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Abstract

:

Chemical recycling is considered one of the most sustainable solutions to limit the environmental issues related to plastic waste pollution, whereby plastic is converted into more valuable compounds when mechanical recycling is not feasible. Among the most critical fast-growing components of municipal solid waste, polystyrene represents 1/3 of the filling materials in landfills. In this work, the chemical recycling of polystyrene via two main thermochemical processes is investigated: pyrolysis and hydrothermal liquefaction (HTL). The influence of temperature (HTL: 300–360 °C and pyrolysis: 400–600 °C) and reaction time (HTL: 1–4 h; pyrolysis: 30 min) on the products obtained was studied. The obtained liquid and solid products were analyzed by using gas chromatography-mass spectrometry (GC-MS), an elemental analysis (EA), Fourier-transform infrared spectroscopy (FT-IR) and a thermogravimetric analysis (TGA). During HTL, a temperature of 360 °C and reaction time of 4 h were needed to completely decompose the polystyrene into mainly oil (83%) and water-soluble compounds (10%). The former was mainly composed of aromatics while the water phase was mainly composed of aromatics and oxygenated compounds (benzaldehyde and acetophenone). The pyrolysis led to the formation of 45% gas and 55% oil at 500 °C, and the oil was 40% styrene. Pyrolysis was thus more selective towards the recovery of the styrene monomer while the HTL can be an effective process to produce renewable aromatics.
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1. Introduction


In the last few decades, the production and use of polymers to formulate plastic materials has incredibly increased. Each day, new applications of these materials are proposed thanks to their peculiar characteristics that make them remarkably versatile [1,2]. Due to the enormous diffusion of the use of polymers, the fate of their disposal is becoming one of the most urgent issues to be addressed. Recent trends show that growing plastic waste generation is expected to reach 150 million tons by 2050 [3,4]. To date, mechanical recycling (secondary recycling) is one of the most used methods to recover plastics; however, this treatment is not suitable for all polymers, and it does not allow for a 100% recovery. Therefore, incineration and landfilling are the final destinations of more than 60% of postconsumer plastics [5,6]. The development and design of new processes to completely recover the polymers that cannot be mechanically recycled becomes fundamental. Since most of the polymers are mainly composed of H and C with negligible amounts of ash and oxygen, chemical recycling (tertiary recycling) is a valuable alternative not only to reduce the environmental impact of their disposal but also to contribute towards a circular economy that recovers energy or produces value-added products, which can be used as a fuel or as feedstock to produce chemicals or other polymers [7,8]. Thermochemical processes are the most suitable processes for the decomposition of polymers; among them, hydrothermal liquefaction (HTL) and pyrolysis are the most interesting for the conversion of the polymers into liquid products [9]. Pyrolysis occurs at an ambient pressure and high temperature (400–700 °C) under an inert atmosphere and converts organic matter into a high energy-dense oil, along with some gases and solid products which can be burned to recover some energy [10]. Hydrothermal liquefaction takes place at a medium temperature (280–450 °C) and high pressure (7–30 MPa) in the presence of sub-/supercritical water, which rapidly changes its physicochemical properties (low dielectric constant, dynamic viscosity and ionic strength) enhancing the solubility of the hydrocarbons in water [11]. Furthermore, the decrease in its ionic product makes the water that is active in hydrolysis reactions an acid/base catalyst for the breakage of polymer chains [12]. Products of HTL are (1) an oil phase; (2) an aqueous phase that typically contains molecules with heteroatoms such as chlorine, bromine, nitrogen, phosphorus and oxygen; and (3) a solid phase composed of char and inorganic compounds (metal and oxides).



Both processes lead to the production of a highly viscous energy-dense liquid with a high calorific value (HHV), which is often referred to as plastic crude oil; however, HTL offers considerable advantages such as needing a lower temperature and a high carbon efficiency (biocrude yields are higher than 80%), with the resulting crude containing 5 to 15% oxygen and a calorific value (44–45 MJ/kg) similar to conventional petroleum fuels (43.4 MJ/kg). Several researchers have already studied the thermal degradation of individual plastic wastes (nylon, polystyrene, polypropylene and polyethylene) into value-added compounds and crude oil [13,14,15,16,17]. The yields and characteristics of the end products depend on the process conditions (the temperature, feed residence time, type of carrier gas and its flow rate) and on the feedstock type used [8,10,18,19].



From a technoeconomic perspective, HTL appears to be competitive, although there are many key factors influencing the process costs. A comparison between the costs of the transportation fuels produced by HTL and pyrolysis was conducted by Rahman et al. [20]. They considered HTL, fast pyrolysis and intermediate pyrolysis processes for the production of transportation fuels feeding 2000 dry t d−1 of municipal solid waste (MSW); the results showed that HTL was the most competitive process, with a final cost of jet fuel of 0.72 $/L compared to a cost of 0.85 $/L for the jet fuel produced by fast pyrolysis. Studies on the technoeconomic analysis of plastic waste to liquid fuels processes are rare in the literature. Okoro et al. [4] investigated the potential of waste plastic utilization as a feedstock for the production of liquid fuels by means of the fermentation of syngas and HTL. They developed an Aspen Plus process model based on extensive experimental data and reported the results in the form of the internal rate of return (IRR) index. They calculated an IRR of 51.3% when HTL was used for the production of gasoline compared to an IRR of 22.2% when syngas was used for fermentative processes to obtain gasoline. Larrain et al. [21] estimated that the minimum productivity of a plastic waste pyrolysis plant must be around 80,000 t/y to achieve an IRR of at least 15%, i.e., to be economically sustainable. However, the pyrolysis processes are limited in scale by the need for the external heating of the waste material. This means that the construction of these facilities with a capacity higher than about 1 t/h (≈8000 t/y) per individual process unit is difficult and cost consuming due to the need for the construction of several units running in parallel in higher capacity plants [22].



Polystyrene (PS) is extensively consumed worldwide, making its recycling fundamental to contain environmental issues. Due to the very low density of this polymer, almost 1/3 of the world’s landfills are filled with polystyrene [23]. The chemical recycling of polystyrene through thermochemical processes has attracted researchers’ interest in recent decades [24] as it can be used to produce new monomers [25,26], chemicals and liquid fuels [11,27,28]. Bai et al. [29] investigated the effect of the reaction temperature, reaction time, feedstock concentration and pressure on the liquefaction of high-impact polystyrene in supercritical water. Toluene and ethylbenzene were reported as the main products rather than styrene. Bockhorn et al. [30] investigated the stepwise pyrolysis of PS at 380 °C, and the main products were styrene (58% v/v), ethylbenzene, styrene dimer and styrene trimer (35% v/v) as well as 2-phenylpropane in smaller amounts. Williams and Slaney compared the pyrolysis and hydrothermal liquefaction of the simulated mixture of MSW under a moderate temperature and pressure; they placed the mixture in a batch autoclave reactor at 500 °C and obtained an oily product composed of 75% of single aromatic rings [31] after using HTL on PS.



From a literature review, it is clear that pyrolysis and HTL are promising technologies for the chemical recycling of polystyrene. The aim of this work is to study the feasibility of chemically recycling PS to obtain valuable liquid products by HTL and pyrolysis at optimized operative conditions. The two processes are evaluated in terms of oil yields and composition in order to be able to target the process of the production of specific compounds such as monomers or valuable chemical compounds.



PS HTL and pyrolysis tests were performed by varying the operative conditions such as temperature (HTL: 300–360 °C and pyrolysis: 400–600 °C) and reaction time (HTL: 1–4 h; pyrolysis: 30 min); the obtained liquid and solid products were analyzed by using gas chromatography-mass spectrometry (GC-MS), an elemental analysis (EA), Fourier-transform infrared spectroscopy (FT-IR) and a thermogravimetric analysis (TGA).




2. Materials and Methods


2.1. Materials


PS granules (ultra-polymers PSGP1721, BDH Chemicals, Poole, UK) with a purity of ˃99.9% and deionized water were used in the experiments. The experiments were conducted in hydrothermal conditions and thermal pyrolysis conditions. The experimental setups (Figures S1 and S2) and procedures are reported in the Supplementary Materials.




2.2. Hydrothermal Liquefaction (HTL)


The HTL experiments were performed in a 10 mL stainless-steel tubular microreactor. In a typical run, 0.5 g of solid plastics and 5 g of water were added to the reactor. The reactor was sealed and immersed in a fluidized sand bath that was preheated to the desired temperature and shaken by a shaft connected to a mechanical stirrer.



The scheme of the experimental set-up is reported in Figure S1 and explained in details in authors’ previous work [13].



The degradation rate of the polystyrene during the experiments was calculated as follows:


Degradation (%) = ((Mpolystyrene − Msolid)/Mpolystyrene) × 100



(1)




where Mpolystyrene is the weight of the initial polystyrene before the reaction and Msolid is the weight of the solid residue after acetone washing.




2.3. Pyrolysis


Pyrolysis was conducted in a horizontal tubular reactor that had a 1.5 cm ID and 40 cm length. The yield of the products was estimated by using Equations (2) and (3):


Oil yield (%) = (Mliquidoil/Mpolystyrene) × 100



(2)






Gas yield (%) = (Mpolystyrene − (Mliquid + Mchar))/Mpolystyrene) × 100



(3)




where Mpolystyrene is the weight of the initial polystyrene before the reaction, Mliquid is the weight of the liquid product collected in the flask and the Mchar is the weight of the solid residue inside the ceramic boat after the experiment.




2.4. Product Characterization


The chemical compounds in the water and oily phases were detected by using GC-MS and identified by using the NIST mass spectral library. The oily products were also analyzed by using an Elemental Analyzer (EA 3000, Eurovector, Pavia, Italy) to measure the amount of C, H, N and O. The gas products of the pyrolysis were analyzed continuously by using a mass spectrometer (QGA, Hiden Analytical, Warrington, UK). To measure the amount of organics in the water phase, isobutanol was introduced as the internal standard to the mixture of the water phase, and then the mixture was quantitatively analyzed by using GC-FID. Theoretical response factors of the identified compounds were predicted using effective carbon number method [32].



The molecular and thermal characterization of the solid products was performed by using Fourier-transform infrared spectroscopy (FT-IR) and a thermogravimetric analysis (TGA), respectively. Details on the procedures adopted for the characterization of the products are reported in the Supplementary Materials.





3. Results and Discussion


3.1. PS HTL


3.1.1. Degradation of PS during the HTL


In Figure 1, the influence of the operative conditions on the degradation rate of PS is reported.



In the range considered, the degradation of PS seemed to be highly dependent on the temperature and reaction time. A temperature of 300 °C was not sufficient to decompose PS; a reaction time of 4 h was required to reach 10% of the degradation degree; and after 1 h, the degradation value was only 1%. The increase in temperature led to a consistent rise in the PS degradation rate, and the process achieved more than an 80% degradation degree after 3 h of reaction at 360 °C. This indicates that elevated temperatures promoted cracking reactions in the long chain of polystyrene. Park et al. [33] investigated the decomposition of a copolymer of styrene with butadiene in HTL, and they reported a 60% depolymerization of styrene butadiene copolymer in the presence of water at 350 °C for 60 min. Kwak et al. [34] reported the hydrothermal decomposition of PS into valuable compounds near the critical point 370 °C after a short residence time. The reaction time plays a fundamental role in the decomposition of PS. The PS degradation degree increases as the reaction time increases. When the reaction temperature was 330 °C, the PS decomposition rate increased from 3.1% in 1 h to 60.1% in 4 h. Similarly, at a higher temperature of 360 °C, it rose from 13% (1 h) to an almost complete conversion (4 h) as the solid residue at 4 h was very low (3%). These results are consistent with the previously published literature. Nauman et al. [35] reported that the degradation rate of PS increased from 55.9% to 84.7% when the reaction time increased from 30 min to 60 min at 350 °C when ethanol was used as the solvent. Depending on the reaction temperature and time, the composition of the liquid phase changed consistently. In Figure S3, the pictures of the obtained liquid products at 330 °C and 360 °C after 3 and 4 h of reaction time are reported, and the conditions under which the liquid phase contained organic compounds are shown. At 330 °C, for a reaction time higher than 3 h, the degradation rate was limited, and therefore the amount of organics was not enough to create a separate oily phase; the reaction products remained dispersed in the water phase and gave a stable suspension. At 360 °C and a reaction time higher than 3 h, a clear oily phase could be separated from water.



The product distribution in terms of the oil, water-soluble compounds, gas and solid residue yields of the tests for which a higher degradation rate was obtained are reported in Table 1.



At 330 °C, by increasing the time from 3 to 4 h, the amount of water-soluble organic compounds and the oily phase remained almost constant. The conversion, in fact, did not exceed 60% in this case and did not increase radically from 3 h to 4 h of reaction time. At 360 °C, the results were completely different; in fact, the degradation rate sharply increased from 80% to almost a complete conversion. The water-soluble compounds decreased when the reaction time was higher while the amount of the oily phase increased. This behavior can be attributed to two different effects. The increase in the reaction time led to higher degradation rates which reached almost 100% for 4 h; the production of liquid organic molecules was favored, and in fact, in these conditions, 80% of the PS was converted into oil. When the concentration of organic molecules increased, their solubility in water decreased, the molecules migrated from the water to organic phase and produced higher oil yields. Furthermore, the prolonging of the reaction time led to the condensation reactions of the soluble compounds forming higher molecular weight molecules that were not soluble in water anymore. At 330 °C, in fact, the temperatures appeared to be too low to promote the recondensation reactions, and thus no evident differences were revealed between the reaction time of 3 and 4 h. Kwak et al. [34] reported that the depolymerization of polystyrene in sub- and supercritical water is highly dependent on the time and temperature. A higher temperature and longer time lead to a higher conversion and faster degradation. Furthermore, Ahmad et al. [35] reported similar results when using HTL on polystyrene in a water–ethanol solvent. They found that oil production increased from 32% to 85% as the temperature rose from 290 °C to 370 °C. Regarding the effect of the reaction time, they also concluded that increasing this parameter influenced the oil and solid yield. Indeed, at 30 min, the oil yield was low (56%), while at 60 min, it reached its maximum value (84.7%) (Table 1).




3.1.2. Characterization of the Liquid Products of PS HTL


Figure 2 and Figure 3 report the chemical composition of the water phases obtained from PS-HTL at different reaction temperatures and times. In Table S1, the complete list of the compounds detected in the water phase is reported.



The composition of the water phase depended on the reaction temperature. At 330 °C, the amount of organics in the water was constant with the two reaction times. The main compounds were monoaromatics and two-ring aromatics coming from the depolymerization of the PS. A few oxygenated compounds were also formed, mainly α–methyl benzenmethanol. At 360 °C, the majority of the compounds present in the water phase were oxygenated, specifically benzaldehyde, benzenmethanol and acetophenone. This behavior was expected since the temperature of 360 °C was near the critical point for water (T = 374 °C), and in these conditions, the water has a great oxidation potential [6]. The less polar compounds that can be detected at 330 °C were not present in the tests performed at a higher temperature due to the migration of these compounds in the formed oily phase.



Figure 4 reports the composition of the oily phase at 360 °C with reaction times of 3 and 4 h in terms of the percentage area. In Table S2 of the Supplementary Materials, the complete list is reported.



The chemical compounds were classified as aromatics on the basis of the number of aromatic rings present in the molecule from 1 to 3, the polycyclic aromatic hydrocarbons (PAHs) and the oxygenated compounds. Looking at Figure 4, it is clear that the subcritical HTL was not favorable for the recovery of the styrene monomer; indeed, the maximum recovery was 6.7% for the test that had a 4 h reaction time. The HTL process appeared to be highly effective for the production of renewable aromatics, which accounted for more than 60% of the percentage area of the GC-MS list of compounds in the form of alkane, alkene substitutes and aromatic species with 1, 2 or 3 rings. In the literature, it is reported that the decomposition of PS in an HTL environment follows a free radical chain mechanism that involves three processes including chain initiation, propagation and termination reactions [38]. The possible reaction mechanism is reported in the Supplementary Materials (Figure S4, Section 3.1.2).



The results showed that higher reaction times favored the production of three-ring aromatic and oxygenated compounds. For the latter, the explanation lies in the longer contact times between the organic compounds and water. The increase in the three-ring aromatics can be explained by the presence of a large amount of aromatics substituted by olefin; Table S2 shows that in the tests performed with 3 h of reaction time, the total peak area of these compounds was 23.9%, while with 4 h of reaction time, the area decreased to 19% of the total area. The olefin lateral chains containing the double bound were more instable and tended to form radicals that reacted between them and produced aromatics with more rings. Another group of compounds is represented by polycyclic aromatics, which are formed by a combination of radicals, cyclization reactions or intermolecular rearrangement. The use of a longer reaction time slightly decreased the amount of polycyclic aromatic hydrocarbons (PAHs). In fact, the intermolecular rearrangements between the dissociative phenyl radicals led to the production of 2-phenyl-naphthalene and anthracene but also molecules with more than three condensate rings, which became insoluble in the oily phase and remained in the solid residue as soot. With longer reaction times, this phenomenon was promoted, and molecules with more than three condensed rings were produced, which were not detectable in the oily phase. The production of polycyclic aromatics from coking was also found by Bai et al. [29], who reported that as the reaction times increased, a small amount of polycyclic aromatic hydrocarbons (2-phenylnaphthalene) also appeared in the liquefaction products, indicating that a long reaction time promoted their formation.



In Table 2, the oil elemental analysis and HHV (MJ/kg) calculated by using the Dulong formula is reported.



As expected, the HHV was slightly lower for the oil produced at 4 h since the amount of oxygen was higher. The amount of oxygen in the oil was in line with the literature’s results; Seshasayee and Savage [6] reported that the HTL of PS produced an oil that had a small percentage of oxygen (O% ratio about 1.8 at 400 °C). The energy recovery indexes, calculated as the amount of energy recovered in the oil divided by the amount of energy in the PS, showed that increasing the reaction time led to a high energy recovery due to the higher degradation degree.




3.1.3. Characterization of the Solid Product of PS HTL


To figure out the effect of the HTL process on the PS degradation, the solid residues when the reaction time was 3 h at 300, 330 and 360 °C were analyzed by using Fourier transformed infrared spectroscopy (FT-IR). As shown in Figure S5, the vibrational frequencies of the aromatic ring (1620–1557 cm−1 and 1511–1400 cm−1) characterized polystyrene and dominated the infrared spectrum of all four samples. Three groups of bands could be seen, and these correspond to the multiple tension movements of the aliphatic and aromatic C-H bonds at 3100–2800 cm−1, the C-C bonds of the aromatic ring at 1600–1400 cm−1 and the bending mode of -CH2 and the aromatic ring deformations at 1000–700 cm−1. Table S3 shows the frequencies with their corresponding vibrational modes and functional groups. As can be seen in Figure S5, the PS did not show any evident structural changes when the HTL was performed at a temperature between 300–360 °C at 3 h of reaction time. The temperatures and reaction time probably caused only a little depolymerization in the polymer chain, which was not visible in the infrared spectra [24,34].



To further understand the effect of the HTL process on the structural properties of the polystyrene samples, the thermal behavior under an inert atmosphere was studied by using a TGA analysis. The results, reported in Figure S6, showed that PS degradation took place at 335 °C and ended at 467 °C with a maximum decomposition rate at 417 °C, which is attributed to main-chain pyrolysis. (Figure S6b).



In Table 3, the values that were extracted from the TG/DTG curves in terms of the onset temperature Td (the temperature at which 5% mass loss occurs), T50% (the temperature at which 50% mass loss occurs), rmax (the maximum rate of the mass loss) and Tmax (the temperature at which rmax occurs) are reported.



The dependence of the thermostability of the samples on the content of the styrene moieties is at best characterized in terms of T50%. It can be seen from Table S4 that, in the case of the polystyrene before the treatment, T50% was 415.5 °C, and in the case of the PS residues caused by HTL at 330 °C and 360 °C for 3 h, T50% became 411.6 °C and 399.5 °C, respectively. Moreover, it can be seen that the HTL solid residues at 330 °C and 360 °C began to decompose at lower temperatures. This evidence of decreased thermal stability indicates changes in the molecular weight and polymer chain length. A comparison of the TGA curves of the PS treated at 360 °C for 3 h and fresh PS revealed the presence of 30.3 wt% of the volatile components below 350 °C, which were absent in the starting polymer.



These amounts of volatiles can be attributed to the degradation of smaller fragments such as styrene and its oligomers. In particular, the weight loss of about 2 wt% below 170 °C was due to the monomeric styrene (Tbp was 145 °C) [39]. This evidence shows that the chain scission and fragmentation processes of the polymeric chains occurred under the HTL operating conditions, and their extent, as expected, was more severe at higher temperatures.



Although the maximum degradation temperature (Tmax) remained almost unchanged, the rate of decay (rmax) of polystyrene dropped significantly with the increasing HTL temperature, probably due to the intermolecular hydrogen transfer that resulted in a large increase in the molecular weight of the residual polymer chain [40].





3.2. PS Pyrolysis


3.2.1. Product Distribution of PS Pyrolysis


The effect of the pyrolysis temperature on the char, gas and liquid yields is shown in Figure 5.



All the PS was decomposed to gas and liquid oil during pyrolysis at all the tested temperatures, except a negligible amount of 0.05 g char was recovered at 400 °C. The oil yield increased from 55.27% to 59% when the temperature was raised from 400 °C to 500 °C, respectively. After further increasing the temperature to 600 °C, the liquid yield decreased while the gas production increased. At higher temperatures, in fact, two phenomena took place: the polymer chain degraded to lower molecular weight fragments such as volatile hydrocarbons that were larger than C4 and the gas component (C1-C4), and the higher molecular weight fragments produced by the PS decomposition underwent secondary cracking reactions, which produced noncondensable gas products [17]. These results are consistent with the previously published data. Onwudili et al. [41] studied the pyrolysis of the PS in the stirred pressure reactor and reported that already at a temperature of 350 °C, the entire PS was decomposed into high-viscosity oil and reached its maximum yield at 425 °C, which decreased as the temperature increased further. Demirbas A. [42] reported a drop in liquid oil production by increasing the polystyrene pyrolysis temperature to 581 °C. Abdullah et al. [43] performed pyrolysis on polystyrene waste at temperatures in the range of 350–500 °C. They reported 500 °C as the optimum operating temperature for the liquid yield; when the temperature below 500 °C, most of the products were formed by wax, and when the temperature was above 500 °C, more gas was produced.



The gas phase was analyzed continuously by using a mass spectrometer during the pyrolysis tests, and in Table 4, the medium composition of the gases is reported according to the results of the test conducted at 500 °C. The main gaseous compounds were light hydrocarbons.




3.2.2. Chemical Composition of PS Pyrolysis Oil


The results of the GC-MS analysis on pyrolysis oil are reported in Table 5; the main compounds of the pyrolysis oil were a styrene monomer, dimer and trimer. Styrene was the major product of decomposition of polystyrene.



The tests demonstrated that pyrolysis can be an effective process to recover styrene monomers. By increasing the temperature from 500 to 600 °C, the monomer, dimer and trimer percentage decreased since the production of lighter compounds (the gas phase) increased. During pyrolysis, products can be classified as follow: (1) single-ring aromatics including styrene, α-methyl styrene, toluene, ethylbenzene and benzene; (2) styrene dimers; (3) trimers and tetramers; and (4) condensed products [17]. It can be seen that the monomer styrene was the major product at all the temperatures. Pyrolysis of polystyrene is a typical radical chain mechanism [16,33,44] that proceeds through three principal steps: initiation, propagation and termination reactions. The decomposition pathway is reported in the Supplementary Materials (Figure S7, Section 3.2.2).





3.3. Pyrolysis vs. HTL: Summary


In Table 6, a summary of the main results obtained after using HTL and pyrolysis for the decomposition of PS is reported. The two processes were compared in the best conditions tested, which for HTL was 360 °C and 4 h of reaction time and for pyrolysis was 500 °C.



The data show that pyrolysis can be more convenient if the target is the recovery of styrene since with this process, in the tested conditions, almost 20% of the polymer was converted in the monomer. However, the oil yields were very low compared to when HTL was used, and almost 50% of the feedstock was converted into gas; consequently, the energy recovery factor was also low. During pyrolysis, almost half of the feedstock was converted into a gas phase, which is hard to recycle; however, since the calorific value of this gas phase was quite high, its use as a source of energy for the pyrolysis itself can be foreseen in order to increase the efficiency of the process. The HTL led to a very high oil yield and ER index, which reached 95%, but the recovery of styrene was very low. However, the produced oil had a very low oxygen content and high calorific value, and it was mainly composed of aromatics species, which are valuable chemical compounds.





4. Conclusions


The aim of this paper was the assessment of HTL and pyrolysis on the chemical recycling of polystyrene in order to provide experimental data, which allows us to estimate which process is suitable for the preset target in terms of the desired compounds. The effect of temperature was investigated for the two processes while the effect of reaction time was studied only for HTL. The results showed that with HTL, it is possible to recycle almost the 100% of the PS with an oil yield higher than 80% when the reaction is carried out at 360 °C and for 4 h. The produced oil was mainly composed of aromatic compounds with 1, 2 and 3 rings, whereas the recovery rate of styrene monomers was very low (6.7%). The presence of water produced some oxidation reactions in the degradation fragments, especially at the highest temperature; however, the amount of oxygen in the oil remained low. The best pyrolysis results were obtained at 500 °C, which was the temperature at which the oil yield was 55%. Pyrolysis led to enhanced styrene recovery (≈20%), but a high amount of gas was also produced.



The results of this study suggest that pyrolysis can be an effective process to recover monomers, which can be used to produce new polystyrene, while HTL can be a viable solution to produce a highly calorific oil and renewable aromatic compounds.
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Figure 1. Degradation degree of polystyrene after HTL at different temperatures and reaction times (polystyrene 0.5 g and water 5 g). 
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Figure 2. Composition of HTL water-soluble products at 330 °C with reaction times of 3 h (a) and 4 h (b). 
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Figure 3. Composition of HTL water-soluble products at 360 °C with reaction times of 3 h (a) and 4 h (b). 
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Figure 4. Percentage area of the chemical compounds of produced oily phase at 360 °C with reactions times of 3 (a) and 4 (b) hours. 
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Figure 5. Effect of temperature on the pyrolysis conversion yield into gas and liquid. 
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Table 1. Yields of HTL products: oil, water-soluble compounds, solid and gas.
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Oil

(%)

	
Water Organic

(%)

	
Solid

(%)

	
Gas

(%)






	
360 °C-4 h

	
83

	
9

	
3

	
5




	
360 °C-3 h

	
51

	
25

	
20

	
4




	
330 °C-4 h

	
38

	
14.2

	
43.8

	
4




	
330 °C-3 h

	
34

	
14.2

	
48.8

	
3




	
Main results of published works




	
350 °C-30 min [6]

	
86

	
2

	
2

	
n.r.




	
350 °C-1 h (1) [36]

	
89

	
n.r

	
10

	
1




	
350 °C-1 h [36]

	
74.2

	
n.r

	
n.r

	
n.r




	
350 °C-1 h (2) [35]

	
84.7

	
n.r

	
3.8

	
11.5




	
350 °C-30 (3) min [37]

	
83

	
n.r

	
13

	
4








(1) HIPS; (2) ethanol as a solvent; (3) toluene as a solvent.
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Table 2. Elemental analysis of the PS oil produced at 360 °C for the two reaction times.
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	C

(wt%)
	H

(wt%)
	O

(wt%)
	HHV

(MJ/kg)
	ER

(%)





	Oil 360 °C-3 h
	89.3
	8.4
	2.3
	42.0
	51



	Oil 360 °C-4 h
	89.8
	7.5
	2.7
	40.81
	95
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Table 3. The effect of HTL on the thermal degradation of polystyrene.
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	Td

(°C)
	T50%

(°C)
	Tmax

(°C)
	rmax

(%/°C)





	PS
	380.9
	415.5
	417.4
	−2.62



	HTL_330 °C-3 h
	278.8
	411.6
	415.9
	−2.52



	HTL_360 °C-3 h
	209.2
	399.5
	418.7
	−1.44
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Table 4. Gas compounds produced during pyrolysis at 500 °C.
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	Compounds
	Vol (%)





	H2
	13.5



	CH4
	10.2



	C2H6
	3.5



	C2H4
	36.9



	C3H6
	19.8



	Others (MW > C3H6)
	16.1
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Table 5. Gas compounds produced during pyrolysis at 500 °C.
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	Temperature (°C)
	400
	500
	600





	Benzene (%)
	0.19
	0.23
	0.28



	Toluene (%)
	0.20
	0.20
	0.14



	Styrene (%)
	36.65
	40.16
	34.6



	Alpha-methyl styrene (%)
	0.13
	0.19
	0.33



	1,2-diphenylethan (%)
	0.64
	0.59
	0.47



	1,3-diphenylpropane (%)
	0.19
	0.22
	0.41



	Dimer (%)
	11.90
	12.05
	8.18



	2,4-diphenyl-1pentene (%)
	0.15
	0.20
	0.33



	Trimer (%)
	5.19
	5.31
	3.4
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Table 6. Comparison of the performances of HTL and pyrolysis on the degradation of PS.
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	Degradation

(%)
	Oil Yield

(%)
	Styrene Yield

(%)
	Oil HHV (MJ/kg)





	HTL-360 °C-4 h
	97
	83
	4
	40.81



	Py-500 °C-30 min
	100
	55
	20
	42.19
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