) 212 

𝑔(𝛼) = 𝐴𝑒−
𝐸𝑎
𝑅𝑇 𝑡 (9) 213 

Assuming non-isothermal conditions with a constant heating rate 𝛽, 𝛽 =
𝑑𝑇

𝑑𝑡
, Eq(s) 10 and 214 

11 are obtained by substituting 𝛽 =
𝑑𝑇

𝑑𝑡
 into Eq(s) 7 and 8. 215 
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𝛽
𝑑𝛼

𝑑𝑇
= 𝐴𝑒−

𝐸𝑎
𝑅𝑇 𝑓(𝛼) (10) 216 

𝑔(𝛼) = ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0
=

𝐴

𝛽
∫ 𝑒−

𝐸𝑎
𝑅𝑇 𝑑𝑇

𝑇

𝑇0
 (11) 217 

Eq(s) 10 and 11 are used for the determination of the kinetic parameters based on the 218 

TGA experimental data, using modified DAEM model and iso-conversional methods 219 

which are the FWO and KAS (see supplementary materials).  220 

2.3 Thermodynamic Analysis 221 

The Ea obtained from the kinetic modelling would be used to determine the 222 

thermodynamic parameters such as enthalpy change, entropy change and free Gibb’s 223 

energy. These parameters can be calculated by Eq(s) 12-14. 224 

∆𝐻 = 𝐸𝑎 − 𝑅𝑇𝛼 (12) 225 

∆𝐺 = 𝐸𝑎 + 𝑅𝑇𝑚 ln (
𝐾𝐵𝑇𝑚

ℎ𝐴
)  (13) 226 

∆𝑆 =
∆𝐻−∆𝐺

𝑇𝑚
 (14) 227 

where 𝐾𝐵  is the Boltzmann constant (1.381 × 10−23 𝐽 ∙ 𝐾−1), h is the Plank constant 228 

(6.626 × 10−34 𝐽 ∙ 𝑆), 𝑇𝑚 is the derivative thermogravimetric (DTG) peak temperature 229 

and 𝑇𝛼 is the temperature at the degree of conversion (𝛼).  230 

3.0  Results and Discussion 231 

3.1 Thermal Degradation Behaviour 232 

3.1.1 Palm Kernel Shell (PKS) 233 

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves show that 234 

heating rates plays a significant role in the thermal degradation as the curves shift towards 235 

the higher temperatures with greater mass loss rate when the heating rate is increased. 236 
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Similar behaviour and trends of thermal degradation have also been attained by a few 237 

studies whereby the authors have ascertained that the heating rates indeed influences the 238 

maximum rate of thermal degradation [26–29]. It was suggested that high heating rate 239 

tend to result in greater rate of maximum decomposition as more heat energy allows 240 

enhanced heat transfer between the insides of the samples and the surroundings [26].  241 

The pyrolysis process of PKS comprises of three main stages of decomposition. The 242 

primary thermal decomposition, which is the first stage of pyrolysis (Stage I), is where 243 

the moisture content is vaporized. Referring to Fig. 1(a), Stage I takes place around 244 

temperature between 300K and 550K. The temperature range of Stage I is slightly greater 245 

than that of the results obtained by Surahmanto et al. [26] which was between 300 K and 246 

493 K. This could be due to the different level of moisture content in the PKS samples 247 

and thereby resulting in slightly different temperature range for vaporization of moisture. 248 

Higher moisture content in the PKS sample of this study may have caused the greater 249 

range of temperature for vaporization to take place.  250 

The second stage (Stage II) corresponds to the devolatilization of hemicellulose and 251 

cellulose. The temperatures of Stage II extend over a rather short range which lies 252 

between 550 K and 700 K. Within the same temperature range, maximum mass losses 253 

with multiple peaks as demonstrated by the DTG curves are observed at different heating 254 

rates as shown in Fig. 1(a). Similar occurrence is also observed in the work by 255 

Surahmanto et al. [26]. Again, their temperature range for devolatilization is slightly 256 

lower than the results obtained in this study. In this case, the difference is attributable to 257 

the composition of cellulose and hemicellulose in the PKS samples. Since the PKS sample 258 

used in this study has greater proportions of cellulose and hemicellulose, the degradation 259 

temperature required would therefore be higher.  260 
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Subsequent to devolatilization is the char pyrolysis which is the third stage of 261 

decomposition (Stage III). Stage III takes place starting from temperature of about 700 K 262 

until it reaches the maximum operating temperature which is almost 1200 K. The third 263 

stage is mainly characterised by the prolonged ‘tailing’ of the curves with much gentle 264 

decreasing slopes. This stage is also ascribed to lignin decomposition.  265 

In reference to Fig. 1 (b), smaller mass loss can be observed in Stage I with maximum 266 

mass loss rates of 15.29, 7.20, 4.51, 3.05 and 1.74 %/min at temperatures of 393, 370, 267 

360, 352 and 342 K, respectively. During Stage II, the maximum loss rate further reached 268 

at a much higher rate and two main degradation peaks were observed. The maximum loss 269 

of mass is the most apparent at this stage. Consequently, the second stage could be 270 

deemed as the rate-determining step in the pyrolysis process. The first peak could be 271 

formed as a result of hemicellulose decomposition for which maximum mass loss rates 272 

are 53.63, 25.22, 14.67, 9.54 and 4.57 %/min at temperatures of 604, 589, 580, 572 and 273 

560 K, respectively. The second peak would be linked to the cellulose decomposition 274 

whereby the maximum mass loss rates are 55.75, 29.07, 18.35, 12.55 and 6.43 %/min at 275 

temperatures of 672, 659, 650, 643 and 631 K, respectively. 276 

3.1.2 High Density Polyethylene (HDPE) 277 

Similar effect of heating rate on the pyrolysis of PKS is also observed in pyrolysis of 278 

HDPE. Lateral shifts of the TG and DTG curves to the right-hand side where the 279 

temperatures of the maximum degradation peaks are also shifted to a higher level can be 280 

observed when the heating rate is increased during the decomposition process. This 281 

implies that more reaction time was required for the minimum activation energy to be 282 

attained to allow the decomposition to occur. Furthermore, the TG and DTG curves have 283 
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 13 

also demonstrated an upward shift patten alongside with increasing heating rates which 284 

indicates faster maximum degradation rate is achieved with the increment of heating rates. 285 

The TG and DTG curves of HDPE has significant differences from those of the PKS due 286 

to its components. Unlike PKS, HDPE does not have lignocellulosic components such as 287 

cellulose, hemicellulose and lignin since it is a thermoplastic polymer. Therefore, HDPE 288 

has only one peak in the DTG curves at each heating rate as the thermal decomposition 289 

occurs in a single stage. Similar trend of results have also been observed in studies done 290 

by others [27–36].  291 

In reference to the TGA curve as represented by Figure 1 (d), the thermal degradation 292 

began at the temperature of around 542K and extends until 746.53-859.34 K which 293 

indicates completion of the pyrolysis process. In comparison with the pyrolysis of PKS 294 

in which the thermal degradation spans over a wide range of lower temperatures, thermal 295 

degradation of HDPE takes place at a significantly higher temperature. Ng et al. [33] 296 

suggested that the characteristics of the material in terms of chemical structure and 297 

composition as well as the heat source greatly affects the temperature of the thermal 298 

degradation of the feedstock. Additionally, HDPE has more aromatic and aliphatic 299 

character and thus exhibiting better thermal stability which implies the need for greater 300 

temperatures for it to be decomposed [33].  301 

As aforementioned, the DTG curves of HDPE consist of a single peak for each heating 302 

rate. The maximum peak corresponds to the maximum degradation rate which increases 303 

when heating rate is increased. The maximum rates of thermal degradation are observed 304 

at temperatures of 740.22, 754.79, 769.44, 765.49 and 778.95K with rates of 18.03, 23.31, 305 

52.03, 66.87 and 128.16 %/min, respectively.  306 
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3.1.3 Binary Mixture of PKS and HDPE with the Absence of Catalysts 307 

The binary mixtures of PKS and HDPE in ratio of 2:8 have the TG and DTG curves are 308 

shown in Fig(s) 1(e) and 1(f) respectively. The selection of the PKS/HDPE mixture mass 309 

ratio was based on the optimum condition found in previous studies in literature of co-310 

pyrolysis of biomass and plastic waste mixture [32]. Unlike the TG and DTG curves of 311 

the individual PKS and individual HDPE, the curves of the binary mixtures have a 312 

different trend of curves. Nevertheless, three stages of thermal degradation can still be 313 

observed from the curves as it tells the vaporization of moisture content and the 314 

decomposition of the lignocellulosic components in PKS. Stage I of the binary mixture, 315 

which corresponds to moisture vaporization, have begun at around 300 K and ends at 316 

about 550 K. This temperature range is identical to that of the individual PKS feedstock. 317 

Stage II, where decomposition of hemicellulose and cellulose occurs, then commenced 318 

thereafter and ends around 700 K which is again similar to that of the individual PKS 319 

feedstock. Stage II is trailed by Stage III, where HDPE degradation takes place, with the 320 

final temperature arriving at approximately 800 K. A dissimilar pattern can be observed 321 

in this stage in the TGA curve (Fig. 1(f)) which differs from that of the individual PKS 322 

feedstock. Since HDPE is also part of the mixture, its presence can be characterised by 323 

the curve between 690 and 805 K which corresponds to the decomposition of HDPE. In 324 

this case, the temperature range of the thermal degradation does not resemble that of the 325 

individual HDPE feedstock. This could be due to the synergistic effects existing between 326 

PKS and HDPE. This phenomenon is also observed in the works conducted by Chin et al. 327 

[32], Ng et al. [33], and Liew et al. [35]. It was suggested that the synergistic effect from 328 

the binary mixture of HDPE and rubber seed shell have led to an enhanced production of 329 

syngas [32]. Likewise, similar effect could be occurring for the binary mixture of HDPE 330 
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and PKS. The last stage, Stage IV, corresponds to the lignin decomposition as it is 331 

characterised by the trend of gentle slope extending over a wide range of temperature.  332 

The DTG curve in Fig. 1(f) for the binary mixture shows the significant peaks that 333 

resembles that of the individual PKS and HDPE feedstock. However, the maximum 334 

degradation rates are generally lower than that of the individual feedstock. In Stage I, 335 

where vaporization of moisture content takes place, the maximum peaks which 336 

corresponds to maximum mass loss rates of 1.69, 2.62, 3,39, 5.56 and 11.97 %/min took 337 

place at 340, 355, 357, 367 and 388 K, respectively. In Stage II, the first peak, which 338 

represents the decomposition of hemicellulose, has maximum mass loss rates of 4.06, 339 

8.60, 11.86, 20.90 and 43.06 %/min at temperatures of 562, 571, 580, 590 and 605 K, 340 

respectively. As for the second peak, where decomposition of cellulose takes place, the 341 

maximum mass loss rates are 5.81, 11.49, 15.06, 24.40 and 44.04 %/min for temperatures 342 

631, 643, 651, 661 and 673 K, respectively. In Stage III, the peaks which represents the 343 

maximum mass loss rates for the HDPE occurred at temperatures of 751, 763, 772, 782 344 

and 794 K with rates of 3.41, 6.41, 16.09, 24.79 and 51.63 %/min.  345 
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 346 

 347 

Fig. 1. (a) TG graph of non-catalytic pyrolysis of PKS, (b) DTG graph of non-catalytic pyrolysis of PKS, (c) TG graph of non-catalytic 348 

pyrolysis of HDPE, (d) DTG graph of non-catalytic pyrolysis of HDPE, (e) TG graph of non-catalytic pyrolysis of binary mixture of 349 

PKS/HDPE (2:8), and (f) DTG graph of non-catalytic pyrolysis of binary mixture of PKS/HDPE (2:8).350 
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3.1.4 Binary Mixture of PKS and HDPE with the Presence of Catalysts 351 

All TG curves of the catalytic pyrolysis of binary mixtures of PKS and HDPE, as 352 

illustrated by Fig(s) 2 (a)-(e), exhibit similar trends as that of the non-catalytic pyrolysis 353 

with the same range of temperatures observed for all stages, from Stage I to Stage III. 354 

This shows that consistent thermal degradation has taken place throughout the 355 

experiments for the binary mixtures. The mass blend ratios of PKS and HDPE mixture 356 

analysed with the presence of catalysts are in 2:8, 8:2, and 5:5, which are based on the 357 

optimum conditions found in previous studies of Aboulkas et al. [30] and Chin et al. [32].  358 

The notable differences would be the maximum rate of mass loss at different heating rates, 359 

with different catalysts used, which are more evident in the DTG curves. For similar blend 360 

ratio of PKS and HDPE of 2:8, catalytic pyrolysis of binary mixtures of PKS and HDPE 361 

generally show lower mass loss rates than that of the non-catalytic pyrolysis. It is evident 362 

that the use of catalysts has the ability to reduce the loss of mass per unit time, especially 363 

for Stage II. The percentage reduction is at least 1.23% up to 43.52%. On the contrary, 364 

the presence of LS catalyst in the pyrolysis had resulted in a higher maximum mass loss 365 

rate in Stage I for heating rates 30, 50 and 100 K/min. Similarly, the presence of catalysts 366 

at lower heating rates of 10, 20, 30 K/min also resulted in greater maximum mass loss 367 

rates during Stage III. Catalyst with the best performance in lowering the maximum mass 368 

loss rate would be the bifunctional HZSM-5/LS catalyst which shows a maximum 369 

reduction of 43.52% for co-pyrolysis at 100 K/min during Stage III when compared to 370 

individual performance of HZSM-5 and LS.  HZSM-5 catalyst is observed to show better 371 

performance at lower heating rates, generally at 10-20 K/min, during Stage I (moisture 372 

vaporization). This could be due to the enhanced conversion of lignocellulosic biomass 373 

into pyrolytic vapours which enters the zeolite catalysts active sites to form carbon 374 
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monoxide, carbon dioxide and water [37]. At higher heating rates, the catalytic effect of 375 

HZSM-5 catalyst is restricted by the presence of cellulose and lignin [38]. LS catalyst, on 376 

the other hand, shows better performance at higher heating rate of 30-50K/min during 377 

Stage I (moisture vaporization) and Stage II (decomposition of hemicellulose and 378 

cellulose). Study conducted by Chen et al. [39] have found that LS promoted the 379 

decarbonylation of ketones and formation of hydrocarbons during hemicellulose 380 

pyrolysis as well as boosted the ring-opening and dehydration reactions during the 381 

cellulose pyrolysis. For the same blend ratio of 2:8, HZSM-5 catalyst shows highest 382 

maximum degradation rates during Stage III (decomposition of HDPE). This is because 383 

HZSM-5 catalyst is able to reduce the thermal stability of HDPE through cracking 384 

reactions catalysed by the acid sites on the surface of the catalyst [38]. 385 

For the same bifunctional catalyst, taking blend ratio of 2:8 as the reference, blend ratio 386 

of 5:5 would generally give lower maximum mass loss rates than that of the ratio of 8:2. 387 

This suggest that as the proportion of PKS in the binary mixture increases, the maximum 388 

mass loss rate may decrease. However, this trend is only seen in Stage I (moisture 389 

vaporization). During Stage II (decomposition of hemicellulose and cellulose), blend ratio 390 

of 5:5 resulted in greater mass loss rate than ratio of 8:2 at heating rates 10-50 K/min. 391 

Dewangan, Pradhan, and Singh [40] reported that increasing LDPE ratio in binary 392 

mixtures indicates increasing degree of conversion due to synergistic effect and hence the 393 

increased mass loss rate. Likewise, the same could be deduced for the increased HDPE 394 

ratio from 5:5 to 8:2 in the binary mixtures HDPE/PKS which leads to the high mass loss 395 

rate. However, further increasing the heating rate to 100 K/min have led to apparent 396 

reduction rate of mass loss. Studies conducted by Yorgun and Yildiz [41] and Akhtar and 397 

Amin [39] have suggested that lower heating rates and longer residence time promote 398 
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greater conversion rate and formation of gaseous products. In this case, the high heating 399 

rate and possibly shorter residence time may have resulted in the low thermal degradation 400 

rate due to limited time available for secondary reactions such as tar cracking and 401 

repolymerization. During Stage III (decomposition of HDPE), blend ratio of 2:8 402 

demonstrated much lower maximum mass loss rate for heating rate above 20 K/min. This 403 

could be the result of increased reaction time to decompose HDPE components in the 404 

binary mixtures due to its high thermal stability. 405 

Generally, all the three catalysts have shown evident reduction in the rate of maximum 406 

degradation for the pyrolysis of PKS/HDPE mixture. Similar observations were also 407 

reported by Fong et al. [22] and Majid et al. [34] with the catalytic pyrolysis of Chlorella 408 

vulgaris and co-pyrolysis of Chlorella vulgaris/HDPE. 409 

 410 
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 411 

Fig. 2. TG and DTG curves for catalytic pyrolysis of binary mixture of PKS/HDPE in 412 

different blend ratios at heating rates of 10, 20, 30, 50 and 100 K min-1 using different 413 

catalysts (a) PKS/HDPE (2:8) using HZSM-5, (b) PKS/HDPE (2:8) using LS, (c) 414 
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PKS/HDPE (2:8) using bifunctional catalyst HZSM-5/LS, (d) PKS/HDPE (5:5) using 415 

bifunctional catalyst HZSM-5/LS, and (e) PKS/HDPE (8:2) using bifunctional catalyst 416 

HZSM-5/LS.417 
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3.2 Kinetic Analysis  418 

The kinetic parameters for the pyrolysis of PKS, HDPE and binary mixture of PKS and 419 

HDPE were analysed via modified DAEM and iso-conversional methods such as FWO 420 

and KAS. The binary mixtures were studied with the presence and absence of catalysts 421 

namely HZSM-5, LS and bifunctional catalysts HZSM-5/LS. The analyses were done 422 

based on the assumption of first order reactions taking place. The trend of the Arrhenius 423 

plots for iso-conversional methods at different conversions were found to be resembling 424 

closely to one another, showing a negative slope for each conversion. The accuracy of the 425 

fitting plots can be determined by the R2 values of the Arrhenius plots, all of which are 426 

mostly approaching 1.0. The R2 values for pyrolysis of PKS and HDPE (see 427 

supplementary materials), and binary mixtures of PKS and HDPE (Table 1). The FWO 428 

method produces R2 values of range between 0.8933 and 0.9998 while the KAS method 429 

has R2 values in the range of 0.8763 to 0.9997. Before delving further into the kinetic 430 

discussion, the understanding the idea of Ea is of necessity whereby it refers to the 431 

minimum energy required for a reaction to take place. In most cases, it is preferable to 432 

have lower Ea as it allows a reaction to occur with a faster reaction rate. The average Ea 433 

found using the three approaches for non-catalytic PKS, HDPE and binary mixture of 434 

PKS and HDPE are 137.26-145.49 kJ mol-1, 247.73-250.45 kJ mol-1, 168.97-172.50 kJ 435 

mol-1 respectively. As for the catalytic binary mixture of PKS and HDPE in blend ratio 436 

of 2:8, the average Ea values are 149.74-152.79 kJ mol-1, 115.30-120.39 kJ mol-1 and 437 

124.36-129.41 kJ mol-1 for HZSM-5, LS and bifunctional HZSM-5/LS catalysts 438 

respectively. For binary mixture of blend ratio of 5:5 and 8:2 using bifunctional HZSM-439 

5/LS catalysts, the average Ea values are 151.03-154.47 kJ mol-1 and 152.67-157.31 kJ 440 

mol-1 respectively.  441 
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Based on the average Ea values obtained from the three kinetic modelling methods, Ea of 442 

the pyrolysis process for each experiment was generally reduced. The reduction in Ea due 443 

to the presence of catalyst was particularly prominent for pyrolysis of binary mixture of 444 

PKS and HDPE at the same blend ratio of 2:8. Among the three types of catalysts used 445 

for this study, the LS catalyst shows great potential in reducing the Ea of the pyrolysis 446 

process of the binary mixture. This is evidenced from the decreased in average Ea value 447 

calculated using FWO, from 171.01 kJ mol-1 to 120.39 kJ mol-1, which is a 29.6% 448 

reduction. Bifunctional HZSM-5/LS catalyst also shows significant fall in average Ea 449 

value by a percentage of 24.9%. However, the bifunctional HZSM-5/LS catalyst appears 450 

to be less effective for the binary mixture at blend ratio of 5:5 and 8:2 as the percentage 451 

reduction is around 9-10%. Likewise, HZSM-5 has also contributed rather smaller effect 452 

in lowering the Ea of the pyrolysis process of the binary mixture compared to the other 453 

catalysts used, where the activation energy was reduced by 10.7%.  454 

Pertaining to the A value, it was found to be increasing alongside with the Ea and shows 455 

similar trend of change when the conversion factor increases from 0.1 to 0.9. The A tells 456 

the degree of collisions when a reaction takes place. It also relates to the structure of the 457 

sample whereby a loose complex will have a high factor [43]. Therefore, an increase in 458 

Ea implies slower reaction rate and consequently resulting in greater need for heat energy 459 

to achieve higher frequency of collision to allow the pyrolysis reaction to occur [44]. For 460 

both kinetic parameters, pyrolysis of PKS and binary mixture of PKS and HDPE have the 461 

maximum Ea and A attained at conversion factor of 0.7 as per shown in Fig. 3. This is 462 

regardless of the presence or absence of catalyst. As for the pyrolysis of HDPE, the kinetic 463 

parameters reach the maximum values at conversion 0.1. The average A values computed 464 

using the iso-conversional and DAEM methods for non-catalytic pyrolysis of PKS, HDPE 465 
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and binary mixture of PKS and HDPE are 6.62 × 1013-1.03×1014 s-1, 7.61×1021-1.36×1028 466 

s-1 and 5.78×1014-3.07×1020 s-1 respectively. Catalytic pyrolysis of binary mixture of PKS 467 

and HDPE at blend ratio of 2:8 have average A values of 2.02×1013-3.93×1018 s-1, 468 

2.26×1010-1.33×1019 s-1 and 1.42×1011-3.71×1014 s-1 respectively. For similar mixture 469 

condition but at blend ratio of 5:5 and 8:2, the average A values are 6.12×1012-2.54×1031 470 

s-1 and 3.08 × 1013-7.17 × 1035 s-1 respectively.  471 

The kinetic modelling results generally show rather small difference in terms of the Ea 472 

despite using different modelling methods. This can be observed from Fig. 3. However, 473 

the matrix inversion algorithm had contributed to some differences in terms of the Ea and 474 

A compared to the iso-conversional methods. For instance, the Ea for pyrolysis of PKS 475 

calculated using this algorithm had resulted in a much higher Ea value when compared to 476 

the iso-conversional methods as shown in Fig. 3(a). This is attributable to reactions 477 

occurring simultaneously at a particular conversion [45]. Nevertheless, the Ea values 478 

obtained for the pyrolysis of PKS and HDPE using the FWO, KAS and DAEM methods 479 

agreed well with the literature values. The Ea for pyrolysis of PKS from the available 480 

literature generally range from 40.49 to 217.04 kJ mol-1 [26-27,29]. However, Ma et al. 481 

[46] have reported substantially higher Ea for decomposing PKS. This is attributable to 482 

factors such as biomass species, particle size, heating rate and kinetic models applied [46]. 483 

As for the pyrolysis of HDPE, the literature values range from 207.43-473.05 kJ mol-1 484 

[30-32,47].  485 

 486 
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 487 

Fig. 3. Comparison of activation energies computed by FWO, KAS and modified DAEM 488 

for (a) non-catalytic pyrolysis of PKS, (b) non-catalytic pyrolysis of HDPE, (c) non-489 

catalytic pyrolysis of binary mixture of PKS/HDPE, (d) catalytic pyrolysis of binary 490 

mixture of PKS/HDPE (2:8) using HZSM-5, (e) catalytic pyrolysis of binary mixture of 491 

PKS/HDPE (2:8) using LS, (f) catalytic pyrolysis of binary mixture of PKS/HDPE (2:8) 492 
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using bifunctional catalyst HZSM-5/LS, (g) catalytic pyrolysis of binary mixture of 493 

PKS/HDPE (5:5) using bifunctional catalyst HZSM-5/LS, and (h) catalytic pyrolysis of 494 

binary mixture of PKS/HDPE (8:2) using bifunctional catalyst HZSM-5/LS.495 
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Table 1: Activation energy (Ea) and pre-exponential factor (A) of non-catalytic and catalytic co-pyrolysis of binary mixture of PKS and 496 

HDPE at different blend ratios for each conversion factor (α), with the use of HZSM-5, LS and bifunctional HZSM-5/LS catalysts. 497 

 

α 

Iso-conversional Methods Modified DAEM 

FWO KAS 

Ea (kJ mol-1) A (s-1) R2 Ea (kJ mol-1) A (s-1) R2 Ea (kJ mol-1) A (s-1) 

HDPE:PKS 

(2:8) 

0.10 100.22 9.28 × 108 0.9089 96.57 2.99 × 108 0.8940 97.65 3.23 × 109 

0.20 150.40 1.74 × 1013 0.9949 148.62 1.10 × 1013 0.9943 149.75 7.84 × 1017 

0.30 160.59 7.40 × 1013 0.9745 159.01 5.02 × 1013 0.9713 169.44 6.10 × 1019 

0.40 181.86 1.84 × 1015 0.9951 181.00 1.49 × 1015 0.9946 174.22 3.84 × 1019 

0.50 186.64 1.38 × 1015 0.9784 185.60 1.09 × 1015 0.9760 185.37 7.30 × 1019 

0.60 193.05 2.14 × 1015 0.9707 192.02 1.69 × 1015 0.9674 205.80 2.58 × 1021 

0.70 205.16 1.14 × 1015 0.9712 203.83 8.69 × 1014 0.9680 201.59 7.36 × 1015 

0.80 174.03 1.57 × 1012 0.9802 170.33 7.52 × 1011 0.9771 173.10 5.60 × 1011 

0.90 187.19 7.40 × 1012 0.9551 183.74 3.83 × 1012 0.9486 195.55 1.53 × 1019 

Average 171.01 7.34 × 1014 0.9699 168.97 5.78 × 1014 0.9657 172.50 3.07 × 1020 

HDPE:PKS 

(2:8) - 

HZSM-5 

0.10 80.31 2.58 × 107 0.9851 75.87 5.54 × 106 0.9813 77.33 4.53 × 109 

0.20 136.57 9.76 × 1011 0.9911 134.07 5.07 × 1011 0.9896 134.37 3.20 × 1015 

0.30 141.60 1.49 × 1012 0.9917 139.05 7.83 × 1011 0.9905 140.41 3.09 × 1017 

0.40 162.51 3.18 × 1013 0.9653 160.58 2.01 × 1013 0.9609 165.63 5.35 × 1017 

0.50 173.02 9.52 × 1013 0.9854 171.25 6.37 × 1013 0.9836 169.51 3.42 × 1019 

0.60 181.40 1.16 × 1014 0.9837 179.50 7.67 × 1013 0.9816 175.42 1.51 × 1017 

0.70 188.84 3.29 × 1013 0.9924 186.32 1.99 × 1013 0.9914 190.69 2.13 × 1017 

0.80 151.40 4.04 × 1010 0.9939 146.54 1.45 × 1010 0.9930 154.56 8.71 × 1012 

0.90 159.45 9.55 × 1010 0.9526 154.47 3.50 × 1010 0.9442 161.87 2.90 × 1014 

Average 152.79 3.09 × 1013 0.9823 149.74 2.02 × 1013 0.9796 152.20 3.93 × 1018 
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HDPE:PKS 

(2:8) - LS 

0.10 55.83 7.06 × 104 0.9789 50.06 6.86 × 103 0.9726 50.25 7.31 × 108 

0.20 95.95 1.62 × 108 0.9807 91.26 3.96 × 107 0.9761 93.92 3.50 × 1012 

0.30 114.57 4.82 × 109 0.9791 110.45 1.57 × 109 0.9748 112.33 1.18 × 1015 

0.40 131.12 6.48 × 1010 0.9649 127.43 2.57 × 1010 0.9588 126.24 1.75 × 1016 

0.50 138.36 1.34 × 1011 0.9836 134.69 5.53 × 1010 0.9807 139.43 1.73 × 1018 

0.60 144.41 2.26 × 1011 0.9775 140.71 9.55 × 1010 0.9737 143.26 9.86 × 1019 

0.70 152.54 6.61 × 1010 0.9623 147.99 2.51 × 1010 0.9559 150.61 1.80 × 1019 

0.80 122.34 3.38 × 108 0.9336 115.73 7.45 × 107 0.9189 120.58 1.48 × 1018 

0.90 128.44 3.24 × 107 0.9386 119.42 5.28 × 106 0.9226 123.54 5.01 × 106 

Average 120.39 5.51 × 1010 0.9666 115.30 2.26 × 1010 0.9593 117.79 1.33 × 1019 

HDPE:PKS 

(2:8) - 

HZSM-5/LS 

0.10 61.23 2.64 × 106 0.9769 56.89 4.25 × 105 0.9706 56.10 2.32 × 108 

0.20 113.90 8.91 × 109 0.9930 110.25 3.20 × 109 0.9916 111.12 2.25 × 1010 

0.30 121.61 2.80 × 1010 0.9930 118.08 1.08 × 1010 0.9919 125.26 1.24 × 1014 

0.40 138.20 2.81 × 1011 0.9904 135.00 1.27 × 1011 0.9889 139.42 1.95 × 1014 

0.50 144.60 4.92 × 1011 0.9865 141.40 2.29 × 1011 0.9846 150.39 7.89 × 1014 

0.60 153.26 1.48 × 1012 0.9967 150.16 7.26 × 1011 0.9962 159.04 1.60 × 1015 

0.70 159.58 4.03 × 1011 0.9980 155.72 1.77 × 1011 0.9977 160.16 5.37 × 1011 

0.80 129.84 1.42 × 109 0.9374 123.87 3.70 × 108 0.9249 127.92 6.34 × 1014 

0.90 134.12 1.62 × 109 0.9857 127.87 4.16E × 108 0.9828 135.25 2.64 × 106 

Average 128.48 2.99 × 1011 0.9842 124.36 1.42 × 1011 0.9810 129.41 3.71 × 1014 

HDPE:PKS 

(5:5) - 

HZSM-5/LS 

0.10 78.23 6.31 × 106 0.9870 73.24 1.15 × 106 0.9832 76.00 2.84 × 1013 

0.20 130.28 2.08 × 1011 0.9934 127.38 9.66 × 1010 0.9923 129.62 1.34 × 1028 

0.30 145.47 2.18 × 1012 0.9847 142.96 1.17 × 1012 0.9825 141.86 2.93 × 1029 

0.40 163.48 2.46 × 1013 0.9771 161.37 1.51 × 1013 0.9738 165.72 4.27 × 1029 

0.50 169.04 2.78 × 1013 0.9635 166.83 1.69 × 1013 0.9585 173.62 2.47 × 1031 

0.60 177.95 9.21 × 1012 0.9887 175.14 5.16 × 1012 0.9870 182.69 5.99 × 1031 

0.70 191.45 2.74 × 1013 0.9960 188.81 1.63 × 1013 0.9954 191.15 1.41 × 1032 
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0.80 159.55 1.15 × 1011 0.9847 154.93 4.46 × 1010 0.9820 158.04 1.57 × 1030 

0.90 172.90 6.57 × 1011 0.9475 168.59 2.83 × 1011 0.9392 171.54 9.11 × 1026 

Average 154.26 1.02 × 1013 0.9803 151.03 6.12 × 1012 0.9771 154.47 2.54 × 1031 

HDPE:PKS 

(8:2) - 

HZSM-5/LS 

0.10 78.97 6.49 × 106 0.9815 74.05 1.22 × 106 0.9773 79.32 8.41 × 1012 

0.20 132.96 3.52 × 1011 0.9264 130.27 1.73 × 1011 0.9162 138.27 4.20 × 1022 

0.30 146.74 3.00 × 1012 0.9860 144.35 1.66 × 1012 0.9841 141.73 4.06 × 1015 

0.40 167.90 6.37 × 1013 0.9629 166.14 4.23 × 1013 0.9583 165.42 3.87 × 1018 

0.50 170.69 4.84 × 1013 0.9736 168.73 3.10 × 1013 0.9704 174.53 2.95 × 1019 

0.60 185.84 2.76 × 1014 0.9772 184.18 1.93 × 1014 0.9743 191.53 6.45 × 1036 

0.70 188.31 1.56 × 1013 0.9456 185.55 9.07 × 1012 0.9386 193.49 3.12 × 1017 

0.80 155.73 6.96 × 1010 0.9501 151.03 2.62 × 1010 0.9419 159.10 3.45 × 1012 

0.90 174.06 5.88 × 1011 0.9699 169.73 2.54 × 1011 0.9651 172.43 1.76 × 1012 

Average 155.69 4.53 × 1013 0.9637 152.67 3.08 × 1013 0.9585 157.31 7.17 × 1035 

 498 
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3.3 Thermodynamic Analysis 499 

The thermodynamic parameters for the pyrolysis of PKS, HDPE and binary mixture of 500 

PKS and HDPE under non-catalytic and catalytic conditions were calculated and 501 

tabulated in Tables 2 and 3. The H represents the total energy consumed by the sample 502 

during the pyrolysis reaction which leads to the formation of volatiles and char. In this 503 

study, relatively small differences were observed between ∆H and Ea whereby the 504 

percentage differences are less than 10%, not more than 8 kJ.mol-1. The minor differences 505 

suggest that the potential energy barrier between the molecules of the samples could be 506 

reduced and therefore allowing efficient formation of an activated complex [22,34,48]. 507 

Besides that, the sign of the ∆H values also indicates what type of reaction is undergoing. 508 

Referring to Tables 2 and 3, it is evident that the pyrolysis reaction in this study is of an 509 

endothermic reaction as positive values were obtained for all experiments. This entails 510 

heat being absorbed to break and form new chemical bonds. The average ∆H values 511 

calculated using FWO for non-catalytic pyrolysis of PKS, HDPE and binary mixture of 512 

PKS and HDPE are 135.17 kJ.mol-1, 243.53 kJ.mol-1 and 165.54 kJ.mol-1 respectively. 513 

For catalytic pyrolysis of binary mixture of PKS and HDPE at the same blend ratio (2:8) 514 

using HZSM-5, LS and bifunctional HZSM-5/LS catalysts, the average ∆H values are 515 

147.30 kJ.mol-1, 114.74 kJ.mol-1 and 123.08 kJ.mol-1 for respectively. For similar 516 

catalytic conditions but different blend ratio of binary mixture, the average ∆H values are 517 

148.65 kJ.mol-1 and 150.12 kJ.mol-1 for 5:5 and 8:2 blend ratios respectively.  518 

The G is the total energy increased in a system where formation of activated complex 519 

takes place. Low ∆G values indicates that formation of products is feasible even with low 520 

energy supply [34]. The ∆G values for the pyrolysis of PKS and HDPE are 157.95 kJ.mol-521 

1 and 182.93 kJ.mol-1. In the case of non-catalytic and catalytic pyrolysis of binary mixture 522 
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of PKS and HDPE using HZSM-5, the ∆G values are 165.13 kJ.mol-1 and 165.95 kJ.mol-523 

1. The use of bifunctional HZSM-5/LS and LS catalyst in place of HZSM-5 for the same 524 

binary mixture of blend ratio 2:8 have ∆G values of 163.39 kJ.mol-1 and 171.43 kJ.mol-1, 525 

respectively. As for the catalytic pyrolysis of the binary mixture at blend ratios 5:5 and 526 

8:2 using the three different catalysts, the ∆G values are 169.69 kJ.mol-1 and 168.47 527 

kJ.mol-1, respectively. It can be deduced from the ∆G values that the pyrolysis of PKS, 528 

HDPE and binary mixture of PKS and HDPE are potential biofuel production feedstock.  529 

Meanwhile, S reflects how near a system approaching thermodynamic equilibrium. 530 

Generally, a high S may be anticipated as it signifies high reactivity and requires short 531 

amount of time to produce an activated complex [49]. It is noticed that the average ∆S 532 

values for PKS and the binary mixtures of PKS and HDPE in this study are negative, 533 

while HDPE has positive average ∆S values. In simpler terms, if the entropy value is less 534 

than zero, the reaction would be reactant-favoured while the opposite would be product-535 

favoured. The negative average ∆S values implies thermodynamic equilibrium was 536 

achieved and that the formation of activation complex was highly organized. Meanwhile, 537 

high entropy values shown by HDPE suggests high reactivity due to highly disordered 538 

particles whereby relatively shorter reaction time allows the formation of activated 539 

complex [22,50]. 540 

In summary, ∆H is linked to the Ea  whereby the small percentage difference between the 541 

two parameters in the present study indicates that there will be low potential energy 542 

barrier and thus promoting the production of activated complex. Additionally, positive 543 

∆H values in this study further ascertains that the pyrolysis process is an endothermic 544 

reaction. Positive ∆G values also implies that the process is endothermic and non-545 

spontaneous. On the other hand, the thermal equilibrium state achieved by the feedstock 546 
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except HDPE is confirmed by the negative ∆S values which also means high degree of 547 

order was attained in the activated complex formation.548 
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Table 2: Enthalpy change, Gibb’s free energy and entropy change of pyrolysis of PKS and HDPE at each conversion factor (α). 549 

 

α 

FWO KAS 

∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol) ∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol) 

PKS 0.10 59.89 139.18 -149.97 54.56 142.76 -166.83 

0.20 115.01 146.33 -55.26 111.87 147.32 -62.56 

0.30 121.73 148.41 -45.79 118.62 149.33 -52.70 

0.40 144.48 151.02 -10.90 142.28 151.54 -15.43 

0.50 152.89 155.83 -4.72 150.78 156.33 -8.89 

0.60 159.99 159.28 1.10 157.93 159.76 -2.84 

0.70 177.76 161.31 25.03 176.36 161.63 22.42 

0.80 137.22 167.16 -43.87 133.26 168.40 -51.48 

0.90 147.56 193.03 -57.59 142.50 194.82 -66.28 

Average 135.17 157.95 -38.00 132.02 159.10 -44.95 

HDPE 0.10 287.54 171.19 177.36 291.85 171.97 182.75 

0.20 258.48 176.18 120.23 260.82 176.52 123.14 

0.30 225.07 182.52 59.66 225.16 182.71 59.52 

0.40 242.26 184.28 79.55 243.12 184.47 80.47 

0.50 260.24 184.76 102.11 261.81 185.02 103.89 

0.60 223.09 186.40 49.06 222.59 186.62 48.09 

0.70 233.99 186.84 62.31 233.90 187.05 61.92 

0.80 224.47 187.40 48.48 223.77 187.64 47.25 

0.90 236.66 186.81 64.56 236.45 187.03 64.01 

Average 243.53 182.93 84.81 244.39 183.23 85.67 
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Table 3: Enthalpy change, Gibb’s free energy and entropy change of non-catalytic and catalytic co-pyrolysis of binary mixture of PKS and HDPE 551 

at different blend ratios for each conversion factor (α), with the use of HZSM-5, LS and bifunctional HZSM-5/LS catalysts. 552 

 

α 

FWO KAS 

∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol) ∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol) 

HDPE:PKS (2:8) 0.10 95.73 142.41 -86.49 92.09 143.84 -95.90 

0.20 145.60 148.63 -5.26 143.83 149.03 -9.02 

0.30 155.63 151.74 6.51 154.04 152.09 3.28 

0.40 176.69 156.26 32.87 175.83 156.49 31.12 

0.50 181.26 161.70 30.18 180.21 161.96 28.17 

0.60 187.51 165.14 33.56 186.48 165.40 31.63 

0.70 199.13 179.09 27.65 197.80 179.41 25.37 

0.80 167.66 188.77 -27.57 163.97 189.77 -33.71 

0.90 180.63 192.43 -14.96 177.19 193.29 -20.42 

Average 165.54 165.13 -0.39 163.49 165.70 -4.39 

HDPE:PKS (2:8) - HZSM-5 0.10 76.01 135.84 -115.90 71.58 138.00 -128.70 

0.20 131.79 148.58 -29.17 129.29 149.21 -34.61 

0.30 136.64 152.12 -25.94 134.09 152.78 -31.31 

0.40 157.31 157.88 -0.91 155.37 158.32 -4.70 

0.50 167.62 162.49 7.90 165.85 162.89 4.56 

0.60 175.73 169.52 9.11 173.83 169.95 5.70 

0.70 182.66 184.19 -2.06 180.14 184.77 -6.24 

0.80 145.02 189.57 -58.05 140.16 191.27 -66.58 

0.90 152.87 193.32 -51.14 147.90 194.94 -59.49 

Average 147.30 165.95 -29.57 144.25 166.90 -35.71 

HDPE:PKS (2:8) - LS 0.10 51.45 138.44 -165.14 45.68 142.89 -184.52 

0.20 91.14 150.00 -101.58 86.44 152.09 -113.31 
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0.30 109.56 153.97 -73.71 105.44 155.47 -83.03 

0.40 125.90 158.81 -52.44 122.21 159.95 -60.14 

0.50 132.95 163.34 -46.71 129.28 164.45 -54.06 

0.60 138.82 167.47 -42.63 135.12 168.57 -49.78 

0.70 146.30 186.59 -53.75 141.76 188.08 -61.80 

0.80 115.89 191.82 -97.89 109.28 194.97 -110.48 

0.90 120.62 232.42 -118.99 111.61 237.58 -134.07 

Average 114.74 171.43 -83.65 109.65 173.78 -94.58 

HDPE:PKS (2:8) - HZSM-5/LS 0.10 57.47 117.96 -133.75 53.13 120.49 -148.95 

0.20 109.13 148.23 -68.18 105.49 149.47 -76.71 

0.30 116.67 151.73 -58.97 113.13 152.90 -66.87 

0.40 133.00 158.16 -40.22 129.80 159.08 -46.82 

0.50 139.22 162.44 -35.85 136.02 163.35 -42.21 

0.60 147.73 165.66 -26.94 144.62 166.49 -32.85 

0.70 153.50 181.68 -38.52 149.64 182.81 -45.35 

0.80 123.48 189.20 -85.83 117.50 191.81 -97.04 

0.90 127.48 195.42 -85.10 121.23 198.20 -96.42 

Average 123.08 163.39 -63.71 118.95 164.96 -72.58 

HDPE:PKS (5:5) - HZSM-5/LS 0.10 73.72 143.16 -128.03 68.73 145.84 -142.17 

0.20 125.45 149.86 -42.08 122.56 150.66 -48.46 

0.30 140.44 154.30 -22.90 137.93 154.92 -28.08 

0.40 158.20 160.20 -3.15 156.10 160.67 -7.21 

0.50 163.56 165.18 -2.46 161.35 165.68 -6.58 

0.60 171.93 180.92 -12.41 169.12 181.59 -17.23 

0.70 185.16 187.98 -3.73 182.51 188.59 -8.03 

0.80 153.11 191.40 -49.42 148.49 192.88 -57.30 

0.90 166.29 194.23 -35.15 161.98 195.48 -42.14 

Average 148.65 169.69 -33.26 145.42 170.70 -39.69 

HDPE:PKS (8:2) - HZSM-5/LS 0.10 74.43 144.30 -127.86 69.51 146.98 -141.78 
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0.20 128.13 150.04 -37.72 125.44 150.78 -43.63 

0.30 141.72 153.93 -20.23 139.33 154.52 -25.16 

0.40 162.64 159.61 4.78 160.88 160.01 1.38 

0.50 165.25 163.80 2.21 163.29 164.25 -1.47 

0.60 180.18 169.05 16.36 178.52 169.42 13.38 

0.70 182.01 188.39 -8.41 179.25 189.05 -12.93 

0.80 149.31 190.65 -53.56 144.61 192.23 -61.69 

0.90 167.39 196.43 -36.16 163.05 197.71 -43.15 

Average 150.12 168.47 -28.95 147.10 169.44 -35.01 

553 
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 554 

4.0 Conclusion 555 

Thermal degradation behaviour, kinetic and thermodynamic studies on the catalytic co-556 

pyrolysis of PKS and HDPE mixtures were investigated with the presence of different catalysts 557 

(zeolite HZSM-5, LS and bifunctional HZSM-5/LS). It is found that the presence of the LS 558 

catalyst in the co-pyrolysis PKS/HDPE mixtures shown the best performance when compared 559 

with the other two catalysts. A reduction of 30% was successfully achieved in the activation 560 

energy and enthalpy energy change for these mixtures using FWO method. It is found that the 561 

values for both H and G for the catalytic co-pyrolysis of PKS/HDPE mixtures are in positive 562 

values which shows the process is in endothermic reaction and possess non-spontaneous nature. 563 

Furthermore, obvious changes had been observed in the H and S with the conversion factor. 564 

The outcomes of the present study would be beneficial in providing the necessary information 565 

needed for upscaling, design and optimisation for this process. Future recommendations to be 566 

suggested in this study are as follows: a) Different types of palm oil residues and plastic wastes 567 

to be incorporated in the pyrolysis process for thermogravimetric analysis (TGA) studies, b) 568 

Various thermochemical conversion such as gasification, hydrothermal, valorisation to be 569 

introduced using the PKS and HDPE as feedstock for kinetic and thermodynamic analyses, and 570 

(c) Incorporate machine learning approach for the determination of the kinetic and 571 

thermodynamic parameters in the catalytic co-pyrolysis of PKS/HDPE mixtures.  572 
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Highlights 

• Catalytic co-pyrolysis of PKS/HDPE mixtures were investigated. 

• LS shows the better catalytic performance compared to HZSM-5 and HZSM-5/LS.  

• Kinetic obtained via three models: FWO, KAS and modified DAEM. 

• G, H, and S obtained in 115-166, 163-174 kJ.mol-1, and 0.39-95 J.mol-1. 
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