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Abstract

:

The transformation of waste plastics into fuels via energy-efficient and low-cost pyrolysis could incentivize better waste plastic management. Here, we report pressure-induced phase transitions in polyethylene, which continue to heat up without additional heat sources, prompting the thermal cracking of plastics into premium fuel products. When the nitrogen initial pressure is increased from 2 to 21 bar, a monotonically increasing peak temperature is observed (from 428.1 °C to 476.7 °C). At 21 bar pressure under different atmosphere conditions, the temperature change driven by high-pressure helium is lower than that driven by nitrogen or argon, indicating that phase transition is related to the interaction between long-chain hydrocarbons and intercalated high-pressure medium layers. In view of the high cost of high-pressure inert gases, the promotion or inhibition effect of low-boiling hydrocarbons (transitioning into the gaseous state with increasing temperature) on phase transition is explored, and a series of light components are used as phase transition initiators to replace high-pressure inert gases to experiment. The reason that the quantitative conversion of polyethylene to high-quality fuel products is realized through the addition of 1-hexene at a set temperature of 340 °C and the initial atmospheric pressure. This discovery provides a method for recycling plastics by low energy pyrolysis. In addition, we envisage recovering some of the light components after plastic pyrolysis as phase change initiators for the next batch of the process. This method is able to reduce the cost of light hydrocarbons or high-pressure gas insertion, reduce heat input, and improve material and energy utilization.
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1. Introduction


Plastics, comprising long-chain organic molecules, have assisted in the economic development and establishment of convenient living conditions in the human world over the last decades. Today, annual plastic production is >400 million tones, and at the same time, global solid waste production had grown steadily over the past 50 years [1,2]. In contrast to biomass-based materials, plastics are difficult to degrade by micro-organisms under natural conditions, and the continuous accumulation of plastics in all our surroundings is causing serious soil and water pollution problems. Importantly, many plastic fragments are being found in the oceans, and micro- and nano-plastics can be ingested by aquatic animals, which exerts an uncertain impact on the human food chain and ecosystem health [3,4]. Current repurposing routes for these unwanted waste plastics occurring globally mainly involve landfilling, incineration, mechanical processing, and pyrolysis. Waste plastics entering landfills pollute soil and groundwater environments and do not degrade for hundreds of years [5]. Although incineration can realize energy recovery in the form of heat, this approach should be avoided as much as possible due to its high global warming potential [6]. New plastics are obtained via the mechanical recycling route, whereby sorted plastics are remelted and extruded [7,8,9]. However, this method produces low-quality plastics [6,10,11] and does not achieve the ultimate goal of eliminating plastic generation.



Pyrolysis is a very promising approach for the disposal of waste plastics because they can be converted into value-added starting materials, fuel oils or chemicals through controlled depolymerization. Waste plastic recycling into starting monomers that are polymerizable into plastic products is an ideal circulation method owing to the absence of property loss [10]. However, this method requires excessive energy consumption considering polyolefins, such as polypropylene and polyethylene. Since polyolefin monomers originate from petroleum, it is feasible to convert polyolefins into gasoline- or diesel-range hydrocarbons. Polyethylene is the most widely produced plastic worldwide [12,13] and was chosen as the feedstock in this work. Researchers have analyzed the decomposition temperature of polyethylene. Marcilla et al. [14] observed that chain scission occurred from 360~385 °C in the pyrolysis process of low-density polyethylene (LDPE). Onwudili et al. [15] employed an autoclave to conduct LDPE pyrolysis experiments and found that oil formation started at ~410 °C by investigating the obtained products. The thermal cracking process of polyolefins requires a high energy consumption, including high temperatures and long processing times. Catalytic pyrolysis can generate fuel products or chemicals with a high added value at lower temperatures [16,17]. However, many common catalysts, such as zeolites, result in a high yield of gases and char residues, which reduces the selectivity of targeting liquid oil products [18,19,20]. Moreover, the high costs of catalysts and deactivation agents constitute a shortcoming of the catalytic process, which limits its industrial implementation [21]. Recently, several studies on the catalytic hydrogenolysis of polyethylene using finely designed catalysts have obtained high yields of valuable products under moderate conditions, but a long residence time was necessary (24 h or even days) [18,22,23,24], as was a high energy demand.



In our previous studies [25], a phase transition phenomenon was observed when long-chain hydrocarbons and their base polymers were heated under high-pressure atmospheric conditions. If the carbon chain exceeded a certain length, temperature increase resulted in feedstock depolymerization, even though the set temperature was far lower than the minimum temperature required for cracking. It was verified that this temperature rise process was initiated by pressure-induced phase transition. Polyethylene was completely converted into oil and gaseous products at a set temperature of 340 °C aided by phase transition. At present, to achieve high-pressure conditions, it is usually necessary to fill reactors with inert high-pressure gases, which leads to a higher process cost. In addition, studies on polymer phase transition have been conducted in the temperature range of solid-state transition. Polotsky et al. [26] observed a coil-to-flower transition phenomenon when a single minority linear chain was embedded into a polymer brush comprising arm-grafted stars through theoretical methods, and this transition was able to be triggered by increasing the chain length, brush grafting density or solvent strength. Li et al. [27] reported pressure-induced phase transition in plastic crystals yielding a very notable entropy change driven by a relatively small pressure. Moreover, the addition of a certain solvent not only improved the heat and mass transfer efficiency between plastics and catalysts but also made plastics swell and helped catalysts enter the inner part of plastics for depolymerization. Wang et al. [28] found that acetic acid had the best swelling capacity for cured epoxy resin, more than 56%, while alcohols had a weaker swelling capacity, about 11~21%. Another study by Wang et al. [29] found that the use of solvent to swell the resin is conducive to the reaction of the catalyst into the resin. Although solvents can swell plastics to a certain extent, at present, only oxygen-containing compounds have a better effect of solvent swelling degradation, while C-C polymer is more stable and not easily degraded by solvent swelling. There are currently few studies on the temperature range of liquid-state phase transition in polymers. As an ideal host with a very high compressibility and extensive disordered characteristics, polyethylene was able to undergo a significant phase change during the pyrolysis process, and significant enthalpy changes could be obtained, which could be expected to promote pyrolysis reactions. Although a very large adiabatic temperature change originating from the liquid–liquid phase transition process of long-chain hydrocarbons has been observed in our previous work, there remains a lack of understanding of its mechanism and application.



The pyrolysis process was not well studied based on the change in temperature of the polyethylene phase transition. Here, we report on the liquid phase to liquid phase transition phenomenon in polymeric materials, which results in a large change in temperature in the closed system, resulting in a significant break in the polyethylene chain and the preparation of high-quality fuel products. In this study, polyethylene pyrolysis experiments were carried out under different pressure conditions to understand pressure-induced phase transition. In order to further reveal the underlying mechanism of pressure induced phase transition, we conducted experiments in different atmospheres. Furthermore, considering the high cost of high-pressure noble gases, different phase transition initiators were used to achieve pressure-induced phase transitions. The specific objectives of the current study are: (1) to understand the pyrolysis behavior of polyethylene phase transition under nitrogen pressure; (2) to reveal the temperature change behavior caused by the pressure induced phase transition during polyethylene pyrolysis under different inert atmospheres; and (3) to explore the possibility of using liquid hydrocarbons with a low boiling point to achieve pressure-induced phase transformation and clarify the inhibition or promotion of specific low carbon hydrocarbon additives on the phase transformation process of polyethylene.




2. Materials and Methods


2.1. Materials


The principal experiments were carried out using LDPE provided by the Sigma-Aldrich Corporation (St. Louis, MO, USA). 1-hexene (99%), octane (98%) and xylene (99%) were all purchased from Meryer. 1-octene (98%) and 1-decene (95%) were both obtained from Macklin (Rochelle, IL, USA). Chloroform-D (D, 99.8% + 0.03% v/v TMS) was acquired at Cambridge Isotope Laboratories (Tewksbury, MA, USA). Dichloromethane (≥99.9%, GC Resolv™) was obtained from Fisher Chemicals (Hampton, NH, USA). The above reagents were used as received.




2.2. Experimental Setup and Operating Conditions


The polyethylene pyrolysis experiments were performed in Parr autoclaves with a magnetic stirrer to mix viscous suspensions. The specific device is shown in Figure 1. Autoclaves mainly comprised four parts: a 100 mL microreactor (Parr 4590), a PID temperature controller, a high-pressure atmosphere supply device and a computer for recording temperature and pressure curves. The pressure value was measured by a pressure sensor. J-type thermocouple and pressure sensor transmitted the temperature and press signals to a computer to obtain a curve of temperature and pressure vs. time. The magnetic stirrer stirred at 200 rpm/min during the test. To ensure an inert atmosphere during the test, the reactor was purged with nitrogen for 20 min before the test started, after that, the inert gas was charged into the reactor body until reaching the set initial pressure value. Then, after closing the inlet valve 3 and outlet valve 6, the reactor was heated to a preset temperature. The heater was removed when the reactor reached peak temperature and the reactor was cooled to room temperature by air. The gaseous product was collected using a gas collection bag, while the liquid product and residual waxes were obtained in the kettle. The pyrolysis conditions of LDPE at different pressures, inert atmospheres (nitrogen, helium and argon) and additives (1-hexene, 1-octene, 1-decene, octane and xylene) are shown in Table 1. Different pressure experiments are denoted as “Px”, where x is the initial pressure value, different atmosphere experiments are denoted as “Ax” and the experiments involving the addition of liquid hydrocarbons are denoted as “Lx”.




2.3. Analytical Methods


The gas product was distributed using an Agilent 7890N gas chromatograph equipped with two thermal conductivity detectors (TCD) and a flame ionization detector (FID). Standard gases (including C1-C6 hydrocarbons and hydrogen) were used for calibration, and these volatile compounds were analyzed qualitatively and quantitatively.



The resulting oil product distribution was determined by GC-MS (TRACE 1300ISQ), and the chromatographic conditions were described as follows: (1) a HP-5 capillary column (30 m × 0.25 mm ID × 0.25 µm) was adopted, (2) the injection sample size was 1 μL, (3) helium was used as carrier gas at a flow rate of 0.8 mL/min and (4) GC temperature was kept at 40 °C for 5 min, and then heated to 290 °C at a heating rate of 7 °C/min, followed by maintaining at 290 °C for 10 min; for the MS method, ionization mode EI was adopted, with the ionization energy of 70 eV and ion source temperature of 230 °C. Compared with the NIST 20 MS Spectral library, the chemical components were identified. A semiquantitative method was used to observe the changes in the individual components of the corresponding experiments by calculating the percentage of the chromatographic peak area.



The molecular weight distribution of the resulting liquid/wax product was analyzed on the Agilent PL-GPC 220 equipped with three PL-Gel Hybrid B columns, one PL-Gel Hybrid B Protection Column and one refractive index (RI) detector. Samples were prepared in 1,2,4-trichlorobenzene (TCB), containing 0.01 wt.% 3,5-di-tert-butyl-4-hydroxytoluene (BHT), and heated at 150 °C for at least 1 h. Elution was proceeded using TCB (containing BHT) at a flow rate of 1.0 mL/min at 150 °C. The molecular weight data were calibrated using the Agilent and Polymer Standards Service, Inc. (Palo Alto, CA, USA), monomodal polyethylene standards.



NMR 1H and 13C NMR were tested using a 500 MHz Bruker spectrometer (1H = 500 MHz, 13C = 125 MHz). Spectra were analyzed using MestReNova (v14.0.0-23239, Mestrelab Research S. L., A Coruña, Spain). Chemical offsets (δ, ppm) for 1H and 13C were calibrated using the internal solvent signals and referenced to TMS. The branching of liquid products was calculated by 1H NMR using the following formula: branching per 100 carbons = (ICH3/3)/[(ICH + ICH2 + ICH3)/2] × 100. ICH, ICH2 and ICH3 refer to the 1H NMR integrations for the methine, methylene and methyl signals, respectively [30,31].





3. Results


3.1. The Effect of Nitrogen Pressure


In general, the cleavage process of C-C bonds in polyethylene entails an endothermic reaction [16,32,33], but the process of temperature increase occurs under certain conditions, especially in an upper high-pressure atmosphere. In previous studies, we employed different long-chain hydrocarbons as pyrolysis feedstocks to demonstrate that this process was driven by phase transition. There are few studies on the liquid-state phase transition of long-chain hydrocarbons or their polymers, but certain studies have reported that the enthalpy changes occurring during the solid-state transition in plastics from the ordered state to the disordered state are much larger than those in the fusion enthalpy [27,34,35] that occurs in regular solids, such as certain metal materials. Due to this feature, specific plastics are usually adopted as solid-state energy storage materials.



To obtain further mechanistic insights, polyethylene pyrolysis experiments were carried out under different nitrogen pressures to observe the temperature changes induced by phase transition. In this series of experiments, the set temperature was 380 °C. Figure S1 shows temperature and pressure vs. time curves of the blank experiment and the experiments under the different pressures. The blank experiment under an initial pressure of 21 bar revealed no thermal runaway process, and instrument factors could therefore be preliminarily excluded. When 11 g LDPE (Mw = 5.412 × 103, Đ = 2.64) was applied as the reactant under an initial pressure of 1 atm, with the other conditions remaining constant (Table 1, P1), the temperature exhibited a higher increase rate after ~305 °C, but the temperature never exceeded the set point of 380 °C (Figure S1b). Interestingly, in the P2 test, the temperature exceeded the set value and reached 428.1 °C. Before the set temperature of 380 °C was reached, due to the high heating rate, the heating switch was automatically deactivated. Thus, the temperature rise occurred due to the internal reaction system. When the initial pressure was increased from 2 to 21 bar, a monotonically increasing peak temperature was observed (from 428.1 °C to 476.7 °C; Figure S1c,j). Phase transition released an enormous amount of heat, which could be compared based on the determined adiabatic temperature changes, as the same initial temperature was applied across all tests. The reason for the temperature runaway phenomenon may be that the increase in pressure increases the phase transition temperature of the reactants, resulting in a liquefaction exothermic phenomenon, while the reaction substrate gathers at the bottom of the reactor under high pressure. The increase in the concentration of the reaction substrate may also be conducive to the occurrence of the exothermic reaction of the free radical polymerization of small and medium molecules during the pyrolysis process. In addition, increasing the temperature resulted in further depolymerization, and the heat release level was able to be indirectly measured through the cracking degree of polyethylene (i.e., the molecular mass of the obtained products). The phase transition process is highly sensitive to the applied pressure, which suggests that a relatively low pressure can drive a highly notable conformation transformation and molecular potential change in long-chain hydrocarbons.



Although these experiments experienced the same set temperature, the distinct peak temperatures yielded different cracking degrees of polyethylene. The molecular weight distribution and chemical composition of the recovered liquid products were analyzed through gel permeation chromatography (GPC), GC-MS and NMR, which, jointly considered, provide a precise description of the hydrocarbon distribution. First, we compared the peak temperatures of the different tests to the molecular weights of the obtained liquid or wax products (Figure 2A,B). As the initial pressure was increased from 1 atm to 21 bar, the Mn value of the major products decreased from 1060 to 89, indicating that a higher temperature rise resulted in a smaller molecular mass distributions. This may be because the reaction temperature gradually increased as the nitrogen pressure increased, and higher temperatures facilitate the breaking of the C-C bond in polyethylene to form the smaller molecules of light hydrocarbons. The yields of the collected gas, liquid and wax fractions are shown in Figure 2C. Owing to the structural limitations of the autoclave, a small fraction of generated waxes was volatilized and congealed in the upper pipes during the reaction process, which was difficult to recover and is considered to be missing mass. In the P1 test, the recovered wax represented the largest fraction (92 wt.%) of the original polyethylene mass due to its low reaction temperature of 380.1 °C. Under the initial pressures of 2 to 21 bar, oil products accounted for most of the largest fraction of the original polyethylene mass (up to ~90 wt.%). The analysis of gaseous products by GC revealed that with the increase in pressure, the increase in gaseous olefin molecules was less than that of alkane molecules (Table 2). In addition, the CPG analysis of oil products indicated that the molecular weight distribution of the condensed-phase product decreased with increasing pressure, in accordance with the GC-MS results (Table 3). In effect, due to the fixed H/C ratio, the proportion of unsaturated hydrocarbons increased with the degree of polyethylene cracking [15,25], as illustrated in Figure 2D. Particularly, contrary to the atmospheric pressure experiments, the olefin content was reduced, which was confirmed by 1H NMR (Table S1), even though a higher peak temperature has led to a high degree of chain rupture, suggesting the occurrence of cycling, polymerization, or hydrogenation reactions, thus consuming olefins or their precursors in the high-pressure pyrolysis process of polyethylene [36,37,38,39].




3.2. Effect of the Different Atmospheres


To explore the influence of reactant phase transition on reaction processes, other inert gases, such as helium and argon, were also screened in comparative experiments under the same conditions as those in the P21 test. As shown in Figure 3, A2 behaved similarly to P21, with a peak temperature of 477.4 °C, which resulted in a liquid product of low molecular weight (Mn = 104, Đ = 3.15). However, both the ramp rate and peak temperature in A1 during the period of increasing temperature were much lower than those in the tests involving the other two gases, although the thermal conductivity of helium is higher than that of nitrogen and argon. Accordingly, the longer-chain molecules of the liquid products (Mn = 220, Đ = 3.57) were obtained in the case of helium, which was also confirmed via GC-MS (Figure S4a).



Sirota et al. [40] explored the structural effects of three high-pressure inert gases on the rotator phases of long-chain alkanes and observed that nitrogen and argon could become intercalated between layers, thus influencing the in-plane coupling of the rotator phases, while helium mainly functioned as a noninteracting pressurized medium. The different behaviors of helium and the other gases preliminarily indicate that phase transition is affected by the interaction of long-chain molecules and the intercalated molecules of the phase change initiator, resulting in varying degrees of conformational changes.




3.3. Promotion or Inhibition Effect of Low-Boiling Hydrocarbons on Pyrolysis


Given the high cost of high-pressure inert gases, we employed a low-boiling point liquid to establish a high-pressure atmosphere. The first goal was to identify a reagent that would (a) become a gas with increasing temperature rather than mixing with polyethylene reactants and (b) only contained carbon and hydrogen elements to avoid complicating the product. Liquid short-chain hydrocarbons were applied instead of high-pressure inert gases to achieve the necessary phase behavior. When a mixture comprising 8 g LDPE and 8 g 1-hexene was used as the reactant at a set temperature of 380 °C and a nitrogen pressure of 1 atm, an appreciable peak temperature (463.2 °C; Figure S5a) and a similar low-molecular-weight product distribution were achieved (Figure S6a). These results indicated that the necessary phase conditions could be achieved via more efficient methods. Moreover, on one hand, the liquid hydrocarbon added before volatilization may promote the heat transport of solid polymer materials [18,41]. One the other hand, based on the theory of ‘‘like dissolves like’, the shape similarity between polar liquid hydrocarbons and HDPE was able to promote the diffusion of large PE oligomer molecules in the solvent, contributing to the swelling and solvent depolymerization of LDPE [42].



Next, to gain further insights into the resultant phase behavior and determine the types of liquids that could be adopted as a phase change initiator, experiments (Table 1, experiments L2, L3, L4, L5 and L6) were conducted involving the addition of a reagent, such as 1-hexene, 1-octene and 1-decene, under atmospheric pressure and a high pressure of 21 bar to observe the differences in reaction processes and products. A phase transition can be expected if low-boiling liquids are added that are transformed into high-pressure gases rather than become blended with the working materials during heating. In contrast to L1, when using 1-octene and 1-decene, the peak temperature decreased to 456.8 °C and 437.3 °C (Figure 4), respectively, resulting in longer-chain liquids (Figure S6b and Figure S6c, respectively). Higher-boiling hydrocarbons are more likely to mix with the reactants and intermediates during the reaction process, and the phase conditions are reduced. Compared to heavier hydrocarbons, small molecules could help establish more satisfactory phase conditions in the pyrolysis process. Thus, recycling a portion of the light products in the next batch to serve as a high-pressure atmosphere at elevated temperatures could lead to a similar temperature change by influencing the phase behavior of the interior system. In the case of L4, when 8 g LDPE and 3 g 1-hexene were applied as starting materials under an initial pressure of 21 bar, a high peak temperature of 476.0 °C was achieved. A slight temperature change was observed when applying 1-octene (experiment L5), with a peak temperature of 405.8 °C. However, the temperature in L6 did not exceed the set point because polyethylene and 1-decene became mixed during the heating period, thus inhibiting the phase transition in the polymeric materials. Again, the results revealed that phase behavior is a critical issue of this process.



To explore the effects of liquid hydrocarbons with different molecular structures on the reaction paths, experiments using hydrocarbon additives (octane or xylene) with similar boiling points, but different bond types were then performed under initial atmospheric and high-pressure conditions (experiments L7, L8, L9 and L10 in Table 1), and these experiments were compared to the aforementioned experiments involving olefin addition. Regardless of the pressure conditions, the peak temperature (435.4 °C and 382.6 °C, as shown in Figure S5g and Figure S5i, respectively) in the test with the octane additive was much lower than that in the test with the 1-octene additive but similar to that in the 1-decene additive test. However, a comparable peak temperature was reached (458.3 °C and 397.0 °C, as shown in Figure S5h and Figure S5j, respectively) in the xylene additive test that reached in the 1-octene additive test in both groups, suggesting that the different chemical constructs of the selected additives did not constitute an important factor influencing this process. Heat release is mainly related to the phase transition heat release of long chain hydrocarbons and phase transition initiators during the heating process and the homogeneous reaction of the reactants at the bottom of the reactor. On the basis of the obtained product characteristics, it was found that the small-molecule hydrocarbons with different chemical compositions applied in this study did not affect the reaction paths because these hydrocarbons were hardly activated, even at the peak temperatures [43].



Finally, based on the aforementioned rules, a pyrolysis experiment with 1-hexene as the phase change initiator was conducted at a set temperature of 340 °C and initial atmospheric pressure (experiment L11, Table 1). Encouragingly, the peak temperature in this experiment reached 445.6 °C (Figure S5k), resulting in a low molecular weight distribution of the recovered liquid product (Figure S6g). When using low-boiling hydrocarbons as phase change initiators, phase transition is achieved even under the initial atmospheric pressure, which avoids the application of high-cost inert gases. Moreover, the external heating time is very short, and low-boiling hydrocarbons can be sourced from the previous batch of pyrolysis products, thus further reducing the processing cost.





4. Environmental and Health Issues in Plastic Waste Management


Today, plastic is widely used in society. The global production of plastic has doubled from that of 20 years ago [44]. However, while this number keeps increasing, the management of plastic waste has not developed at the rate proportionate to production, resulting in the accumulation of non-degradable plastic waste. Only 9% of plastic waste is successfully recycled, with most ending up in landfills, incinerators and unmanaged landfills or oceans [2]. This has serious implications for biological health and the Earth’s environment.



At present, the management strategies of plastic upgrading cycles can be divided into energy recovery and material recovery. The former recycles heat energy through incineration, but this method still produces a large amount of polluting gas and is not friendly to the environment. Material recovery can be divided into physical recovery and chemical recovery. The former recycles plastics by breaking them into small particles, but this affects the physical properties of materials. The latter, namely chemical recycling, can degrade plastics into plastic monomer recycling but can also transform plastics into products with higher economic value for upcycling [45]. Scientists are now working to manage waste plastics through chemical upcycling.



This study provides a potential strategy for the chemical upgrade management of waste plastics treated with pressure-induced phase transitions. This method can reduce the cost of light hydrocarbons or high pressure gas insertion, reduce heat input and improve the utilization rate of matter and energy in plastic recycling.




5. Conclusions


In summary, we observed a temperature change driven by pressure-induced liquid-state phase transition in the pyrolysis process of polyethylene, and the temperature increase led to more notable depolymerization even at a low set temperature. Highly notable temperature changes were obtained driven by relatively low pressures, and heat input was ceased when the set temperature was reached. Therefore, the external heating time was short. Compared to the traditional thermal treatment of polyethylene, this work achieved a high energy efficiency of polyethylene pyrolysis aided by phase transition in the absence of a catalyst. In this study, low-boiling hydrocarbons and high-pressure inert gases were chosen as phase transition initiators. With the increasing pressure of the inert gases, lower molecular mass fragments were generated as a result of the higher peak temperatures. Moreover, high-pressure nitrogen and argon led to a higher temperature change than that achieved with helium, indicating that the intercalation of gaseous molecules played a crucial role in the phase transition process. A mixture of polyethylene and low-boiling hydrocarbons that transition into the gaseous state at high temperatures could also realize phase transition, thus avoiding the use of high-pressure inert gases. In the case of 1-hexene, the temperature change during the polyethylene pyrolysis process was higher than that in the case of 1-octene or 1-decene. However, the longer-chain liquid hydrocarbons became blended with polyethylene under high pressures, which inhibited the transition process. The conversion of polyethylene into fuel oil with a ~90% yield at a set temperature of 340 °C under the initial atmospheric pressure was realized through the addition of 1-hexene.



Additionally, we speculate that phase transition can be realized at a lower cost via other more efficient approaches, including reactor and process improvement. For instance, recycling heated low-boiling products to serve as a high-pressure medium in the next process batch could reduce the cost of light hydrocarbons or high-pressure inert gases and reduce heat input, which necessitates a corresponding connection between reactor and process control measures. Although the aforementioned experiments were conducted from different perspectives, the microscopic origin of phase transition, such as conformational energetics and anharmonic lattice dynamics, has not been precisely described. Efforts are currently underway to explore the microscopic phase transition mechanism in long-chain hydrocarbons and their polymers via in situ measurement methods. Furthermore, this novel discovery is of vital importance to other fields, such as phase transition in polymers, oil and gas genesis and energy storage materials.
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Figure 1. Experimental apparatus used for pyrolysis experiments. 1. Gas cylinder; 2. pressure reducing valve; 3. air inlet valve; 4. autoclave body; 5. heater; 6. air outlet valve; 7. magnetic stirrer; 8. pressure gauge; 9. reaction controller; 10. computer; 11. gas collection bag. 
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Figure 2. Pyrolysis experiments under different pressure conditions, in nitrogen atmosphere, at switch II and a set temperature of 380 °C. (A) Peak temperatures from different pressure experiments. (B) Mn of the recovered oil or wax products from different pressure experiments. (C) Yields of the collected gas, liquid and wax fractions from different pressure experiments. (D) Oil product distribution from different pressure experiments; “others” refer to those components that are difficult to accurately determine. 
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Figure 3. Temperature and pressure vs. time curves of experimental processes in different high-pressure atmospheres (helium, argon and nitrogen). 
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Figure 4. Peak temperatures from LDPE thermal degradation experiments with olefin additives (1-hexene, 1-octene or 1-decene) conducted under an initial atmospheric pressure and high-pressure (21 bar) conditions, respectively, all in a nitrogen atmosphere, at switch II and a set temperature of 380 °C. 
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Table 1. Different conditional experiments of LDPE pyrolysis by varying the pressure; inert atmospheres, such as nitrogen, helium and argon; and additives, such as 1-hexene, 1-octene, 1-decene, octane and xylene.






Table 1. Different conditional experiments of LDPE pyrolysis by varying the pressure; inert atmospheres, such as nitrogen, helium and argon; and additives, such as 1-hexene, 1-octene, 1-decene, octane and xylene.





	Name
	Reactants
	Reactant Mass (g)
	Set Temperature (°C)
	Initial Pressure (Bar)
	Atmosphere





	Blank
	-
	-
	380
	21
	Nitrogen



	P1
	LDPE
	11
	380
	1 atm
	Nitrogen



	P2
	LDPE
	11
	380
	2
	Nitrogen



	P3
	LDPE
	11
	380
	3
	Nitrogen



	P4
	LDPE
	11
	380
	4
	Nitrogen



	P5
	LDPE
	11
	380
	5
	Nitrogen



	P6
	LDPE
	11
	380
	6
	Nitrogen



	P11
	LDPE
	11
	380
	11
	Nitrogen



	P16
	LDPE
	11
	380
	16
	Nitrogen



	P21
	LDPE
	11
	380
	21
	Nitrogen



	A1
	LDPE
	11
	380
	21
	Helium



	A2
	LDPE
	11
	380
	21
	Argon



	L1
	LDPE + 1-hexene
	8 + 8
	380
	1 atm
	Nitrogen



	L2
	LDPE + 1-octene
	8 + 8
	380
	1 atm
	Nitrogen



	L3
	LDPE + 1-decene
	8 + 8
	380
	1 atm
	Nitrogen



	L4
	LDPE + 1-hexene
	8 + 3
	380
	21
	Nitrogen



	L5
	LDPE + 1-octene
	8 + 3
	380
	21
	Nitrogen



	L6
	LDPE + 1-decene
	8 + 3
	380
	21
	Nitrogen



	L7
	LDPE + octane
	8 + 8
	380
	1 atm
	Nitrogen



	L8
	LDPE + xylene
	8 + 8
	380
	1 atm
	Nitrogen



	L9
	LDPE + octane
	8 + 3
	380
	21
	Nitrogen



	L10
	LDPE + xylene
	8 + 3
	380
	21
	Nitrogen



	L11
	LDPE + 1-hexene
	8 + 8
	340
	1 atm
	Nitrogen
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Table 2. Chemical composition of gaseous products from different pressure experiments (listed in Table 1).






Table 2. Chemical composition of gaseous products from different pressure experiments (listed in Table 1).





	
Name

	
Gaseous Components (mg/g LDPE)




	
P1

	
P2

	
P3

	
P4

	
P5

	
P6

	
P11

	
P16

	
P21






	
Hydrogen

	
0.00

	
0.00

	
0.11

	
0.10

	
0.15

	
0.19

	
0.23

	
0.25

	
0.27




	
Methane

	
0.21

	
0.07

	
2.77

	
2.89

	
3.72

	
4.34

	
5.55

	
6.34

	
6.99




	
Ethane

	
0.24

	
0.28

	
4.06

	
4.39

	
5.15

	
5.98

	
8.79

	
10.34

	
11.65




	
Ethylene

	
0.09

	
0.09

	
1.54

	
1.48

	
1.70

	
1.90

	
2.13

	
2.03

	
1.91




	
Propane

	
0.30

	
0.42

	
4.37

	
4.87

	
4.62

	
5.19

	
8.68

	
10.66

	
11.55




	
Propene

	
0.17

	
0.33

	
3.83

	
4.08

	
3.93

	
4.35

	
6.34

	
6.87

	
6.68




	
C4 alkanes

	
0.15

	
0.22

	
1.89

	
2.27

	
1.85

	
2.12

	
3.57

	
4.90

	
4.82




	
C4 olefins

	
0.14

	
0.17

	
0.19

	
0.24

	
1.35

	
1.47

	
2.14

	
2.54

	
2.24




	
C5

	
0.07

	
0.17

	
1.05

	
1.42

	
1.25

	
1.67

	
2.68

	
3.23

	
3.63




	
C6

	
0.35

	
0.37

	
0.77

	
0.82

	
1.00

	
0.47

	
0.89

	
1.01

	
0.94




	
Sum

	
1.73

	
2.12

	
20.58

	
22.57

	
24.72

	
27.68

	
41.00

	
48.18

	
50.67
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Table 3. Chemical composition of liquid products from different pressure experiments (listed in Table 1).
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Components

	
Peak Area %




	
P2

	
P3

	
P4

	
P5

	
P6

	
P11

	
P16

	
P21






	
n-paraffins

	
68.46

	
67.37

	
67.48

	
63.88

	
62.76

	
60.83

	
59.17

	
59.56




	
C4

	
1.91

	
1.45

	
1.34

	
1.19

	
1.59

	
1.08

	
2.25

	
0.77




	
C5

	
3.86

	
3.25

	
3.21

	
3.14

	
3.89

	
3.14

	
4.81

	
3.12




	
C6

	
3.68

	
3.28

	
3.41

	
3.23

	
3.64

	
3.59

	
4.58

	
5.98




	
C7

	
3.16

	
3.07

	
3.29

	
4.03

	
4.24

	
4.52

	
4.43

	
4.87




	
C8

	
3.05

	
3.10

	
3.31

	
3.83

	
4.09

	
4.34

	
4.44

	
4.68




	
C9

	
2.71

	
2.85

	
2.99

	
3.34

	
3.61

	
3.85

	
3.79

	
4.08




	
C10

	
2.71

	
2.93

	
2.94

	
3.20

	
3.49

	
3.66

	
3.61

	
3.89




	
C11

	
2.70

	
3.06

	
2.95

	
3.17

	
3.43

	
3.66

	
3.48

	
3.75




	
C12

	
2.56

	
2.93

	
2.79

	
3.09

	
3.30

	
3.38

	
3.32

	
3.61




	
C13

	
2.39

	
2.67

	
2.57

	
2.85

	
2.82

	
3.02

	
2.75

	
3.00




	
C14

	
2.24

	
2.45

	
2.39

	
2.53

	
2.61

	
2.63

	
2.50

	
2.62




	
C15

	
2.62

	
2.86

	
2.77

	
2.75

	
2.79

	
2.83

	
2.65

	
2.74




	
C15+

	
34.85

	
33.47

	
33.53

	
27.52

	
23.26

	
21.14

	
16.57

	
16.46




	
Isoparaffins

	
1.37

	
2.13

	
1.69

	
1.96

	
1.73

	
1.79

	
2.02

	
2.38




	
Cycloparaffins

	
4.05

	
4.05

	
4.48

	
5.48

	
5.90

	
7.26

	
7.89

	
8.38




	
Cyclopentane, methyl-

	
0.44

	
0.41

	
0.44

	
0.58

	
0.65

	
0.72

	
0.89

	
0.84




	
Cyclohexane, methyl-

	
0.75

	
0.74

	
0.78

	
0.95

	
1.03

	
1.12

	
1.22

	
1.26




	
Cyclopentane, ethyl-

	
0.24

	
0.25

	
0.26

	
0.33

	
0.37

	
0.41

	
0.46

	
0.48




	
Cyclohexane, ethyl-

	
0.36

	
0.36

	
0.37

	
0.45

	
0.50

	
0.56

	
0.59

	
0.63




	
Others

	
2.26

	
2.29

	
2.62

	
3.16

	
3.37

	
4.44

	
4.73

	
5.17




	
α-Olefins

	
14.99

	
14.85

	
14.62

	
15.41

	
15.68

	
15.78

	
15.50

	
13.67




	
C6

	
2.68

	
2.41

	
2.29

	
2.35

	
2.56

	
2.15

	
2.42

	
2.06




	
C7

	
1.87

	
1.74

	
1.80

	
2.18

	
2.25

	
2.19

	
2.20

	
2.28




	
C8

	
2.08

	
2.05

	
2.11

	
2.35

	
2.40

	
2.38

	
2.27

	
1.60




	
C9

	
1.27

	
1.22

	
1.32

	
1.42

	
1.52

	
1.60

	
1.50

	
1.29




	
C10

	
1.47

	
1.58

	
1.50

	
1.52

	
1.59

	
1.34

	
1.23

	
1.24




	
C10+

	
5.63

	
5.84

	
5.60

	
5.59

	
5.36

	
6.12

	
5.88

	
5.20




	
Cycloalkenes

	
1.60

	
1.64

	
1.65

	
2.15

	
2.49

	
2.60

	
2.70

	
2.77




	
Other olefins

	
5.27

	
5.34

	
5.53

	
6.90

	
4.33

	
6.45

	
6.56

	
6.32




	
Aromatics

	
-

	
-

	
-

	
0.31

	
0.34

	
1.19

	
1.29

	
1.53




	
Benzene

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Toluene

	
-

	
-

	
-

	
0.31

	
0.34

	
0.53

	
0.61

	
0.75




	
Xylene

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Other MAHs

	
-

	
-

	
-

	
-

	
-

	
0.65

	
0.68

	
0.78




	
Others

	
4.26

	
4.63

	
4.54

	
3.90

	
4.33

	
4.10

	
4.87

	
5.40
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