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Abstract

:

Plastic has made our lives comfortable as a result of its widespread use in today’s world due to its low cost, longevity, adaptability, light weight and hardness; however, at the same time, it has made our lives miserable due to its non-biodegradable nature, which has resulted in environmental pollution. Therefore, the focus of this research work was on an environmentally friendly process. This research work investigated the decomposition of polypropylene waste using florisil as the catalyst in a salt bath over a temperature range of 350–430 °C. A maximum oil yield of 57.41% was recovered at 410 °C and a 40 min reaction time. The oil collected from the decomposition of polypropylene waste was examined using gas chromatography-mass spectrometry (GC-MS). The kinetic parameters of the reaction process were calculated from thermogravimetric data at temperature program rates of 3, 12, 20 and 30 °C·min−1 using the Ozawa–Flynn–Wall (OFW) and Kissinger–Akahira–Sunnose (KAS) equations. The activation energy (Ea) and pre-exponential factor (A) for the thermo-catalytic degradation of polypropylene waste were observed in the range of 102.74–173.08 kJ·mol−1 and 7.1 × 108–9.3 × 1011 min−1 for the OFW method and 99.77–166.28 kJ·mol−1 and 1.1 × 108–5.3 × 1011 min−1 for the KAS method at a percent conversion (α) of 0.1 to 0.9, respectively. Moreover, the fuel properties of the oil were assessed and matched with the ASTM values of diesel, gasoline and kerosene oil. The oil was found to have a close resemblance to the commercial fuel. Therefore, it was concluded that utilizing florisil as the catalyst for the decomposition of waste polypropylene not only lowered the activation energy of the pyrolysis reaction but also upgraded the quantity and quality of the oil.
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1. Introduction


In recent decades, a tremendous growth in plastic utilization has occurred as a result of the rising population and people’s desire to improve their living standard [1]. Plastics have been widely used in everyday life since their discovery, owing to their appealing properties such as their light weight, stiffness, durability and competitive prices. Due to their properties such as their toughness and durability, plastics are very helpful in making the life of people comfortable; however, at the same time, they also pose serious environmental issues due to resistance to natural breakdown and create major obstacles to waste management [2]. Therefore, the quantity of plastic waste is increasing every day all over the world, resulting in serious environmental pollution [3,4].



If plastic consumption continues with its current flow, then worldwide plastic waste will jump from 260 million tons/year, as estimated in 2016, to 460 million tons every year until 2030 [5]. For the handling of discarded plastic, various strategies are in use: e.g., the concept of the 3Rs, which stands for reuse, reduce and recycle, is a basic and widely used waste management policy [6]. Some traditional waste recycling procedures are termed “mechanical recycling” that consists of primary and secondary recycling. Primary recycling is the fundamental recovery of uncontaminated plastic objects and particles for re-use in related applications. It has the disadvantage of having a limited number of re-use cycles and being confined to industrial materials with low contamination [7]. Meanwhile, secondary recycling includes sorting, grinding, washing and extrusion, where the resultant component might possibly be indistinguishable from the original. However, these methods only recycle 15 to 20% of total plastic waste [8].



Other methods for disposing of and recycling plastic waste are landfilling, incineration and chemical recycling. Incineration is the process of burning plastic waste in open areas. Incineration is becoming a severe issue and endangering both human health and the environment as it produces a wide range of volatile and gaseous contaminants that can damage the environmental conditions. Incineration has also been admonished for producing large volumes of bottom ash as well as a variety of harmful air pollutants such as polycyclic aromatic hydrocarbons and dioxins in the case of halogen-containing polymers [9].



Landfilling, or land disposal, is the most widely used traditional method. This is the most popular and convenient method of waste disposal. However, the increased filling of plastic waste into landfills has resulted in pollution of the soil, water and air. Moreover, the public’s reliance on landfilling has resulted in environmental, health and safety issues. Because of the high costs and the poor degradability of plastic-based products, landfills are becoming an unappealing method of disposal [10].



Chemical recycling refers to the thermal depolymerization of plastic waste into valuable products. Sometimes, simple thermal decomposition does not produce the desired results [11]; therefore, the thermo-catalytic method is used to convert plastic waste into useful products [12]. Catalytic pyrolysis is beneficial over thermal pyrolysis in several aspects, including the lower degradation temperature, quicker cracking reaction, improved selectivity, shorter operating time and enhanced product yields [13]. Therefore, pyrolysis can rightly be termed as a greener approach because it results in the disposal of plastics along with the production of some value-added products, whereas other methods such as incineration and landfilling lead to contamination of the soil, water and air.



Polypropylene is a low-cost thermoplastic polymer which makes up 26% of the worldwide polymer market. Polypropylene has a lower density and a higher service temperature and is harder and more rigid, with high resistance to environmental stress cracking, and it is more vulnerable to oxidation and chemical assault. Pyrolysis of pure and waste polypropylene has been studied in different reactors using various catalysts [14,15,16,17,18]; however, no attention has been paid to the use of florisil as the catalyst for the decomposition of waste polypropylene in a salt bath reactor. Therefore, the objectives of this research were to devise an appropriate technique for the degradation of polypropylene waste using florisil as the catalyst and to study the kinetics of the pyrolysis reaction. This study will help in the degradation of polypropylene waste on a pilot scale.




2. Results and Discussion


2.1. Thermogravimetric Analysis


Thermogravimetric analysis of waste PP was conducted in a nitrogen atmosphere at temperature program rates of 3, 12, 20 and 30 °C·min−1 in the presence of florisil. The weight loss curves of polypropylene waste at various temperature program rates are depicted in Figure 1. The figure shows that with the increase in the heating rate, the degradation curves shift to a high temperature for the same degree of conversion due to the heat transfer lag. The results agree well with our previous investigations [19]. Moreover, the DTG curves were observed to have a single depth which depicts polypropylene degradation as a result of breakage of the polymer chain in a single step. Li et al. [20] studied the thermal degradation of PP at a temperature ranging from 50 to 750 °C at 5 °C·min−1 and observed that the maximum degradation of PP occurred at 429 °C with a single-step degradation.



Figure 2 demonstrates the effect of the florisil catalyst on the degradation of waste polypropylene. It can be easily seen from the figure that without the catalyst, polypropylene degradation initiated at 285 °C and came to an end at 480 °C, while in the presence of the catalyst, it started at 222 °C and finished at 438 °C. The TG/DTG curves show that waste polypropylene without the catalyst completely degraded at about 500 °C, while in the presence of the florisil catalyst, it degraded at about 450 °C. The results are in consonance with reported studies. As observed by Tekin et al. [21] waste PP completely decomposed at 500 °C, and significant weight loss steps occurred in the temperature range of 340–485 °C. Obali et al. [22] analyzed polypropylene degradation thermogravimetrically as well as in the presence of an alumina-loaded mesoporous catalyst and revealed that virgin polypropylene degraded between 350 and 480 °C, while with the catalyst, the degradation temperature reduced to 253–360 °C.




2.2. Kinetic Study


Waste polypropylene with and without the catalyst was decomposed in a thermogravimetric analyzer at temperature program rates of 3, 12, 20 and 30 °C·min−1, and the resultant data were utilized for determining the kinetic parameters applying the OFW and KAS methods.



2.2.1. Ozawa–Flynn–Wall Equation


The correlation between lnβ and 1/T plotted using Equation (1) at various percent conversions for the virgin sample is depicted in Figure 3a and for the catalyzed reaction in Figure 3b. The activation energy and A-factor determined from the slope and intercept of the plots are presented in Table 1. The Ea and A for the uncatalyzed reaction ranged from 109.95 to 198.66 kJ·mol−1 and 9.1 × 108 to 9.3 × 1012 min−1, respectively. The data obtained are in agreement with some earlier studies. Briceno et al. [23] calculated the Ea for PP degradation in the range of 177–194 kJ·mol−1 using the OFW method, with conversion ranging from 10 to 90% at different heating rates. Wu et al. [24] found an Ea of 183.6 kJ·mol−1 for commercial-grade polypropylene degradation using the Friedman method.



For the catalyzed reaction, the Ea values were also observed to increase with the percent conversion; however, the activation energy values obtained were lower compared to those of the uncatalyzed reaction, i.e., the Ea values ranged from 102.74 to 173.08 kJ·mol−1 and the pre-exponential factor was observed to range from 7.1 × 108 to 9.3 × 1011 min−1 with the increase in percent conversion from 0.1 to 0.9. Almost similar results were also obtained by Das and Tiwari using the OFW equation [25]. Lin et al. [26] studied polypropylene thermo-catalytic degradation and observed a reduction in Ea (143.4 kJ·mol−1) using a silicalite catalyst as compared to without the catalyst (147.5 kJ·mol−1), using the Ozawa method.




2.2.2. Kissinger–Akahira–Sunnose Equation


Figure 3c presents the plot of ln(β/T2) against 1/T at various degrees of conversion for virgin waste propylene using Equation (2). From the plots, Ea and the A-factor were calculated as listed in Table 1. Ea was noted to increase from 108.76 to 184.28 kJ·mol−1 with the increase in percent conversion from 0.1 to 0.9. Briceno et al. [23] calculated the Ea for the thermal degradation of polypropylene using the Kissinger–Akahira–Sunnose method and found Ea values of 174–191 kJ·mol−1. Aboulkas et al. [27] utilized the Kissinger–Akahira–Sunnose approach to calculate the activation energy for various conversions for PP degradation. The average activation energy computed for PP was 179 kJ·mol−1. In another study, municipal plastic waste including polypropylene was analyzed thermogravimetrically at 30–700 °C. The activation energy for polypropylene degradation was calculated as 261.22 kJ·mol−1 using the KAS equation [28]. Similarly, for catalyzed PP degradation, the plot of ln(β/T2) against 1/T was constructed according to Equation (2), as depicted in Figure 3d, and the kinetic parameters calculated from the plots are presented in Table 1. The table shows that as the percent conversion increased, Ea also increased from 99.77 to 166.28 kJ·mol−1. The rise in these values was mainly attributed to polypropylene complex reactions, involving multiple reaction steps. Esmizdeh et al. [29] revealed an increase in Ea with conversion and reported variation in the activation energy from 70 to 160 kJ·mol−1. Das and Tiwari [25] examined the thermal degradation of four plastics and observed an increase in the activation energy (136–173 kJ·mol−1) with the percent conversion.





2.3. Pyrolysis of Polypropylene


In a laboratory-scale pyrolysis setup, polypropylene waste was decomposed without the catalyst at various temperatures from 350 to 430 °C for 1 h; however, no oil was produced. Therefore, further experiments were performed using florisil as the catalyst, and a better yield of the liquid fraction was obtained. The optimum temperature for maximum oil production was determined by varying the temperature by 10 °C between 350 °C and 450 °C. The amount of the liquid fraction was observed to increase with the rise in temperature, from 17% at 350 °C to a maximum of 58% at 410 °C, and then began to decrease when the temperature exceeded 410 °C, as shown in Figure 4a. The amount of the gaseous fraction was generally observed to increase, and the solid residue decreased with the increase in temperature [30]. Many other researchers have reported similar findings, which are thought to be due to the cracking of C-C bonds at high temperature, resulting in lighter hydrocarbons with relatively short carbon chains [31,32]. Inguanzo et al. [33] noted that the increase in temperature caused a reduction in the solid fraction, while the increase in the gas fraction and the liquid fraction remained relatively constant. Similar findings were also reported by Williams et al. [34]. The authors speculated that the breakdown of the liquid products at elevated temperature resulted in an enhanced gas evaluation. Papuga et al. [35] explained the fact that at a higher temperature, secondary reactions begin to dominate, resulting in additional breaking of molecular chains, and hence the shorter chains arise during the process, resulting in non-condensable gases. Following the conclusion of the temperature optimization, further pyrolysis experiments were performed at intervals of 10 min from 10 to 80 min to establish the suitable time duration for the highest yield. The highest yield of oil, i.e., 57.41, was achieved in 40 min, as shown in Figure 4b. Hence, the optimum temperature and time for PP pyrolysis with florisil were observed to be 410 °C and 40 min, respectively. These results are somewhat consistent with previous findings [36]. Khan et al. [37] investigated the decomposition of model polypropylene over a molecular sieve at 350–390 °C and obtained the maximum yield of oil (42.5%) at 370 °C at a time duration of 60 min.




2.4. GC-MS


GC-MS was carried out to study the chemical structure and nature of the oil generated as a result of PP pyrolysis in the presence of florisil, and the obtained chromatogram is displayed in Figure 5, illustrating the detected compounds of the oil. Peaks corresponding to 2,4-Dimethyl-1-heptene (C9H18), Decane, 4-methyl- (C11H24), 3-Decene, 2,2-dimethyl-, (E) (C12H24), Cyclooctane, 1,4-dimethyl-, cis- (C10H20), 1,1,6,6-Tetramethylspiro [4.4]nonane (C13H24), 1-Nonadecene (C19H38), 17-Pentatriacontene (C35H70), Cyclohexane, 1,3,5-trimethyl-2-octadecyl (C27H54), Cyclotetradecane, 1,7,11-trimethyl-4-(1-methylethyl) (C20H40) and Dodecane, 1-cyclopentyl-4-(3-cyclopentylpropyl) (C25H48) were observed, which impart fuel characteristics to the pyrolysis oil. The data obtained are in agreement with some reported works. Shindikar et al. [38] characterized the oil generated by the thermal and catalytic pyrolysis of PP by GC-MS. The resulting chromatogram showed the existence of a petroleum fraction along with some high-molecular-weight hydrocarbons (C20–C30). Similarly, Nisar et al. [18] studied the decomposition of PP over a zeolite and found hydrocarbons in the range of C4–C18. Moreover, the oil was found to contain cyclic, aliphatic and branched-chain hydrocarbons.




2.5. FTIR


Figure 6 shows the characteristic FTIR peaks for pyrolyzed PP oil. The peaks at around 2954 cm−1 and 2870 cm−1 relate to the symmetric and asymmetric stretching of CH3. The band at 2914 cm−1 was attributed to the asymmetric stretching of CH2. The peaks at 1460 and 1377 cm−1 indicate the symmetrical bending of CH3. The corresponding out-of-plane bending modes of C–H are depicted by the peaks at 887 cm−1. Additionally, the peaks at wave numbers of 970 cm−1 and 738 cm−1 correspond to the bending vibration of the C-H of alkene and alkane, and the phenyl ring substitution, respectively. Panda and Singh [39] derived oil from waste PP using kaolin clay at 400–550 °C and used FTIR analysis to evaluate the functional group content of the oil. They found many distinct peaks. The C-H stretching shown by the peaks at 2956 cm−1 and 2879 cm−1, the bending of alkane at 1377 cm−1 and the peak at 1456 cm−1 were attributed to the C-H stretching of alkene, whereas the peaks at 970 cm−1 were assigned to the C-H bending of alkene. These findings are consistent with our results to a great extent.




2.6. Fuel Properties


Various physicochemical parameters of the oil recovered from the decomposition of PP were determined and matched with the properties of commercial fuel, and the data are summarized in Table 2 [40,41]. The results show the similarity of the specific gravity and density to those of kerosene, while demonstrating the resemblance of the fluidity and kinematic viscosity to those of gasoline. The API gravity of the pyrolysis oil lies between the standard values of kerosene and gasoline. Viscosity is the only property that falls in the range of diesel. Hence, it can be concluded that the pyrolysis oil obtained from the decomposition of polypropylene waste is a blend of fossil fuels and therefore needs proper distillation for the recovery of individual fractions. The results are consistent with previous studies. Panda and Singh [39] estimated the specific gravity, density and viscosity of PP oil to be 0.7777, 0.7771 and 2.27, which agree well with our results. In another study, Ahmed et al. [42] produced oil from PP, compared its fuel properties with ASTM standards and found that the fuel properties of the oil were in accordance with the fuel grade requirement.





3. Material and Methods


3.1. Material


Polypropylene waste was collected from a dump site in Peshawar city. Florisil in powder form (60–100 mesh) was obtained from BDH Chemicals Ltd., Poole, UK. Acetone (99.5% pure) was purchased from Sigma Aldrich, Saint Louis, MO, USA. The condenser, reaction vessel and connecting pipes were all made of Pyrex glass and were frequently cleaned with acetone after each pyrolysis experiment.




3.2. Thermogravimetric Analysis and Kinetic Study


Polypropylene was decomposed in an inert gas at 20 mL·min−1 in a thermogravimetric analyzer (TGA Q 500 TA, New Castle, DE, USA) in the presence of 5% florisil at temperature program rates of 3, 12, 20 and 30 °C·min−1 from 25 to 600 °C. The resultant data were utilized to derive the kinetic parameters using the following methods.



3.2.1. Ozawa–Flynn–Wall


This is a good method for finding out kinetic parameters at different fraction conversions. The equation in its final form is


   ln β  = ln    [  A . Ea  ]    Rg  ( α )    − 5.3305 − 1.052  (    Ea   RT    )   



(1)




where β, Ea, A, T and R symbolize the heating rate, activation energy, pre-exponential factor, absolute temperature and universal gas constant, respectively. By plotting lnβ versus 1/T, the activation energy and frequency factor can be computed using the values of the slope and intercept, respectively.




3.2.2. Kissinger–Akahira–Sunnose


The Kissinger–Akahira–Sunnose method presented in Equation (2) is considered as one of the reliable methods applied to thermogravimetric analysis to calculate kinetic parameters:


  ln  (   β   T 2     )  =    ln   [    AR   Eag  ( a )     ]  −   Ea   RT    



(2)




where β represents the heating rate, Ea is the activation energy, A is the pre-exponential factor, R is the universal gas constant and g(α) is the mathematical function for the reaction mechanism. By plotting   ln  (   β   T 2     )    on the y-axis and    1 T    on the x-axis, the activation energy and A-factor can be determined using the values of the slope and intercept.





3.3. Pyrolysis


Pyrolysis of waste polypropylene (≈5 g in each run) along with 5% catalyst was conducted in an indigenously made furnace (salt bath), as shown in Figure 7. The furnace consisted of a circular steel vessel with a diameter of 1 foot, enclosed in a 2-square-feet steel vessel, with insulating material between them. The circular vessel was filled with a mixture of salts and heated by a cable heater around the wall of the bath, having the capacity to retain a temperature of ≈480 °C. A thermocouple was used for sensing the temperature which was connected to a digital temperature controller for measuring and controlling the temperature. The sample was decomposed in a glass vessel hanging inside the molten salt. A constant flow of nitrogen was provided to keep the reaction atmosphere inert. The reaction vessel was connected to a condenser that was linked to a flask placed in an ice-cold bath for oil collection. The collected oil was analyzed by applying the GC-MS technique. The GC-MS instrument (Thermo scientific DSQ II) was equipped with a TR-5MS column (length 30 m, film thickness 0.25 μm, internal diameter 0.25 mm). Helium was used as a carrier gas with a flow rate of 1 mL·min−1. The sample was introduced into the GC with an initial oven temperature of 50 °C and held for 1 min, with the temperature then increased to 150 °C by 15 °C·min−1 with a hold time of 1 min and further increased to 280 °C by 6 °C·min−1. The NIST MS library was used for the identification of peaks. The oil was also studied using an FTIR spectrometer (Prestige-21, Shimadzu IR). The spectra obtained were compared with the available literature.





4. Conclusions


Thermo-catalytic degradation of polypropylene was performed over the temperature range of 350 to 450 °C in the presence of florisil. The temperature and reaction time were optimized for the maximum oil yield. The best parameters for the highest oil yield (57.41%) were found to be 410 °C and 40 min. The catalyst significantly lowered the activation energy as well as the degradation temperature. The oil produced was characterized using GC-MS and FTIR, which showed that the oil contained a wide range of hydrocarbons. The fuel characteristics of the oil were assessed using standard techniques, and the oil was found to be comparable with commercial fuel. This study will help in the degradation of polypropylene waste on a pilot scale.







Author Contributions


J.N.; Conceptualization, Funding acquisition, Resources, Project administration. M.A.; Investigation, Methodology, Writing—original draft. A.S.; Visualization, Writing—review & editing. I.S.; Funding acquisition, Writing—review & editing. M.I.; Conceptualization, Methodology. All authors have read and agreed to the published version of the manuscript.




Funding


The Higher Education Commission of Pakistan is acknowledged for grant No. 20-1491.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Iltaf Shah graciously acknowledges the generous support of the UAE University (UPAR 12S091).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hamad, K.; Kaseem, M.; Deri, F. Recycling of waste from polymer materials: An overview of the recent works. Polym. Degrad. Stab. 2013, 98, 2801–2812. [Google Scholar] [CrossRef]

	



Shen, M.; Song, B.; Zeng, G.; Zhang, Y.; Huang, W.; Wen, X.; Tang, W. Are biodegradable plastics a promising solution to solve the global plastic pollution? Environ. Pollut. 2020, 263, 114469. [Google Scholar] [CrossRef] [PubMed]

	



Achilias, D.S.; Roupakias, C.; Megalokonomos, P.; Lappas, A.A.; Antonakou, V. Chemical recycling of plastic wastes made from polyethylene (LDPE and HDPE) and polypropylene (PP). J. Hazard. Mater. 2007, 149, 536–542. [Google Scholar] [CrossRef] [PubMed]

	



Koerner, G.R.; Koerner, R.M. Polymeric Geomembrane Components in Landfill Liners. In Solid Waste Landfilling; Elsevier: Amsterdam, The Netherlands, 2018; pp. 313–341. [Google Scholar]

	



Hundertmark, T.; Mayer, M.; Mcnally, C.; Simons, T.J.; Witte, C. How Plastics-Waste Recycling Could Transform the Chemical Industry; McKinsey & Company: New York, NY, USA, 2018. [Google Scholar]

	



Wichai-utcha, N.; Chavalparit, O. 3Rs Policy and plastic waste management in Thailand. J. Mater. Cycles Waste Manag. 2019, 21, 10–22. [Google Scholar] [CrossRef]

	



Al-Salem, S.; Lettieri, P.; Baeyens, J. Recycling and recovery routes of plastic solid waste (PSW): A review. Waste Manag. 2009, 29, 2625–2643. [Google Scholar] [CrossRef] [PubMed]

	



Chandran, M.; Tamilkolundu, S.; Murugesan, C. Conversion of plastic waste to fuel. In Plastic Waste and Recycling; Elsevier: Amsterdam, The Netherlands, 2020; pp. 385–399. [Google Scholar]

	



Nanda, S.; Berruti, F. Municipal solid waste management and landfilling technologies: A review. Environ. Chem. Lett. 2021, 19, 1433–1456. [Google Scholar] [CrossRef]

	



Schiopu, A.M.; Gavrilescu, M. Municipal solid waste landfilling and treatment of resulting liquid effluents. Environ. Eng. Manag. J. 2010, 9, 993–1019. [Google Scholar]

	



Vasudeo, R.A.; Abitha, V.K.; Vinayak, K.; Jayaja, P.; Gaikwad, S. Sustainable Development Through Feedstock Recycling of Plastic Wastes. Macromol. Symp. 2016, 362, 39–51. [Google Scholar] [CrossRef]

	



Das, P.; Tiwari, P. Valorization of packaging plastic waste by slow pyrolysis. Resour. Conserv. Recycl. 2018, 128, 69–77. [Google Scholar] [CrossRef]

	



Almeida, D.; De Fátima Marques, M. Thermal and catalytic pyrolysis of plastic waste. Polimeros 2016, 26, 44–51. [Google Scholar] [CrossRef]

	



Miskolczi, N.; Angyal, A.; Bartha, L.; Valkai, I. Fuels by pyrolysis of waste plastics from agricultural and packaging sectors in a pilot scale reactor. Fuel Processing Technol. 2009, 90, 1032–1040. [Google Scholar] [CrossRef]

	



Marcilla, A.; García-Quesada, J.C.; Sánchez, S.; Ruiz, R. Study of the catalytic pyrolysis behaviour of polyethylene–polypropylene mixtures. J. Anal. Appl. Pyrolysis 2005, 74, 387–392. [Google Scholar] [CrossRef]

	



Saha, B.; Ghoshal, A. Model-free kinetics analysis of decomposition of polypropylene over Al-MCM-41. Thermochim. Acta 2007, 460, 77–84. [Google Scholar] [CrossRef]

	



Lin, Y.H.; Yen, H.Y. Fluidised bed pyrolysis of polypropylene over cracking catalysts for producing hhydrocarbons. Polym. Degrad. Stab. 2005, 89, 101–108. [Google Scholar] [CrossRef]

	



Nisar, J.; Khan, M.A.; Ali, G.; Iqbal, M.; Shah, A.; Shah, M.R.; Rehman, N.U. Pyrolysis of Polypropylene over Zeolite Mordenite Ammonium: Kinetics and Products distribution. J. Polym. Eng. 2019, 39, 785–793. [Google Scholar] [CrossRef]

	



Nisar, J.; Khan, M.A.; Iqbal, M.; Shah, A.; Khan, R.A.; Sayed, M.; Mahmood, T. Comparative Study of Kinetics of the Thermal Decomposition of Polypropylene Using Different Methods. Adv. Polym. Technol. 2018, 37, 1168–1175. [Google Scholar] [CrossRef]

	



Li, K.; Lee, S.W.; Yuan, G.; Lei, J.; Lin, S.; Weerachanchai, P.; Wang, J.-Y. Investigation into the Catalytic Activity of Microporous and Mesoporous Catalysts in the Pyrolysis of Waste Polyethylene and Polypropylene Mixture. Energies 2016, 9, 431. [Google Scholar] [CrossRef]

	



Tekin, K.; Akalın, M.K.; Kadı, Ç.; Karagöz, S. Catalytic degradation of waste polypropylene by pyrolysis. J. Energy Inst. 2021, 85, 150–155. [Google Scholar] [CrossRef]

	



Obalı, Z.; Sezgi, N.; Doğu, T. Catalytic degradation of polypropylene over alumina loaded mesoporous catalysts. Chem. Eng. J. 2012, 207–208, 421–425. [Google Scholar] [CrossRef]

	



Briceno, J.; Lemos, M.A.; Lemos, F. Kinetic analysis of the degradation of HDPE+PP polymer mixtures. Int. J. Chem. Kinet. 2021, 53, 660–674. [Google Scholar] [CrossRef]

	



Wu, C.-H.; Chang, C.-Y.; Hor, J.-L.; Shih, S.-M.; Chen, L.-W.; Chang, F.-W. On the thermal treatment of plastic mixtures of MSW: Pyrolysis kinetics. Waste Manag. 1993, 13, 221–235. [Google Scholar]

	



Das, P.; Tiwari, P. Thermal degradation kinetics of plastics and model selection. Thermochim. Acta 2017, 654, 191–202. [Google Scholar] [CrossRef]

	



Lin, Y.; Yang, M.H. Chemical catalysed recycling of polypropylene over a spent FCC catalyst and various commercial cracking catalysts using TGA. Thermochim. Acta 2008, 470, 52–59. [Google Scholar] [CrossRef]

	



Aboulkas, A.; El harfi, K.; El Bouadili, A. Thermal degradation behaviors of polyethylene and polypropylene. Part I: Pyrolysis kinetics and mechanisms. Energy Convers. Manag. 2010, 51, 1363–1369. [Google Scholar] [CrossRef]

	



Diaz Silvarrey, L.S.; Phan, A.N. Kinetic study of municipal plastic waste. Int. J. Hydrog. Energy 2016, 41, 16352–16364. [Google Scholar] [CrossRef]

	



Esmizadeh, E.; Tzoganakis, C.; Mekonnen, T.H. Degradation Behavior of Polypropylene during Reprocessing and Its Biocomposites: Thermal and Oxidative Degradation Kinetics. Polymers 2020, 12, 1627. [Google Scholar] [CrossRef]

	



Audisio, G.; Silvani, A.; Beltrame, P.L.; Carniti, P. Catalytic thermal degradation of polymers. J. Anal. Appl. Pyrolysis 1984, 7, 83–90. [Google Scholar] [CrossRef]

	



López, A.; de Marco, I.; Caballero, B.M.; Laresgoiti, M.F.; Adrados, A. Influence of time and temperature on pyrolysis of plastic wastes in a semi-batch reactor. Chem. Eng. J. 2011, 173, 62–71. [Google Scholar] [CrossRef]

	



Scott, D.S.; Czernik, S.R.; Piskorz, J.; St G Radlein, D.A. Fast Pyrolysis of Plastic Wastes. Energy Fuels 1990, 4, 407–411. [Google Scholar] [CrossRef]

	



Inguanzo, M.; Domínguez, A.; Menéndez, J.; Blanco, C.; Pis, J. On the pyrolysis of sewage sludge: The influence of pyrolysis conditions on solid, liquid and gas fractions. J. Anal. Appl. Pyrolysis 2002, 63, 209–222. [Google Scholar] [CrossRef]

	



Williams, E.A.; Williams, P.T. Analysis of products derived from the fast pyrolysis of plastic waste. J. Anal. Appl. Pyrolysis 1997, 40–41, 347–363. [Google Scholar] [CrossRef]

	



Papuga, S.V.; Gvero, P.M.; Vukić, L.M. Temperature and time influence on the waste plastics pyrolysis in the fixed bed reactor. Therm. Sci. 2016, 20, 731–741. [Google Scholar] [CrossRef]

	



Santos, B.P.S.; Almeida, D.; Maria de Fatima, V.M.; Henriques, C.A. Petrochemical feedstock from pyrolysis of waste polyethylene and polypropylene using different catalysts. Fuel 2018, 215, 515–521. [Google Scholar] [CrossRef]

	



Khan, M.A.; Nisar, J.; Iqbal, M.; Shah, A.; Khan, R.A.; Sirajuddin; Bhatti, I.A.; Amin, R. Pyrolysis of polypropylene over a LZ-Y52 molecular sieve: Kinetics and the product distribution. Iran. Polym. J. 2019, 28, 839–847. [Google Scholar] [CrossRef]

	



Shindikar, M.; Khaladkar, M.; Yb, S.; Mr, S.; My, K. Use of Catalyst in Pyrolysis of Polypropylene Waste into Liquid Fuel. Int. Res. J. Environ. Sci. 2015, 4, 24–28. [Google Scholar]

	



Panda, A.; Singh, R.K. Experimental optimization of process for the thermo-catalytic degradation of waste polypropylene to liquid fuel. Adv. Energy Eng. 2013, 1, 74–84. [Google Scholar]

	



ASTM. Annual Book of ASTM Standard Part 23; American Society of Testing Materials: Philadelphia, PA, USA, 1979. [Google Scholar]

	



IP. Standards for Petroleum and Its Products, Part I; Institute of Petroleum: London, UK, 1993. [Google Scholar]

	



Ahmad, I.; Khan, M.I.; Khan, H.; Ishaq, M.; Tariq, R.; Gul, K.; Ahmad, W. Pyrolysis study of polypropylene and polyethylene into premium oil products. Int. J. Green Energy 2015, 12, 663–671. [Google Scholar] [CrossRef]








[image: Molecules 27 03015 g001 550] 





Figure 1. TG/DTG curves of PP waste obtained at various temperature program rates. 
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Figure 2. TG/DTG of waste PP with and without florisil at 3 °C·min−1. 
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Figure 3. OFW plot for degradation of waste PP (a) without the catalyst and (b) with the catalyst at various conversions. KAS plot for degradation of waste PP (c) without the catalyst and (d) with the catalyst at various conversions. 
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Figure 4. (a) Effect of temperature on pyrolysis products; (b) effect of time on product yield. 
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Figure 5. GC–MS of oil produced from PP waste degradation using florisil as the catalyst. 
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Figure 6. FTIR of oil recovered from the degradation of polypropylene waste. 
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Figure 7. Experimental setup for pyrolysis: 1. nitrogen cylinder; 2. salt bath; 3. temperature controller; 4. power supply; 5. thermocouple; 6. coiled heater; 7. insulating material; 8. reaction vessel; 9. oil collection; 10. condenser; 11. water inflow; 12. water outflow; 13. gas-collecting bag. 
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Table 1. Calculated kinetic parameters for PP degradation by the OFW and KAS equations.
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α

	
Ozawa–Flynn–Waal Model

	
Kissinger–Akahira–Sunnose Model




	
Non-Catalytic

	
Catalytic

	
Non-Catalytic

	
Catalytic




	
Ea

(kJ·mol−1)

	
A

(min−1)

	
R2

	
Ea

(kJ·mol−1)

	
A

(min−1)

	
R2

	
Ea

(kJ·mol−1)

	
A

(min−1)

	
R2

	
Ea

(kJ·mol−1)

	
A

(min−1)

	
R2






	
0.1

	
109.95

	
9.1 × 108

	
0.992

	
102.74

	
7.1 × 108

	
0.994

	
108.76

	
4.0 × 108

	
0.983

	
99.77

	
1.0 × 108

	
0.992




	
0.2

	
119.43

	
6.3 × 109

	
0.991

	
110.64

	
1.2 × 109

	
0.99

	
113.08

	
7.3 × 108

	
0.983

	
108.08

	
1.9 × 108

	
0.992




	
0.3

	
127.46

	
9.3 × 109

	
0.990

	
118.55

	
1.3 × 109

	
0.992

	
121.91

	
9.1 × 108

	
0.993

	
113.90

	
3.3 × 108

	
0.993




	
0.4

	
141.52

	
9.9 × 1010

	
0.991

	
134.35

	
1.9 × 1010

	
0.993

	
129.70

	
9.9 × 109

	
0.996

	
124.71

	
9.9 × 108

	
0.996




	
0.5

	
151.58

	
7.9 × 1011

	
0.993

	
150.16

	
2.9 × 1011

	
0.997

	
139.38

	
3.0 × 1010

	
0.996

	
141.34

	
3.0 × 109

	
0.996




	
0.6

	
167.61

	
9.1 × 1011

	
0.991

	
158.06

	
6.1 × 1011

	
0.999

	
153.32

	
6.5 × 1011

	
0.993

	
149.65

	
6.5 × 1010

	
0.999




	
0.7

	
174.83

	
1.2 × 1012

	
0.991

	
164.38

	
1.2 × 1012

	
0.999

	
168.16

	
1.9 × 1012

	
0.995

	
157.97

	
1.9 × 1011

	
0.995




	
0.8

	
183.57

	
6.3 × 1012

	
0.984

	
170.71

	
1.3 × 1012

	
0.984

	
173.13

	
7.1 × 1012

	
0.997

	
162.12

	
3.1 × 1011

	
0.999




	
0.9

	
198.66

	
9.3 × 1012

	
0.989

	
173.08

	
9.3 × 1011

	
0.989

	
184.28

	
9.3 × 1012

	
0.991

	
166.28

	
5.3 × 1011

	
0.991
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Table 2. Comparison of the fuel properties of the oil obtained from PP waste with ASTM standard values.
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S. No.

	
Parameters

	
This Work

	
ASTM Standard Values [40,41]




	
Diesel

	
Kerosene

	
Gasoline






	
1

	
Density

(g/mL)

	
0.781

	
0.83–0.85

	
0.78–0.82

	
0.720–0.736




	
2

	
Fluidity

	
0.819

	
2.4–5.3

	
1.54–2.20

	
0.775–0.839




	
3

	
Viscosity

(cP)

	
1.133

	
0.9–1.5

	
0.775–0.839

	
1.2–1.8




	
4

	
Specific gravity

	
0.743

	
0.83–0.85

	
0.72–0.73

	
0.78–0.82




	
5

	
API gravity

	
55.877

	
38.98–34.97

	
62.34–65.03

	
49.91–41.06




	
6

	
Kinematic viscosity

(nm2/s)

	
1.591

	
1.3–5.3

	
1.076–1.140

	
1.54–2.20
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