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Abstract

:

Plastic waste signifies a global predicament, aggravated by deficient management practices. Unearthing methods to repurpose energy from this waste is pivotal. This study delves into the pyrolytic degradation of low-density plastics to convert plastic waste into valuable products on a modest scale. A small-scale, low-CO2 emitting distiller was employed in the process. A zeolite was harnessed as a catalyst to augment the temperature and hasten the pyrolysis process. A comprehensive life cycle analysis was executed to assess the environmental impact of the process. In this scenario, zeolite-facilitated pyrolysis was more proficient compared to traditional thermal pyrolysis, generating a yield of 22.5% with the catalyst, contrasting with 18% without. A kinetic model was formulated, observing reaction mechanisms and temperature escalation and culminating in the extraction of aromatic oils. These oils were further distilled to produce liquid hydrocarbons, beginning the distillation at 60 °C with the catalyst. Characterization of the secured hydrocarbons was conducted using infrared, Raman spectroscopy, and gas chromatography, discovering compounds akin to gasoline, such as benzene, toluene, and xylenes. Additionally, the procedure exhibited a minimal environmental detriment, as validated by the life cycle analysis. This study concludes by highlighting the potential of small-scale, low-CO2 emitting pyrolytic degradation of low-density plastics for energy recovery from plastic waste, demonstrating the practical and environmental benefits of this avant-garde method.






Keywords:


catalyst pyrolysis; small scale; distillation; kinetic reaction model; IR; Raman; gas chromatography












1. Introduction


Plastic waste management stands as a contentious issue with several options considered, including recycling and energy recovery. The focus on converting this waste into energy aims to minimize environmental pollution. While the global demand for liquid petroleum products is projected to rise, the pressing need to adopt renewable energy sources becomes increasingly evident as we move into the future. The potential depletion of oil and gas reserves underscores the necessity to explore and adopt alternative and sustainable energies. This exploration is crucial to ensure long-term energy supplies and reduce our dependence on non-renewable resources [1,2].



To address these challenges comprehensively, a long-term and reliable plastic waste management scheme is required. Such a scheme is essential not only to avoid environmental pollution but also to simultaneously overcome the issues of the energy crisis.



Nowadays, plastic materials are indispensable all over the world due to their efficiency, lightness, and durability. Due to their lower price, light weight, ease of use, corrosion resistance, and structural properties, plastic containers have become increasingly popular among packaging materials. Plastics are used in a wide range of industrial and domestic applications. Therefore, it has become an indispensable material and, at the same time, a very serious environmental problem due to its massive use in all types of products and its slow degradation. Some studies indicate that average estimates of how long plastic bags will degrade fall into one of two categories: 10–20 years or 500–1000 years, but other estimates exceed 100 years. Furthermore, scientific studies of plastic degradation times are evolving, and estimates may change dramatically. Typical wastes include high-density polyethylene (HDPE), low-density polyethylene (LDPE), polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC). These include bottles, tubes, packages, cups, trays, bags, lids, foils, containers, and more [3,4].



The truth is that plastic waste is a very serious problem all over the world because it is a waste that does not degrade easily, and its management is very complicated. It is found as waste in rivers, lakes, forests, beaches, parks, cities, countryside, rural areas, and so on. In 2015, approximately 400 million tons of plastic were produced worldwide. Global production of plastics is expected to increase steadily from 300 million metric tons in 2015 to 1800 million metric tons in 2050. However, plastic recycling and pyrolysis are considered alternatives that can not only solve the problem of plastic waste pollution in a satisfactory way but also provide a high percentage of the energy demand [4,5].



Plastic bags, commonly composed of low-density polyethylene (LDPE) and high-density polyethylene (HDPE), are crafted from plastic materials known for their flexibility, resilience, and durability, rendering them particularly suitable for applications such as shopping bags. The low-density polymer, LDPE, derived from polyethylene (PE), exhibits a versatile range of applications and is characterized by a basic chemical structure (-CH2-CH2-) n. Its chemical properties align with those of a high-molecular-weight alkane. Both HDPE and LDPE share ethylene as their repeating unit, highlighting a commonality, but the primary distinction lies in their respective structures. HDPE, less branched than LDPE, possesses a higher density, influencing the unique properties of these polymers [6,7].



Due to their composition, plastics can be transformed into hydrocarbons. The process used to convert plastics into aromatic oils is based on the pyrolysis of plastics. The methods used to convert waste plastics into oils depend on the types of plastics to be converted and the characteristics of other wastes that may be used. The degradation of plastics by pyrolysis has been developed since the last decade of the 20th century until now due to scarcity, high prices, and the search for alternative energy sources such as biofuels. Plastics suitable for conversion are placed in a reactor where they decompose at 450 °C to 550 °C to produce liquid fuel. The main product of the pyrolysis is an oil (mixture of liquid hydrocarbons), which is continuously obtained through the condenser. This occurs when the waste plastics decompose enough in the reactor to evaporate when the reaction temperature is reached [8,9,10,11].



The use of catalysts in pyrolysis is a method already known as catalytic pyrolysis and although some of the advantages of its use are known, the results depend on other factors, such as the type and design of the furnace, the type and quantity of the catalyst, etc. [12]. On the other hand, the catalysts used in the pyrolysis of plastics include metallic oxides and activated clays. Each catalyst has its own properties and advantages and is used depending on the specific needs of the pyrolysis process. This technique is used to distill and obtain fuels from petroleum or to obtain oils by pyrolysis of plastics by fractional distillation using the boiling points of the contained substances with carbon numbers from C5 to C27 at different temperatures [13].



Traditionally, gas chromatography has been used to detect aromatic hydrocarbons. Recently, alternative identification techniques have been proposed, including optical and spectroscopic methods, such as infrared radiation (IR) and Raman spectroscopy [14,15].



Optical techniques, especially Raman spectroscopy, have been used in several applications to characterize food nutrients. However, it has rarely been used in the petroleum field, although it has been proposed for quantitative analysis in industry. Recently, Raman spectroscopy has been used to analyze hydrocarbons, such as gasoline and petroleum products. IR reflects the transition of vibrational and rotational energy levels between atoms in a molecule and has become popular due to its advantages of non-destructive, rapid analysis, and minimal sample preparation and can be used as a potential method for the quantitative analysis of polycyclic aromatic. It is a rapid technique that provides information on the chemical composition of the sample, allowing the identification of functional groups and the acquisition of spectral fingerprints [16,17].



In this work, various techniques and methods have been combined to characterize the products of the pyrolysis of low-density plastics. The pyrolysis technique with a zeolite catalyst is used, and optical methods, such as infrared (IR) and Raman spectroscopy, as well as gas chromatography, are used for the characterization of the hydrocarbons obtained. The identification of the hydrocarbons obtained through pyrolysis is crucial to determine the type of fuel and its possible applications.



This study highlights the use of a small-scale pyrolyzer, with important positive implications for the environment. The use of smaller equipment not only reduces the carbon footprint associated with building and operating larger industrial machinery but also allows for more controlled and efficient operation, thereby minimizing emissions of greenhouse gases and other pollutants. The manageable dimensions of the pyrolyzer facilitate its implementation in small communities that could benefit from the transformation of plastic waste into useful fuels while contributing to sustainable waste management.



In this context, a life cycle assessment (LCA) of the pyrolysis process was carried out to thoroughly evaluate its environmental impact at all stages, from materials production to operation and eventual dismantling of the pyrolyzer. The LCA results support the environmental feasibility of this approach, demonstrating that small-scale zeolite-assisted pyrolysis of low-density plastics is a promising strategy for energy recovery from plastic waste with limited environmental impact.




2. Materials and Methods


This section details the crucial processes employed in this experimental study. The first step involved the utilization of the pyrolysis process to obtain oil, followed by the distillation process to extract liquid fuel from the same oil.



Subsequently, the characterization of the obtained liquid fuels was conducted using various optical methods, including gas chromatography and IR and Raman spectroscopy. These techniques allowed for a comprehensive analysis of the chemical composition and properties of the liquid fuels.



Finally, the life cycle assessment for the extraction of hydrocarbons from low-density plastics is presented, adhering to the ISO 14040 and ISO 14044 standards.



In addition to the characterization methods, a concise overview of the pyrolysis system employed in this study is presented. Notably, the system was constructed in an artisanal manner, underscoring the hands-on and craft-oriented approach taken in designing and implementing the pyrolysis process.



To enhance the understanding of the methodology employed during the experimental process, Figure 1 is presented, offering a schematic representation.



The experimental development focused on the pyrolysis of low-density plastic bags. The traditional method involves subjecting the plastic to a pyrolysis process, where the temperature is gradually increased until the plastic degrades. In an alternative approach, a catalyst, specifically a zeolite, is introduced, and the temperature is similarly increased to facilitate plastic degradation. Pyrolysis is a defined process wherein thermal cracking reactions, occurring in an oxygen-free environment, transform long, high-molecular-weight polymers into smaller molecules.



The experimental setup involved the construction of a homemade cast iron reactor designed specifically for pyrolysis. This reactor comprises a cylindrical container with a hermetic lid, ensuring a sealed environment. To enhance its efficiency, a shell was added around the cylinder, creating a space between the cylinder and the shell to act as an insulator and prevent heat loss. The lid of the reactor is equipped with a thermometer for temperature monitoring and a gas exhaust piston.



The overall system for pyrolysis includes the reactor, a condenser designed with copper pipes, and an ice-water feed to facilitate efficient heat transfer. Additionally, a vacuum pump, assisted by a compressor, was integrated into the system to create a controlled vacuum, aiding in the condensation of gases. This comprehensive system plays a crucial role in regulating internal pressure, thereby establishing a favorable environment for condensation.



The copper tubing of the condenser plays a pivotal role in this process, offering excellent thermal conductivity to promote the rapid condensation of gases. Simultaneously, the condenser removes air and reduces pressure in the reactor. This dual functionality allows for precise adjustment and maintenance of the desired pressure levels, ensuring optimal conditions for the pyrolysis process.



This comprehensive design ensures precise control of system conditions, optimizing process efficiency and facilitating the effective condensation of gaseous components. Figure 2 displays photos of the process taken during the experiments.



2.1. Thermal and Catalytic Pyrolysis Process


To conduct the pyrolysis experiments, one kilogram of low-density plastic bags served as the foundation. The pyrolysis reaction was executed in the pyrolysis reactor, fueled by liquefied petroleum gas, under the following points.



	
The equipment was cleaned, assembled, and connected.



	
The LDPE bag was weighed.



	
The condenser was filled with water and ice.



	
The LDPE bag was placed in the reactor.



	
The valves were checked and the vacuum pump was started with the air compressor.



	
The gas burner was ignited to start the pyrolysis process.



	
The chronometer was switched on, and the time and temperature were recorded, along with any other observations made during the process.



	
The time and temperature at which the LDPE pyrolysis oil started to come out were observed.



	
The time at which the liquid product came out of the condenser was recorded in the log.



	
It was observed when the liquid product stopped coming out, the L.P. gas burner was turned off, and the time and duration of the test completion were recorded.



	
After the equipment had cooled down, the residue (coke) remaining in the reactor was cleaned, observed, weighed, and recorded.






In the catalytic pyrolysis process, the thermal pyrolysis process is redone, only now a catalyst is incorporated into the process. On this occasion, a zeolite was used at a concentration of 20% by weight.



Clinoptilolite is a hydrated aluminosilicate of sodium, potassium, and calcium with the molecular formula (Ca3(Si30Al6)O72·20H2O, K6(Si30Al6)O72·20H2O, Na6(Si30Al6)O72·20H2O). It is a zeolite that belongs to the heulandite family, along with laumontite and mordenite, among others [18,19,20,21].




2.2. Oil Distillation


Once the LDPE was subjected to the pyrolysis process, a product called oil was obtained, which is considered biocrude. This oil was refined using a fractional distillation method to improve the physicochemical characteristics and separate the different compounds it contains. The distillation equipment, made of stainless steel, consisted of a distillation vessel, a condenser with a capacity of 3 L, a submersible pump for moving water through the condenser pipe, and hoses for operating the equipment.



The following protocol was followed:




	
The distillation equipment was cleaned. Care was taken to ensure that no residue or dust was left on the entire inside of the stainless steel pot.



	
The distillation equipment was assembled.



	
Two separate distillations were performed, one with 500 mL of the LDPE pyrolysis oil product and the other with LDPE + zeolite.



	
The burner was ignited to start the distillation, the submersible pump that feeds the condenser and circulates the water was turned on, and the L.P. gas burner was also turned on to start the distillation process. At the same time the stopwatch was turned on and the temperatures began to be recorded in the log.



	
The thermometer was observed to register and collect the distilled substances in the temperatures: 40–70 °C, 71–120 °C, 121–180 °C, 181–190 °C, 191–210 °C, 210–260 °C, and greater than 260 °C, which are the vapor-condensation cycles for the fractional distillation of gasoline, diesel, and other fuels.



	
Fuel samples were collected and separated in glass containers or test tubes, and quantities were recorded and labeled.



	
Once the temperature exceeded 260 °C, the power source was shut off in both processes.



	
The process time was recorded in the log and the equipment was allowed to cool before cleaning. Figure 3 shows the by-products obtained from pyrolysis. After pyrolyzation, these are distilled to obtain liquid hydrocarbons that illustrate the distillation process.









2.3. Raman Spectroscopy


The equipment used for Raman spectroscopy consisted of a microscope and a spectrometer for absorption and Raman scattering; the equipment was a Thermo Scientific Nicolet Almega XR (Waltham, MA, USA, Thermo Scientific manufacturer). The microscope has a full interface with the spectrometer to provide high throughput.



The liquid sample was placed in a quartz cuvette. Once the equipment was turned on and stabilized, the software corresponding to the equipment was selected for the Raman analysis technique to measure the liquid sample. We readjusted analysis parameters such as wavelength, integration time, number of scans averaged, etc. Subsequently, a reading was taken to establish a baseline. Afterwards, we measured the sample and acquired the spectral data of the liquid sample. The equipment returns the transmittance spectra.



2.3.1. Infrared Spectroscopy


The IR spectra of the samples were acquired using a Nicolet; the model is a Nexus 670 FT-IR in the (5000–600 cm−1) range. The analysis was performed in the vapor phase. Basically, the vapor from the samples was injected into a cell that was analyzed. Previously, the equipment was purged with nitrogen to eliminate the peaks from water vapor and carbon dioxide. In addition, a non-sample reading is taken to subtract the background. The sample is then injected and read by subtracting the background signal.




2.3.2. Gas Chromatography


A SCION 456GC chromatograph was used to determine the components present in the distillate mixture obtained from the pyrolysis processes. The chromatograph was equipped with a liquid autosampler, an internal oven for temperature control, and a 30 m × 0.25 mm capillary column with 0.25 micrometer internal diameter.





2.4. Life Cycle Assessment for Obtaining Hydrocarbons from Low-Density Plastics


The life cycle assessment (LCA) for the extraction of hydrocarbons from low-density plastics encompasses a comprehensive evaluation of the environmental impacts attributable to the entire life cycle of these plastics. This study accounts for every phase from raw material acquisition to end-of-life management, enabling a holistic understanding of the environmental implications of hydrocarbon extraction from these materials.



Methodology:




	
The LCA is conducted adhering to the ISO 14040 and ISO 14044 standards, ensuring methodological rigor and consistency. It is divided into four main stages [22]:



	
Definitions:



	
Goal.1: To evaluate the environmental impacts of hydrocarbon extraction from low-density plastics.



	
Scope.1: Covers the entire life cycle from raw material extraction to hydrocarbon recovery and end-of-life processing.



	
Functional Unit.1: Defined as the amount of hydrocarbons obtained from one kilogram of low-density plastic waste.



	
Inventory Analysis.1: A comprehensive inventory of inputs (energy, resources) and outputs (emissions, waste) is compiled.



	
Data are collected from reliable and pertinent sources, ensuring their relevance and accuracy for the assessment.



	
Impact Assessment.1: The gathered data are analyzed to assess their impact on various environmental categories, such as global warming potential, eutrophication, and acidification. Characterization factors are applied to convert the inventory data into impact assessment results.



	
Interpretation.1: Results are analyzed, and conclusions are drawn according the environmental impact of hydrocarbon extraction from low-density plastics.



	
Recommendations are made for enhancing environmental performance and reducing adverse effects.



	
Considerations.1: A critical review is conducted by a panel of external experts to ensure the validity and re-liability of the LCA study. Sensitivity analysis and uncertainty assessment are included to account for potential variability and assumptions in the study.



	
Goal.2: To evaluate the environmental impacts of hydrocarbon extraction from low-density plastics.



	
Scope.2: Covers the entire life cycle from raw material extraction to hydrocarbon recovery and end-of-life processing.



	
Functional Unit.2: Defined as the amount of hydrocarbons obtained from one kilogram of low-density plastic waste.



	
Inventory Analysis.2: A comprehensive inventory of inputs (energy, resources) and outputs (emissions, waste) is compiled. Data are collected from reliable and pertinent sources, ensuring its relevance and accuracy for the assessment.



	
Impact Assessment.2: The gathered data are analyzed to assess their impact on various environmental categories, such as global warming potential, eutrophication, and acidification. Characterization factors are applied to convert the inventory data into impact assessment results.



	
Interpretation.2: Results are analyzed, and conclusions are drawn regarding the environmental impact of hydrocarbon extraction from low-density plastics. Recommendations are made for enhancing environmental performance and reducing adverse effects.



	
Considerations.2: A critical review is conducted by a panel of external experts to ensure the validity and re-liability of the LCA study. Sensitivity analysis and uncertainty assessment are included to account for potential variability and assumptions in the study [23].










3. Results


3.1. Pyrolysis


The pyrolization of LDPE was carried out in a homemade reactor. The reactor reached temperatures of 360 °C. The pyrolytic processes from LDPE to obtain oils and flammable gaseous products started at 65 min. The product obtained was as thick as beeswax and 90% of the product was obtained in about three hours. For LDPE + zeolite, the oil was obtained after 55 min at a temperature of 330 °C, and the process was completed only 20 min later at a temperature of 350 °C. A total of 75% of the product obtained was very thick oils. The graphs in Figure 4 show how the temperature increases with time. The differences between the two processes can be seen.



Based on the reaction mechanism, as well as the requirement in the temperature increase, the following kinetic reaction model is obtained:


    d   C   L D P E     d t   = −   k   1     C   L D P E   −   k   2     C   P E   −   k   3     C   C    



(1)






    d   C   H D P E     d t   = −   k   1     C   H D P E   −   k   2     C   P E   −   k   3     C   C    



(2)






    d   G   L D P E     d t   =   k   4     C   L D P E   +   k   5     L   P E   +   k   6     G   C    



(3)






    d   G   H D P E     d t   =   k   4     C   H D P E   +   k   5     L   P E   +   k   6     G   C    



(4)






    d   L   L D P E     d t   =   k   3     C   C   +   k   5     L   P E   +   k   6     G   P E    



(5)






    d   L   H D P E     d t   =   k   4     C   C   +   k   5     L   P E   +   k   7     G   P E    



(6)




where CLDPE is CHDPE polyethylene (% w/v); GLDPE is GHDPE gas production (% w/w), and LLDPE is LHDPE light oil (% w/w), and k1, …and k7 are rate constants.



It should also be noted that although the use of catalysts can potentially reduce the cost of producing pyrolysis products, other factors such as the initial cost of the catalysts and the energy required for the pyrolysis process should also be taken into account. Overall, the use of pyrolysis as a method for plastic waste management is still an area of active research and development, and further studies are needed to optimize the process and improve its economic feasibility.




3.2. Distillation of the Products Obtained from Pyrolysis


To perform the distillation process, 500 milliliters of each type of oil was used: oil obtained from the pyrolysis of LDPE and oil obtained from the pyrolysis of LDPE + zeolite.



In the product distillation process of the oil obtained by traditional pyrolysis, 20% of the liquid fuel was obtained. The distillation started at 40 °C and ended at 130 °C. In the process of distilling the oil obtained from catalysis of the LDPE + zeolite, 30% of the liquid fuel was obtained. The distillation process started at 60 °C and ended at 150 °C.



The graphs of Figure 5 show the behavior of the oil temperature and phase change with respect to time.



The process times were similar, 18 and 15 min, as can be seen from the graphs in Figure 5. But the quantities of liquid hydrocarbons obtained are significantly different.



The distillation process of the oil obtained with a catalyst was faster than the one that did not use a catalyst. In the same way, it happened with the change in phase from oil to liquid. Without a catalyst, the phase change was carried out from 40 to 60 °C and with a catalyst from 60 to 80 °C.



Figure 6 shows the volumes of hydrocarbon liquid produced during the distillation processes.



The liquid of bottle Figure 6a corresponds to the product from the distillation of oil obtained from the traditional thermal pyrolysis and the liquid of bottle Figure 6b to the product from the distillation of the oil obtained with a catalyst. As can be seen in Figure 3, the largest amount of liquid hydrocarbon was obtained from pyrolization with the catalyst. A total of 30% more liquid product was obtained from the oil obtained from the catalytic pyrolization.




3.3. Characterization


3.3.1. Raman Characterization


Raman spectroscopy was used to detect the bands of the hydrocarbons obtained from the distillation processes. In the case of putative hydrocarbons, Raman spectroscopy was used to determine the presence of carbon-carbon and carbon-hydrogen bonds. Furthermore, the stretching and deformation vibrations of these bonds can provide information about the structure and conformation of molecules. In aliphatic hydrocarbons, the Raman bands corresponding to the stretching vibrations of the C-C bond and in aromatic hydrocarbons, the Raman bands corresponding to the stretching vibrations of the aromatic rings usually appear in the region of 1400 to 1700 cm−1 [24,25].



Figure 7 shows the spectrum of hydrocarbons obtained after distillation. Where five peaks associated with known hydaTrocarbons are observed.



Figure 8 shows the spectrum of hydrocarbons from the catalyst and obtained after distillation. In this spectrum it is observed that more hydrocarbon peaks were detected unlike the previous figure.



From the Raman spectrum of hydrocarbons obtained from traditional pyrolysis, five groups of Raman bands near ≈1300, ≈1500, ≈1600, and others at approximately the 3000 cm−1 regions were detected for the two hydrocarbons, and these bands varied significantly in intensity according to the type of pyrolysis. The purity of a substance can be evaluated in several ways, and the analysis of its spectral bands can be one of them. When a substance is pure, its absorption or emission spectrum will be consistent and reproducible. This means that the spectral bands of the substance will be strong, sharp, and easily identifiable. Therefore, the greater the intensity of the spectral bands of a substance, the greater the probability that it is pure. Therefore, the hydrocarbons obtained with the catalyst are purest.



The sample with catalyst yielded seven peaks representing the vibrational bands of the functional groups present. While the peaks obtained from simple pyrolysis only present five peaks. Table 1 shows the hydrocarbon bands obtained with the two processes.



Gasoline is a complex mixture of hydrocarbons that can be classified into several groups based on their molecular structures. The four main groups are paraffins (also known as alkanes), olefins, cycloparaffins (also known as cycloalkanes), and aromatics. Aromatics are hydrocarbons that contain a ring of atoms with alternating double bonds, such as benzene. The aromatic fraction of gasoline consists mainly of benzene, toluene, ethylbenzene, and xylenes (collectively referred to as BTEX), which are important components in the petrochemical industry. Therefore, efforts are being made to limit the amount of benzene in gasoline and other products [26,27,28].




3.3.2. IR Characterization


The analysis of infrared spectra by transmittance is a technique used to determine the molecular vibrations of a sample as a function of the absorption of infrared radiation. This technique is based on the Beer–Lambert law, which states that the amount of radiation absorbed by a sample is proportional to the concentration of the sample and the length of the optical path. The information presented in Figure 9 and Figure 10 show the transmittance infrared spectrum.



The plots provide information about the molecular vibrations of the sample, including the presence and location of functional groups. Generally, the graphs in the infrared spectrum are identified, on the Y axis is the transmittance index, on the X axis is the wavelength in cm−1.



In both graphs the IR shows the presence of 12 peaks, indicating the presence of unsaturated alkenes and some branched alkanes, i.e., peaks 1 to 6 are a mixture of n-alkanes and branched alkanes, peaks 7 and 8 are branched alkenes, peak 9 is xylenes, 10 and 11 are ethylbenzene and 12 is toluene. Thus, comparing figures, the same bands are observed, only with different intensities. The data for each band can be seen in Table 2.




3.3.3. Gas Chromatography


Gas chromatography is a widely used technique for the analysis and characterization of a wide variety of compounds, including hydrocarbons. The technique involves separating the components of a mixture based on their different volatilities and interactions with a stationary phase and a mobile phase. In this case, a capillary column was used, which is a type of gas chromatography column with a small diameter and a long length, typically several meters. This type of column allows for efficient separation of components due to the increased surface area of the stationary phase and the longer retention time of the sample components. Injection of 0.01 L, or 10 microliters, is a typical injection volume for gas chromatographic analysis. This volume is small enough to minimize band broadening and sample dispersion, but large enough to ensure adequate sample detection and resolution, with a retention time of 4 h.



For the determination of the components, 12 peaks were identified, which are described in Table 3, where the concentrations and the characteristics of the components present are provided.



On the other hand, when pyrolysis was performed using a catalyst, a higher concentration of some of the compounds was observed (see Table 4). Catalysts are substances that can increase the rate of a chemical reaction without being consumed in the process. In the context of pyrolysis, a catalyst can facilitate the decomposition of complex hydrocarbons into simpler compounds, resulting in a different composition of the final product. This can result In higher concentrations of certain compounds In the liquid product obtained with a catalyst compared to that obtained without a catalyst.



The use of a zeolite as a catalyst increases the transfer area due to the presence of active sites being effective at breaking the LDPE polymer chains at low temperatures compared to other similar processes or catalytic reactors using virgin material or residues of polymers [29]; the use of zeolites is a process of low energy consumption and high efficiency. Although competitive reactions occur, the reaction that controls the decomposition of the LDPE mixture in the process must be demonstrated by pyrolysis.





3.4. Life Cycle Assessment


The life cycle analysis of producing gasoline and other fuels from recycled low-density polyethylene (LDPE) plastic details the following impacts:



Natural Resources and Ecological Health Impact: Positive Impact: The process contributes 473.34 MJ of energy and recycles 8.8 Kg of LDPE.



Negative Impact: It utilizes 24.31 MJ of energy, emits greenhouse gases (GHGs) amounting to 1.67 kg of CO2, and releases 0.84 Kg of coke.



Energy Comparison: Comparing the input energy (24.31 MJ) and the output energy (473.34 MJ), the system yields substantially more energy than it consumes.



Recycling and Emissions: LDPE is recycled, but there are emissions of CO2 (GHG) and coke to the environment.



CO2-Energy Ratio: 9.8 L of fuels are produced, contributing 473.34 MJ of energy, with the production of 1.67 Kg of CO2.





4. Discussion


The quantities and characteristics of pyrolysis products are significantly influenced by various factors, including plastic type, pyrolysis method (slow pyrolysis, fast pyrolysis, and flash pyrolysis), reactor type, and particle size. Liquid oil emerges as the primary product in the process of pyrolyzing plastic waste [13].



The typical plastic waste pyrolysis process is conducted in a batch-type reactor under controlled pressure and temperature conditions, utilizing nitrogen gas as the fluidizing medium. Initially, the plastic is uniformly heated within a defined temperature range, with minimal fluctuations. Oxygen is then extracted from the pyrolysis chamber. Subsequently, the system is allowed to cool, and the byproduct, known as carbonaceous oil, is extracted. Finally, the carbonaceous oil undergoes a specific fractionation and condensation processes during heating, resulting in the production of a high-quality distillate.



In contrast to the reactor presented in this study, which was handmade, we attempted to manually control the conditions and the objective was for this system to be reproducible in small communities. Simultaneously, it aims to recycle plastic waste and obtain liquid fuel.



In previous studies, it was observed that low-temperature (<500 °C) pyrolysis of low-density plastics tends to favor the production of waxes, approximately comprising 20% to 90% by weight. Slow pyrolysis is distinguished by lower heating rates, longer solid and vapor residence periods (minutes to hours), and lower temperatures. Additionally, catalysts are employed in pyrolysis at higher temperatures, primarily for the production of gases or products with a high-octane number.



In Table 5, a comparison is presented, displaying the weights as a percentage of the products obtained from the slow pyrolysis of low-density plastics as found in the literature.



Comparing the findings of this study, the temperature at which the HLPE was pyrolyzed was lower than 360 °C, both with and without a catalyst. This categorizes it in the low-temperature range. The wax content was higher without a catalyst, but the process duration was 180 min. With the catalyst, the wax weight was 75% with a shorter time frame of 20 min. However, the liquid fuel obtained after distillation was 20% without a catalyst and 30% with a catalyst. Therefore, in this study, the catalyst was used to reduce times and obtain better performance of the liquid fuel, unlike the data obtained in the literature that used the catalyzer to obtain gas.



The use of other methods, such as packed bed reactors using a pyrolytic gasification process applied to virgin materials such as LDPE, HDPE and PP, provides yields between 66 and 68%, which are similar to a biomass polymer waste with the same characteristics but having the disadvantage of a temperature at 700 °C [29]. The present study yields 10% less than those obtained in a packed bed reactor but with maximum temperatures of 220 °C and using nonvirgin material or polymeric.



On the other hand, gasoline is made up of hundreds of compounds, which structurally can be divided into four main groups: paraffins, olefins, cycloparaffins, and aromatics. The aromatic fraction of gasoline is mainly represented by benzene, toluene, ethylbenzene, and xylenes, which are usually referred to with the acronym BTEX (meaning benzene, toluene, ethylbenzene, and xylenes) [27]. Regarding the composition of the liquid fuel, it exhibits diversity, influenced by the pressure and temperature conditions during the pyrolysis process. In comparison with other LDPE cracking or pyrolysis processes and in the presence of catalysts such as simple oxides or simple oxides with clays (zeolites), it is observed that the use of bimetallic catalysts, such as CoMo/Al2O3, in the presence of toluene and at temperatures between the intervals of 260 and 325 °C and a reaction time of 2 h, yields 25% of n-olefins, n-paraffins, and isoparaffins [34] compared to the method used in this work. The yield is between 45 and 55% of the same hydrocarbons using a zeolite based on aluminum oxide. Table 6 shows the composition of some studies referring to the pyrolysis of LEPE.



The pyrolysis process of LDPE is designed with the goal of producing oil or wax. These resulting products can be recycled to generate raw materials, such as gasoline. The compounds marked in the table are typical substances in gasoline [27].




5. Conclusions


In this work, a functional reactor was developed for the pyrolysis of low-density plastics. The results indicate that the quantity of oil obtained from the pyrolysis of low-density polyethylene (LDPE) was higher compared to the pyrolysis of LDPE with a zeolite catalyst. However, during the distillation process, a greater amount of liquid was obtained when distilling the oil with zeolite.



To elaborate, with traditional pyrolysis, a yield of 90% oil was obtained, and from this oil, 20% were hydrocarbons from the distillation process. This means that from 1 kg of plastic, 180 mL of hydrocarbons were obtained. On the other hand, in the catalytic pyrolysis process, a yield of 75% oil with a zeolite was obtained. From this mixture, 30% were hydrocarbons from the distillation process. In total, from 800 g of plastic plus 200 g of zeolite, 225 mL of enhanced hydrocarbons were obtained.



These findings suggest that the zeolite catalyst was effective in facilitating the breakdown of complex hydrocarbons into simpler compounds compared to the traditional LDPE pyrolysis. This indicates that the addition of a zeolite catalyst may have contributed to a higher yield of fuel or distillate at a lower distillation temperature, suggesting a potentially more energy-efficient process.



The utilization of pyrolysis and fractional distillation to recover hydrocarbons or fuels from low-density plastics presents a promising approach for reducing plastic waste and obtaining valuable products. The presence of aromatic compounds, such as benzene, toluene, and xylenes—typical components of gasoline and diesel fuels—suggests that the products derived from this process could hold high commercial value as fuels or fuel additives.



This analysis provides a well-balanced assessment of the environmental impacts associated with gasoline and other fuels’ production from recycled LDPE. It underscores the positive energy contribution and recycling benefits while taking into account greenhouse gas (GHG) emissions and coke emissions. The detailed insights into the various impacts serve as valuable information for guiding further research and development efforts aimed at enhancing the environmental sustainability of this production process.



Nevertheless, it is crucial to consider the environmental impact and sustainability of this process concerning energy consumption, emissions, and waste generation.



The pyrolysis process proposed in the present work demonstrates sustainability from an energy perspective, especially when compared to the use of bi-metallic catalysts or packed bed gasification reactors. While the performances of the latter are comparable to those presented in this work, their energy consumption exceeds 200–300%. In contrast, the implementation of catalysts based on non-functionalized clays (natural zeolites) proves to be both feasible and viable from an energy sustainability standpoint.
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Figure 1. Methodology diagram. 
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Figure 2. Equipment and reactor for pyrolysis. 






Figure 2. Equipment and reactor for pyrolysis.



[image: Recycling 09 00005 g002]







[image: Recycling 09 00005 g003] 





Figure 3. Distillation process. 
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Figure 4. Pyrolysis process without and with zeolite. 
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Figure 5. Temperatures and times reached during the distillation processes. 






Figure 5. Temperatures and times reached during the distillation processes.



[image: Recycling 09 00005 g005]







[image: Recycling 09 00005 g006] 





Figure 6. Liquid hydrocarbons. (a) the product from the distillation of oil obtained from the traditional thermal pyrolysis; (b) the product from the distillation of the oil obtained with a catalyst. 
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Figure 7. Spectrum of hydrocarbons. 
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Figure 8. Spectrum of hydrocarbons LEPD + zeolite. 
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Figure 9. Infrared spectrum hydrocarbon. 
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Figure 10. Infrared spectrum hydrocarbon (+zeolite). 
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Table 1. Functional groups obtained by Raman spectroscopy from LDPE.






Table 1. Functional groups obtained by Raman spectroscopy from LDPE.










	Number Peak
	Functional Group without Catalyst
	Functional Group with Catalyst





	1
	n-alkane
	n-alkane



	2
	n-alkene
	n-alkene



	3
	o-exylene
	o-exylene



	4
	p-xylene
	p-xylene



	5
	o-ethyl benzene
	o-ethyl benzene



	6
	
	p-ethylbenzene



	7
	
	toluene










 





Table 2. Functional groups obtained by IR spectroscopy from LDPE.
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	Number Peak
	Functional Group without Catalyst
	Functional Group with Catalyst





	1–8
	n-alkane aromatic
	n-alkane aromatic



	9
	P-H t phosphines
	P-H t phosphines



	10
	C-H t aldehydes
	C-H t aldehydes



	11
	C-H t aromatic
	C-H t aromatic



	12
	C-H t alkene
	C-H t alkene










 





Table 3. Gas chromatography characterization.
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	Number Peak
	Time Retention (h)
	Compounds
	Concentration (mg/L)





	1
	3.8
	toluene
	0.01



	2
	3.6
	n-dodecane
	0.00034



	3
	2.4
	3, 2 diethyl-dodecane
	0.0098



	4
	2.3
	Ethylbenzene
	0.00014



	5
	2.1
	o-xylene
	0.0099



	6
	1.9
	p-xylene
	0.0075



	7
	1.75
	m-xylene
	0.0094



	8
	1.5
	1-ethylene
	0.00022



	9
	1.1
	i-butene
	0.0092



	10
	0.9
	2-butine
	0.0094



	11
	0.8
	i-propane
	0.0096



	12
	0.56
	n-ethane
	0.000135










 





Table 4. Gas chromatography characterization (+zeolite).
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	Number Peak
	Time Retention (h)
	Compounds
	Concentration (mg/L)





	1
	3.78
	toluene
	0.1943



	2
	3.28
	n-dodecane
	0.0339



	3
	2.36
	3, 2 diethyl-dodecane
	0.0938



	4
	2.32
	Ethylbenzene
	0.0012



	5
	2.16
	o-xylene
	0.9529



	6
	1.79
	p-xylene
	0.7051



	7
	1.75
	m-xylene
	0.9387



	8
	1.55
	1-ethylene
	0.0212



	9
	1.14
	i-butene
	0.9198



	10
	0.94
	2-butine
	0.9224



	11
	0.87
	i-propane
	0.9346



	12
	0.58
	n-ethane
	0.0129










 





Table 5. Summary pyrolysis slow of LDPE.
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Temperature (°C)

	
Yield (wt%)

	
Duration

(min)

	
Reference




	
Liquid Oil

	
Gas

	
Solid

Wax






	
<200

	
18

	

	
82

	

	
[30]




	
450

	
3.2

	

	
96.8

	

	
[30,31]




	
425

	
89.5

	
10

	
0.5

	
60

	
[30,32]




	
350

	
---

	
0.7

	
94.7

	
60

	
[32]




	
450

	
72.4

	
25

	
----

	
60

	
[32]




	
430

	
75.6

	
8.2

	
5.7–8.7

	
180

	
[30,33]




	
<474

	
22

	
43

	
35

	
75

	
[34]




	
<325

	
35

	
27

	
37

	
75

	
[34]




	
<360

	
--

	
--

	
90

	
180

	
Here




	
<330

	
--

	
--

	
75

	
20

	
Here











 





Table 6. Chemical composition of LDPE.






Table 6. Chemical composition of LDPE.











	[27]
	[35]
	[36]
	Here





	alkanes
	
	alkanes
	n-dodecane



	alkenes
	
	alkanes
	diethyl-dodecane



	benzene
	benzene
	benzenes
	ethylbenzene



	toluene
	toluene
	
	toluene



	xylene
	xylene
	
	o-xylene



	ethylbenzene
	trimethylbenzene
	
	p-xylene



	trimethylbenzene
	dimethylbenzene
	
	m-xylene



	cyclopentane
	
	
	1-ethylene



	cyclohexanes
	indane
	
	i-butene



	propilbenceno
	indene
	indene
	2-butine



	hydrogen sulfide
	naphthalene
	naphthalene
	i-propane

