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Abstract

:

The massive increase in disposable plastic globally can be addressed through effective recovery methods, and one of these methods is pyrolysis. R software may be used to statistically model the composition and yield of pyrolysis products, such as oil, gas, and waxes to deduce an effective pyrolysis mechanism. To date, no research reports have been documented employing the Arrhenius equation in R software to statistically forecast the kinetic rate constants for the pyrolysis of high-density plastics. We used the Arrhenius equation in R software to assume two series of activation energies (Ea) and pre-exponential factors (Ao) to statistically predict the rate constants at different temperatures to explore their impact on the final pyrolysis products. In line with this, MATLAB (R2020a) was used to predict the pyrolysis products of plastic in the temperature range of 370–410 °C. The value of the rate constant increased with the temperature by expediting the pyrolysis reaction due to the reduced frequency factor. In both assumed series of Ea and Ao, a significantly larger quantity of oil (99%) was predicted; however, the number of byproducts increased in the first series analysis compared to the second series analysis. It was revealed that an appropriate combination of Ea, Ao, and the predicted rate constants could significantly enhance the efficiency of the pyrolysis process. The major oil recovery in the first assumed series occurred at 390 °C to 400 °C, whereas the second assumed series of Ea and Ao occurred at 380 °C to 390 °C. In the second series at 390 °C to 400 °C, the predicted kinetic rate constants behaved aggressively after 120 min of the pyrolysis process. The second assumed series and anticipated rate constants at 380 °C to 390 °C can be applied commercially to improve oil production while saving energy and heat.
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1. Introduction


High-density plastic (HDPE) is a petroleum-based polymeric material that is among the most efficient plastic polymers available today. The management of polymer waste is a growing challenge that impacts the human health environment. Only 9% of plastic garbage is recycled, while 60% is sent to landfills and burnt. The burning of plastic waste and fossil fuels has a harmful influence on both human and marine life health. Instead of landfilling and burning this waste, it can be used to generate valuable resources, since plastic contains hydrocarbons such as oil, light diesel, carbon, and gases. In this context, new eco-friendly ways for dealing with or recycling plastic rubbish into valuable goods are critical for maintaining our ecology and planet. Multiple solutions have been proposed to reduce the rising amount of plastic waste but the recycling of this waste into products with added-value is the most viable solution. Plastic waste pyrolysis is preferred over other methods due to its commercial-scale potential. However, an optimal combination of the temperature and rate constants for chemical kinetics is a prerequisite for understanding the relevant chemical reaction and process parameters for efficiently converting plastic waste into valuable products. These factors significantly affect the quality and yield of the intended products by reducing the byproducts.



Plastics may be pyrolyzed or thermally converted into gaseous and liquid fuels using a heating chamber [1,2]. The polymers must first be broken [3] and then heated utilizing an endothermic process to be pyrolyzed. Pyrolysis can be conventional or microwave-assisted, depending on the type of heat employed [4]. Systematic experimental and numerical testing is required to anticipate the physicochemical parameters of pyrolysis products [5]. The lack of research on the statistical optimization of rate constants for the effective pyrolysis of wastes, particularly plastic waste, impedes the commercial scale valorization of such materials. To ensure the maximum output and high selectivity of the products, the process parameters should be statistically tailored using appropriate statistical models. Using the Arrhenius law, the type and number of primary products, such as oil, gas, and waxes, can be statistically approximated in R software. There have been no previous studies published on the statistical prediction of rate constants for the pyrolysis of plastics in R software. We are the first to use R software to develop a statistical model for predicting statistical kinetic rate constants.



Numerous studies have used various numerical methodologies to optimize the pyrolysis of plastic waste to obtain fuel-grade products. The loading and unloading behavior of HDPE was researched by Dusunceli et al. [6]. The findings of the creep tests demonstrated that the amount of load applied to the sample contributed to an increase in the measured creep strain. In the relaxation experiments, increasing the intensity of tension resulted in a larger stress reduction than any prior level of tension. This was the case regardless of the amount of tension that had been attempted before. The amount of strain present in the visco-plastic region did not affect the stress measured across the area. The visco-plasticity of the overstress model outperformed the Boyce model regarding modeling capabilities across the board for the various material behaviors that were investigated [7]. The Boyce model was successfully applied to high strain levels; however, it was not applicable when used at low strain levels. Levine et al. [8] predicted a comparable level of product improvement for a range of commodities by using the randomized split (RS) method. A dynamic relationship between the key chemical pathways that resulted in the creation of Low municipal waste plastic (LMWP) was investigated using net rate analysis. It was discovered that both the RS and BB routes play a vital role in producing LMWP; however, the RS pathway is much more prevalent based on the net rates of the end-chain radical reactions [9,10]. Another study was focused on the kinetic properties of high-density polyethylene through thermogravimetric analysis (TGA) [11]. The Coats–Redfern approach, which assumes first-order kinetics, was used to analyze the non-isothermal data. According to the results of TGA, the activation energies increased as a function of both the pyrolysis temperature and the volume flow rate of the injected nitrogen [12]. Thus, when studying TGA kinetics under non-isothermal conditions, low heating and nitrogen flow rates should be considered. According to calculations made using a semi-batch reactor under isothermal circumstances, the activation energies of carbon 14 and carbon 30 were 116.68 kilojoules per mole and 226.96 kilojoules per mole, respectively. The total activation energy was 113.17 kilojoules per mole [13]. Under non-isothermal conditions, it was possible to lower the total activation energies to 65.04 and 82.29 KJ mol−1. This shift in kinetics could be attributed to insufficient heat transmission and a difficult breakdown process [14]. The addition of metallic particles to the mixture resulted in a significantly higher heat transfer rate, which in turn significantly accelerated the reaction rate [15].



Safadi et al. [16] used a population-balance model in conjunction with an innovative modeling strategy (a lumped-empirical model). The primary goal of this method was to decrease the number of problems that need to be solved while maintaining the accuracy of the model. There were five major lumps in the routing model, including the polymer itself. During the pyrolysis of HDPE at 420 °C, it was discovered that the paired models were effective in distinguishing 181 different species [17]. The model performed well when used for condensed alkanes but performed even better when applied to alkenes. It was demonstrated that the lack of branching, cyclization, aromatization and weak bond reactions in the stated reaction equations were responsible for some of the data discrepancies [18]. Liu et al. [19] used simulated trajectories as their primary method. It was determined that end-chain scission is a significant contributor to ethylene production [20]. It was observed that the synthesis of higher olefins requires the severing of a mid-chain at some point throughout the process. The high temperatures led to the discovery of many hydrogen-shift processes [21]. The hydrogen shift reaction and the following scission were the primary routes that led to propylene production. Cyclization, the breakdown of H2 molecules, and branching were all identified simultaneously as the other processes [22]. To provide a qualitative indication of the outcomes, the use of ReaxFF MD simulation in combination with VARMD’s automated creation of correct chemical reactions was helpful in gasifying HDPE [23]. Oisin et al. [24] conducted research on pyrolysis through ReaxFF simulation. An HDPE model consisting of 8 PE chains and 7216 atoms was developed during the simulation. It was found that the maximum number of waxes were produced at higher temperatures, indicating the formation of a large number of alkaline components [25]. Mortezaeikia et al. [26] examined a mechanical model for the pyrolysis of HDPE using moment methods. The model had 151 different species and 11,000 different responses. The experimental data for the pyrolytic model was compared to HDPE when it was heated to 420 °C [27]. It was discovered that the molar yields of the condensable LMW products were incredibly consistent with the previously published data; however, the molar yields of gaseous LMW products were found to be less consistent with the previously collected information.



In this work, we evaluate the impacts of temperature on the final product by optimizing a series of activation energies and pre-exponential or frequency factors. A rarely researched method, Arrhenius equation in R software, was used to statistically forecast the kinetic rate constants for the thermal valorization of HDPE waste. Two series of activation energies and pre-exponential factors were assumed to predict the rate constants in the temperature range from 370–410 °C.




2. Work Layout


The Arrhenius Equation (1) was used to assume two series of activation energies and pre-exponential factors to predict the rate constants as follows:


  k =  A o  ×  e    − Ea   R  (     T  1 − T 2  )       



(1)




where, k is the rate constant; Ao is the pre-exponential or frequency factor; Ea is the activation energy; R is the general gas constant, which is 8.134 J/K-mol; and T is the absolute temperature. Equation (1) can also be written in a logarithmic form as:


ln(k) = ln (Ao) − Ea/RT



(2)







A graphical illustration of the best fit for a relation between T, Ea, and Ao is provided below in Figure 1. The reactants must have sufficient energy to overcome a reaction barrier for the reaction to continue. The distribution of energy inside a system of particles may be used to define the temperature of the system. When the temperature is high, a large number of particles have enough energy to cross the barrier. The rate constant varies with temperature, because when the temperature of a reaction is raised, the rate of the process often rises. The Arrhenius equation predicts that the rate constant will increase when the temperature is raised. The value of the exponential component of the equation will become less negative as T continues to rise, which will increase the value of k.



The 23s solver for ordinary differential equations (ODE) was used to solve the model equations in MATLAB (R2020a). When the conditions for the pyrolysis process are satisfied, the light wax with the reaction the constant k1, oil with reaction constant k2, gas with reaction constant k3, and heavy wax with reaction constant k4 are the dominating products. Free radicals also convert light wax to oil with a reaction constant of k5, light wax to gas with a reaction constant of k6, heavy wax to gas with a reaction constant of k8, and heavy wax to oil with a reaction constant of k9. Additionally, Figure 2 shows that some part of the oil transforms straight into a gas with the reaction constant k7 [28].



The R software is used to assume two series of activation energies to calculate the frequency factor, which is required to calculate the statistically predicted rate constants. Table 1 and Table 2 represent both the assumed Ea and Ao as well as the statistically predicted rate constants. The entire process has been graphically illustrated in Figure 3.




3. Analysis of Statistically Predicted Rate Constants at 370 °C to 380 °C


For both series of activation energies, when the temperature is between 370 °C and 380 °C, just a small amount of HDPE (3%) remained after 18 min of the process. When the light and heavy waxes created at the start of the process were fully consumed, the oil and gas production decreased dramatically. The percentages of heavy and light wax after 11 min of the process were 35% and 1%, respectively, for the first assumed series of Ea and Ao and were 26% and 2% for the second assumed series of Ea and Ao. The oil yield remained 57%, 81%, and 92% after 1, 2, and 3 h of the process time for the first series and 63%, 86%, and 94% for the second assumed series of Ea and Ao. Similarly, the gas yield was 32%, 16%, and nearly 7% for the first assumed series and 32%, 16%, and 7% for the second assumed series after 1, 2, and 3 h of process time, as shown in Figure 4.




4. Analysis of Statistically Predicted Rate Constants at 380 °C to 390 °C


Table 3 and Table 4 show the expected rate constants for when the temperature was increased from 380 °C to 390 °C for both series combinations of Ea and Ao. At this temperature, the production of light wax was maintained at the same level for both series, but the production of heavy wax declined by 34% for the first assumed series and 22% for the second assumed series of Ea and Ao. The production of oil yield remained 72%, 91%, and 97% for the first assumed series of Ea and Ao, and 77%, 94%, and 98% for the second assumed series of Ea and Ao during a period of 1, 2, and 3 h, respectively. On the other hand, it was discovered that the production of gas during the same time dropped to 23%, 7%, and 2% for the first series and 22%, 6%, and almost 1% for the second assumed series of Ea and Ao, as shown in Figure 5.




5. Analysis of Statistically Predicted Rate Constants at 390 °C to 400 °C


Table 5 and Table 6 show the predicted rate constants for temperatures in the range of 390 °C to 400 °C for the assumed series of Ea and Ao. The quantity of light wax was predicted to be about 2% for both series of Ea and Ao, while the percentage of heavy wax was predicted to be about 32% for the first assumed series and 27% for the second assumed series of Ea and Ao. The oil yield was found to be 84%, 97%, and 99% for the first assumed series after 1, 2, and 3 h. An interesting trend was found in the production of oil in the case of the second assumed series. The oil yield increased to 84%, 97%, and 99% for the first assumed series after 1, 2, and 3 h. An about 88% oil yield was obtained during the first hour of the pyrolysis process for the second series. This indicates that high temperatures significantly affected the oil yield, especially in the case of the second assumed series. The gas yield, on the other hand, revealed a decreasing trend. The gas yield was predicted to be about 14% and 11% for the first and second assumed series, respectively, during the first hour, as shown in Figure 6.




6. Effect of Time on Statistically Predicted Rate Constants


All the predicted rate constants from the first and second series are listed in Table 7 and Table 8, respectively. Both the experimental and statistical approaches first involved the cracking of HDPE into smaller particles, which transformed them into heavy and lighter waxes. The oil and gas production dropped substantially when the light and heavy waxes developed during the conversion process were consumed [29]. The time-dependent conversion of plastic into oil, gas, and waxes is reported in Table 9. The time-dependent conversion reveals that the quantity of the residual is approximately 0.5 to 1% and the light wax is 0% for both the assumed series at all temperatures. About 26% to 35% of heavy wax was produced in the temperature range from 370 °C to 380 °C during first hour of processing time. The production of heavy wax ceased after 2 h when the temperature was raised from 380 °C to 400 °C. The gas yield reduced from 32% to 14% and 30% to 11% for the first and second series, respectively, when the temperature was raised to 400 °C. After 1 h of pyrolysis, the efficiency of the oil yield increased to 57% and 84% for the first and second series, respectively, by increasing the temperature from 370 °C to 400 °C. The oil yield improved to a further 97–99% after 3 h of pyrolysis for the first series.



In the second series, after 1 h of pyrolysis time, the oil yield improved from 63% to 88% with a rise in temperature from 370 °C to 400 °C. After 2 and 3 h of processing, the oil production jumped to 94% and 98%, respectively, with a similar change in temperature. The high conversion efficiency of the process is attributed to the lower values of Ea and Ao at higher temperatures. Numerous studies have been carried out to investigate the impact of operational parameters on oil output from the pyrolysis of HPDE [30]. Khan et al. [31] pyrolyzed HDPE plastic wastes to produce oil, gas, and char. To produce useable fuel products, HDPE was pyrolyzed in a self-designed stainless-steel reactor. After 2 to 3 h of pyrolysis at 330–490 °C, the HDPE waste was fully degraded into liquid fuel, solid residue, and combustible hydrocarbons. Salem et al. [32] performed the thermal pyrolysis of HDPE to produce gasoline range hydrocarbons. They used a fixed bed reactor to pyrolyze HDPE in the temperature range from 500–800 °C. The optimum temperature for obtaining a maximum oil product yield of 70% was 550 °C. A chemical kinetic analysis of the cracking reactions was conducted to explore the reaction mechanism providing the best oil product and yield. The recovered oil had a large proportion of aliphatic hydrocarbons, particularly in the C8 to C12 range, with a lesser fraction of aromatic hydrocarbons. The carbon number of the oil product increased proportionally as the operating temperature increased. The experimental data were also modeled using synthetic HDPE degradation reaction kinetics, reflecting a two-stage process. The primary stage breakdown had high activation energy, whereas the second stage degradation to gas, liquid, and solid fractions had lower limits representing the intramolecular hydrogen shift and termination step.



In another study, Uzun et al. [33] researched the co-pyrolysis of waste composed of synthetic materials and PS at a temperature of 500 °C. The co-pyrolysis was performed in a semi-batch format in an inert environment under fixed bed reactor conditions. The co-pyrolysis of PS and HDPE at a ratio of 1:2 resulted in the most noticeable kinetics and the highest liquid yield. The bio-oil showed superior properties compared to the oil obtained from the pyrolysis of a single biomass source. The percentages of carbon and hydrogen both increased, while the amount of oxygen decreased. The bio-oils, produced via co-pyrolysis, had high calorific values, making them an attractive candidate for use as fuel. According to the results, incorporating HDPE improves the dispersion of hydrocarbons, which leads to an increase in both the quantity and quality of the oil. The actual amount of oil was 65% of the expected amount. Rodrguez et al. [34] found HDPE to produce alkanes at 450–550 °C due to scissions and intermolecular hydrogen transfer. The pyrolysis of HDPE into wax created mid- to long-chain molecules, whereas a wax-to-oil transition produced room-temperature liquid hydrocarbons. Park et al. [35] showed that the two-step pyrolysis of PVC waste at 730 °C may produce 80% oil. Heat pretreatment impacts the combustion of oil and chlorine contents in two-step pyrolysis. Sun et al. [36] employed sludge char as a substrate to produce pyrolysis oil from plastic trash. The temperature, residence time, and polymeric composition impacted the conversion efficiency and oil production. Alvarez et al. [37] produced 57% oil via rapid co-pyrolysis HDPE in a fixed-bed reactor at 525 °C to 675 °C. HDPE and red oak’s synergetic influence was studied by analyzing the yields and properties of oxygenated products generated at 575 °C. Miandad et al. [38] make oil and char from plastic trash. Mixed plastics were turned into oil at 420 °C for 75 min. In comparison to other plastic types, polystyrene waste produced the most liquid oil (80.8%), the least amount of gas (13%), and the least amount of char (6.2%). All the forms of the liquid oils from the plastics mostly contained aromatic chemicals; however, some also contained alkanes and alkenes. Due to the high level of the aromatic chemicals present, upgrading the liquid oil using various post-treatment techniques, such as distillation, refining, and blending with standard diesel, was advised. The abovementioned literature is summarized and compared with the current study in Table 10. In most cases, the oil yield did not exceed 80% due to the use of the conventional or unoptimized pyrolysis approaches. In the current study, we were able to predict a 98% oil yield through an efficient statistical analysis after 3 h of pyrolysis. These findings suggest the high significance of the results and practical value of the reported work.




7. Limitations of the Reported Model


The reported statistical model predicts better results in the temperature range from 370–400 °C. At elevated temperatures, the model behaves more aggressively towards the cracking of the feedstock. The oil content decreases while the gas content increases at higher temperatures. In addition, the reported model is only applicable to high-density plastics. Limited kinetic rate reactions can be studied in this model, whereas the plastic may undergo numerous complex reactions.



The numerical analysis can only operate using a second-order differential solver. This model produced an oil yield of 98%, which is difficult to achieve experimentally. A sensitivity analysis is required to analyze the behavior of the predicted rate constants.




8. Conclusions and Future Prospects


This study was conducted to identify an appropriate combination of Ea and Ao. Using our statistical model in the R software, we could determine rate constants that potentially enhance the oil yield to a significant extent. This model enables the discovery of a possible energy combination that could boost oil yields on a commercial scale. The Arrhenius equation in the R software was used to assume two series of Ea and AO to statistically predict the rate constants at different pyrolysis temperatures and explore the impact of the kinetic rate constant on the final products. In line with this, MATLAB was used to conduct four statistical studies at various temperatures in the range of 370–410 °C to evaluate the effect of the temperature on the statistically predicted rate constants and percentage yield. It was discovered that the efficiency of the pyrolysis process might be greatly increased by using the right mix of Ea, AO, and the predicted rate constant. In the first assumed series, the major oil recovery took place between 390 °C and 400 °C, whereas the second assumed series of Ea and Ao took place between 380 °C and 390 °C. The amount of light wax was estimated to be about 2% for both series at temperatures between 390 °C and 400 °C, while the percentage of heavy wax was estimated to be about 32% for the first assumed series and 27% for the second supposed series. After 1, 2, and 3 h, it was discovered that the oil yield for the first series was 84%, 97%, and 99%. In the case of the second series, an intriguing trend was discovered regarding oil production. After 1, 2, and 3 h, the oil yield increased to 84%, 97%, and 99% for the first assumed series. On the other hand, there was a trend toward a diminishing gas yield. In the future, we need to analyze the sensitivity of the statistically predicted rate constants to implement the findings at the industrial level.
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Figure 1. A graphical illustration of the Arrhenius equation by plotting temperature and rate constant. 






Figure 1. A graphical illustration of the Arrhenius equation by plotting temperature and rate constant.
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Figure 2. The graphical representation of rate constant dependent conversion of high-density plastic. 
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Figure 3. Graphical representation of the entire process. 
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Figure 4. Type and amount of the predicted products at 370 °C to 380 °C. 
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Figure 5. Type and amount of the predicted products at 380 °C to 390 °C. 
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Figure 6. Type and amount of the predicted products at 390 °C to 400 °C. 
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Table 1. Statistically predicted rate constants from the first assumed series at 370 °C to 380 °C.






Table 1. Statistically predicted rate constants from the first assumed series at 370 °C to 380 °C.





	Ea (J)
	Ao
	Predicted Rate Constant (k1–k9)





	80,625.019
	33.615
	0.109



	80,625.019
	32.664
	0.106



	124,686.886
	42.988
	0.006



	122,916.918
	42.612
	0.007



	113,732.624
	41.088
	0.013



	109,446.245
	41.256
	0.017



	113,878.971
	44.534
	0.014



	85,148.665
	32.268
	0.076



	133,160.256
	50.43163143
	0.004
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Table 2. Statistically predicted rate constants from the second assumed series at 370 °C to 380 °C.






Table 2. Statistically predicted rate constants from the second assumed series at 370 °C to 380 °C.





	Ea (J)
	Ao
	Predicted Rate Constants (k1–k9)





	84,686.595
	33.608
	0.081



	81,443.176
	32.469
	0.099



	120,686.723
	41.349
	0.008



	117,797.809
	40.766
	0.009



	109,352.352
	39.533
	0.017



	106,092.446
	40.026
	0.021



	111,473.947
	43.572
	0.016



	82,618.843
	31.383
	0.088



	130,076.545
	49.308
	0.005
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Table 3. Statistically predicted rate constants using a first assumed series at 380 °C to 390 °C.






Table 3. Statistically predicted rate constants using a first assumed series at 380 °C to 390 °C.





	Ea (J)
	Ao
	Predicted Rate Constants (k1–k9)





	80,625.019
	33.615
	0.146



	80,625.019
	32.664
	0.142



	124,686.886
	42.988
	0.010



	122,916.918
	42.612
	0.011



	113,732.624
	41.088
	0.019



	109,446.245
	41.256
	0.026



	113,878.971
	44.534
	0.020



	85,148.665
	32.268
	0.103



	133,160.256
	50.432
	0.006
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Table 4. Statistically predicted rate constants using a second assumed series at 380 °C to 390 °C.






Table 4. Statistically predicted rate constants using a second assumed series at 380 °C to 390 °C.





	Ea (J)
	Ao
	Predicted Rate Constants (k1–k9)





	84,686.595
	33.608
	0.111



	81,443.176
	32.469
	0.133



	120,686.723
	41.348
	0.012



	117,797.809
	40.766
	0.014



	109,352.352
	39.533
	0.025



	106,092.446
	40.026
	0.031



	111,473.947
	43.572
	0.024



	82,618.843
	31.383
	0.119



	130,076.545
	49.308
	0.008
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Table 5. Statistically predicted rate constant using the first assumed series at 390 °C to 400 °C.






Table 5. Statistically predicted rate constant using the first assumed series at 390 °C to 400 °C.





	Ea (J)
	Ao
	Predicted Rate Constants

(k1–k9)





	80,625.019
	33.615
	0.191



	80,625.019
	32.664
	0.186



	124,686.886
	42.988
	0.015



	122,916.918
	42.612
	0.016



	113,732.624
	41.088
	0.028



	109,446.245
	41.256
	0.037



	113,878.971
	44.534
	0.030



	85,148.665
	32.268
	0.137



	133,160.256
	50.432
	0.010










[image: Table] 





Table 6. Statistically predicted rate constant using second assumed series at 390 °C to 400 °C.






Table 6. Statistically predicted rate constant using second assumed series at 390 °C to 400 °C.





	Ea (J)
	Ao
	Predicted Rate Constant





	84,686.595
	33.608
	0.148



	81,443.176
	32.469
	0.175



	120,686.723
	41.348
	0.018



	117,797.809
	40.766
	0.021



	109,352.352
	39.533
	0.036



	106,092.446
	40.026
	0.045



	111,473.947
	43.572
	0.034



	82,618.843
	31.383
	0.157



	130,076.545
	49.308
	0.012
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Table 7. Summary of all the statistically predicted rate constants using the first assumed series.
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	Assumed Ea (j)
	Ao
	370–380 °C
	380–390 °C
	390–400 °C





	9697.500
	80,625.019
	0.109
	0.146
	0.191



	9697.500
	80,625.019
	0.106
	0.142
	0.186



	14,997.219
	124,686.886
	0.006
	0.010
	0.015



	14,784.329
	122,916.918
	0.007
	0.011
	0.016



	13,679.651
	113,732.624
	0.013
	0.019
	0.028



	13,164.090
	109,446.245
	0.017
	0.026
	0.037



	13,697.254
	113,878.971
	0.014
	0.020
	0.030



	10,241.600
	85,148.665
	0.076
	0.103
	0.137



	16,016.388
	133,160.256
	0.004
	0.006
	0.010
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Table 8. All the statistically predicted rate constants using the second assumed series.
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	Assumed Ea (j)
	Ao
	370–380 °C
	380–390 °C
	390–400 °C





	84,686.595
	33.608
	0.081
	0.111
	0.148



	81,443.176
	32.469
	0.099
	0.133
	0.175



	120,686.723
	41.348
	0.008
	0.012
	0.018



	117,797.809
	40.766
	0.009
	0.014
	0.021



	109,352.352
	39.533
	0.017
	0.025
	0.036



	106,092.446
	40.026
	0.021
	0.031
	0.045



	111,473.947
	43.572
	0.016
	0.024
	0.034



	82,618.843
	31.383
	0.088
	0.119
	0.157



	130,076.545
	49.308
	0.005
	0.008
	0.012
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Table 9. Time-dependent conversion of HDPE plastic into oil, gas, and waxes.






Table 9. Time-dependent conversion of HDPE plastic into oil, gas, and waxes.





	
Series

	
Time (Minutes)

	
Series

	
Time (Minutes)




	
1st

	
Yield (%)

	
60

	
120

	
180

	
2nd

	
60

	
120

	
180






	
370–380 °C

	
Oil

	
57

	
81

	
92

	
370–380 °C

	
63

	
86

	
94




	
Gas

	
32

	
16

	
7

	
30

	
13

	
5




	
LW

	
0

	
0

	
0

	
0

	
0

	
0




	
HW

	
35

	
2

	
0

	
26

	
1

	
0




	
380–390 °C

	
Oil

	
72

	
91

	
97

	
380–390 °C

	
77

	
94

	
98




	
Gas

	
23

	
7

	
2

	
18

	
7

	
1




	
LW

	
0

	
0

	
0

	
0

	
0

	
0




	
HW

	
3

	
0

	
0

	
2

	
0

	
0




	
390–400 °C

	
Oil

	
84

	
97

	
99

	
390–400 °C

	
88

	
Aggressive

	
Aggressive




	
Gas

	
14

	
2

	
0

	
11

	
2

	
0




	
LW

	
0

	
0

	
0

	
0

	
0

	
0




	
HW

	
1

	
0

	
0

	
0

	
0

	
0
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Table 10. Comparison of oil yield from different waste, methods, and temperatures.






Table 10. Comparison of oil yield from different waste, methods, and temperatures.





	Waste Type
	Temperature (°C)
	Method
	Oil Yield (%)
	Reference





	PS/HDPE
	500
	Co-pyrolysis
	65
	[31]



	HDPE
	550
	Pyrolysis
	70
	[32]



	HDPE
	330–490
	Pyrolysis
	76
	[33]



	HDPE
	450–550
	Pyrolysis
	77
	[34]



	HDPE
	730
	Two-step Pyrolysis
	80
	[35]



	Mix
	800
	Pyrolysis
	53
	[36]



	HDPE
	535–675
	Pyrolysis
	57
	[37]



	PP, PE
	420
	Pyrolysis
	80
	[38]



	HDPE
	370–400
	Pyrolysis
	98
	Current study



	HDPE
	Pyrolysis
	370–380 (1st series)
	96
	Current study



	HDPE
	Pyrolysis
	370–380 (2nd series)
	97
	Current study



	HDPE
	Pyrolysis
	380–390 (1st series)
	97
	Current study



	HDPE
	Pyrolysis
	380–390 (1st series)
	98
	Current study
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