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Abstract

:

This paper presents the application of two versions of the multilayer fluidized bed made out of two materials with significantly different densities. The first type of fluidized bed was composed of raw cenospheres and quartz sand. The second type of fluidized bed was composed of cenospheres coated with iron oxides and quartz sand. A variable vertical density profiles in the prepared fluidized beds were confirmed, making them suitable for processing polymeric materials, specifically, polyolefins with a density below 1 g/cm3. The polyolefin pyrolysis process was investigated in both versions of the fluidized bed at temperatures of 520, 540, 560, and 590 °C. The products of the pyrolysis were monitored using high-resolution infrared spectroscopy (with a resolution of 1 cm−1). While the process is organized in these fluidized beds, the absence of the accumulation of solid residues is notable. The results show that the pyrolytic gaseous mixture is composed of numerous compounds, namely, unsaturated and saturated aliphatic hydrocarbons and benzene. The possibility of producing a gas rich in ethylene, propylene, and 1-butene during the pyrolysis was demonstrated. Additionally, during the pyrolysis of both polymers, the production of benzene was shown with yields, ranging from 5%wt. in the fluidized bed made out of raw cenospheres to 11 %wt. in the fluidized bed made out of cenospheres modified by iron oxides. Due to the complex nature of the resulting pyrolytic gas, it is suggested that we process the created gaseous mixtures entirely in a steam conversion process, making them a potential source of hydrogen.
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1. Introduction


Creating a modern, resource-efficient, competitive, and net-zero greenhouse gas emission economy is the present focus of the European Green Deal [1,2]. The circular economy aims to minimize waste generation and maximize resource efficiency by promoting the reuse, recycling, and repurposing of waste materials and by-products [3,4]. Pyrolysis of plastic wastes involves breaking down high-molecular-weight polymers into smaller molecules, resulting in the production of valuable alternative fuels and chemical raw materials [5,6]. The process holds promise in advanced recycling and has captured the attention of numerous scientists, emphasizing its potential impact on sustainable development [7,8].



The pyrolysis of plastic wastes on a small laboratory scale is already well investigated. However, the commercialization of the process on a larger scale requires overcoming certain challenges. Impurities and variability of the feedstock, the formation of harmful by-products, energy requirements, the quality of end products, and the scaling of the process are the main issues that need to be dealt with [9,10,11].



Waste plastics often contain contaminants, such as paper labels, food residues, and other materials that are not made out of plastics and require different processing conditions. These contaminants can affect the efficiency of the pyrolysis process and the quality of the end products [12]. Furthermore, different types of plastics are characterized by varying compositions, melting points, and thermal degradation behaviors. The feedstock variability can make it challenging to optimize the pyrolysis conditions for consistent and high-quality output [13]. Plastic waste pyrolysis is often the source of hazardous gases and volatile organic compounds (VOCs) emission into the environment [14]. Proper emission control systems and treatment methods are necessary to minimize the release of harmful substances and ensure compliance with environmental regulations [15].



One of the main challenges in scaling the pyrolysis up to industrial dimensions is ensuring a uniform temperature and effective mixing of the input materials. Maintaining a constant temperature in the reactor during the pyrolysis of polyolefins is particularly challenging due to their low thermal conductivity [16]. Uneven heating of the pyrolyzed material results in areas that are not reaching the required temperature for complete processing, while others may be overheated. Consequently, the pyrolysis process leads to the formation of undesirable products, such as soot [17], low-calorific value gases [18], or toxic chemical compounds [19]. Another difficulty is ensuring the appropriate quality of the end product, which must meet specific standards for later utilization [20]. The quality of pyrolysis products, such as oil or gas, may vary depending on the process organization [21]. Obtaining consistent and high-quality degradation products that can be effectively utilized in various industries is an additional issue [22]. Achieving a high degree of fuel conversion into desired alternative fuels is particularly important during the waste pyrolysis process [23,24]. Factors such as heat transport, reaction kinetics, residence time, and reactor design play a significant role in maximizing waste conversion into useful products while simultaneously minimizing energy consumption and optimizing resource utilization [25]. Furthermore, scaling up small laboratory or pilot projects to large-scale industrial operations poses challenges related to logistics, raw material supply chains, and integration with existing waste management infrastructure [26].



To achieve proper mixing during the pyrolysis process, and thereby better control process conditions to transform waste plastics into alternative fuels and the desired chemical raw materials in a repeatable manner, the organization of the process in a fluidized bed (FB) is proposed. This is a crucial element for the commercialization of pyrolysis, ensuring uniform process conditions. In the present study, multilayer fluidized beds were created, characterized by a variable vertical density profile. Three layers were distinguished in the prepared fluidized beds: the upper layer with the lowest density, the lower layer with the highest density, and the middle layer characterized by variable density. The innovative approach of the multilayer fluidized beds provided the ability to feed polymers from the top of the reactor, allowing them to freely immerse in the FB volume by passing through the low-density layer. Degradation of fuel particles and the release of gaseous products occurred in the layer with variable density, adapted to the density of polyolefins. The high-density layer protected the bottom sieve from the pyrolysis of polyolefins at the gas distributor and thus from clogged gas inlets.




2. Materials and Methods


2.1. Materials


Multilayer fluidized beds were prepared using quartz sand and cenospheres. In the study, raw cenospheres and cenospheres coated with an iron oxides layer were utilized. The natural quartz sand with a grain size of 120–200 μm was selected.



Cenospheres (i.e., spheres of aluminosilicate filled with gas) were obtained from fly ash from the combustion of hard coal in a pulverized coal boiler at the Połaniec Power Plant (Zawada, Poland). The cenospheres were boiled in distilled water to isolate perforated cenospheres from undamaged ones. Subsequently, undamaged cenospheres were collected from the top layer above the solution, dried, and sieved to a fraction of 140–160 μm. The hydrothermal method of separating undamaged cenospheres from perforated ones is shown in Figure 1. The method is divided into I–IV steps:




	
Step I: Perforated (A) and undamaged (B) cenospheres float on the water surface. Water is mixed continuously.



	
Step II: In the boiling process, water vapor fills the interior of the perforated cenospheres due to gas exchange. Oxygen and nitrogen diffuse out of the damaged particles.



	
Step III: Cenospheres are completely filled with water vapor.



	
Step IV: During the cooling process, the water vapor condenses inside the perforated grains, generating a vacuum and filling damaged cenospheres with liquid water, which leads these cenospheres to sink to the bottom of the vessel.
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Figure 1. Scheme of isolating perforated cenospheres (A) from undamaged ones (B). Cenospheres not to scale. 






Figure 1. Scheme of isolating perforated cenospheres (A) from undamaged ones (B). Cenospheres not to scale.
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The raw cenospheres were coated with iron through the gas decomposition process of Fe(CO)5, as described in [27]. The iron content deposited on the cenospheres was 8%wt. The whole layer of iron was oxidized to a mixture of Fe2O3 and Fe3O4 oxides. The oxidation was conducted in the fluidization state at 500 °C for 30 min. The process was completed when the measured oxygen concentration at the reactor outlet was equal to the value in the atmospheric air.



Commercial sheets of polyethylene (PE) and polypropylene (PP) made out of pure polymers with a thickness of 1 mm were used in the pyrolysis tests. Discs weighing approximately 20 mg were cut from the sheets. The density of PE was 0.94 g/cm3, and the density of PP was 0.90 g/cm3. The PerkinElmer 2400 Series II C/H/N analyzer was chosen to investigate the elemental composition of polyethylene and polypropylene. The CHN analysis of polyolefin samples showed that the C/H content in the polymers equals 85.5%wt./14.1%wt. and 85.6%wt./14.2%wt. for PE and PP, respectively. In this study, pure polyolefins were intentionally used. Experiments with pure samples are important in terms of reference points (benchmarks) and evaluating the effectiveness of various thermal recycling methods. Nitrogen Premium (with a purity of 99.995%) was purchased from Air Products (Allentown, PA, USA) and used as a fluidizing agent.




2.2. Methods


Thermogravimetric analysis of PP and PE samples was conducted on a TGA 8000 analyzer (by Perkin Elmer, Waltham, MA, USA) in a nitrogen atmosphere. The analysis of the chemical composition of gases produced in the polyolefin pyrolysis process was performed using the atmosFIR spectrometer (by ProteaTM, Middlewich, UK). Matlab® R2020b, Update 8 software was used for the deconvolution of pyrolysis gas FTIR spectra based on reference spectra provided by the FTIR analyzer manufacturer.




2.3. Experimental Procedure


The laboratory stand for the pyrolysis of polyolefins in multilayer fluidized beds is presented in Figure 2. A quartz reactor with an external diameter of 80.0 mm and a height of 500.0 mm was utilized in the research. The quartz tube was placed on a gas distributor, which was a perforated plate made out of stainless steel. The plate had evenly distributed holes with a diameter of 0.5 mm. Between the quartz tube and the nickel–chromium plate, serving as a gas distributor, a ring-shaped seal made of heat-resistant soft fibrous material was placed. The entire reactor was mounted on a frame, which allowed for the precise pressing of the quartz tube to the metal plate using pressure exerted by four springs pressing the upper, horizontal mounting plate, in which the upper part of the quartz tube was centrally mounted. To prevent micro gas leaks, the junction between the quartz tube and the sieve bottom was additionally sealed with a high-temperature silicone sealant. The temperature in the reactor was controlled by a thermocouple located 8 cm above the sieve bottom. The open-top design of the reactor allowed for the free dosing of polyolefin samples into the fluidized bed volume and the collection of gases for analysis. In the studies, samples of polyolefins were manually dosed into the reactor. Thanks to the open-top design of the reactor, with the use of special feeders, the risk of premature fuel degradation and nozzle clogging was avoided. The gaseous products were directed to a heated cell of the FTIR spectrometer with an optical path length of 4.2 m and a volume of 300 cm3. Gas samples from pyrolysis and infrared radiation were transmitted through the cell, allowing for the acquisition of interferograms using a Michelson interferometer. The interferograms were then transformed into IR absorption spectra of the gas mixture using Fourier transformation. During reactor operation, the spectra of the gases exiting the fluidized bed reactor were continuously monitored. The absence of an increase in absorbance in the range from 900 to 5000 cm−1 indicated the end of the gas emission and readiness to dose another sample (periodically dosing).



In this research, two types of multilayer fluidized beds, created from powders characterized by different densities (Table 1), were used.





3. Results


3.1. The Minimum Flduization Velocity of the Multialyer Fluidized Beds


The minimum fluidization velocities in the multilayer fluidized beds were determined according to the following steps [28]:




	(a)

	
Initiating the data acquisition, starting the flow of nitrogen, and setting the flow regulator to the lowest possible value (to prevent powder grains from overflowing through the holes in the bottom sieve);




	(b)

	
Placing the lower layer of the multilayer fluidized bed (quartz sand) into the reactor;




	(c)

	
Placing the upper layer of the fluidized bed (cenospheres) into the reactor;




	(d)

	
Gradually increasing the gas flow while recording the pressure drop in the fluidized bed at a given flow rate through the pressure drop sensor located in the bottom chamber;




	(e)

	
Slowly reducing the gas flow to the minimum value (after achieving the fluidized state).









These steps allowed for the determination of the fluidization curves of the multilayer fluidized beds. Two inflection points were observed in the curves: the first point was at the gas surficial velocities of 0.81 cm/s (for raw cenospheres) and 0.83 cm/s (for modified cenospheres), which corresponds to the cenospheres’ minimum fluidization velocity obtained in the multilayer fluidized bed; the second point, at the gas surficial velocity of 2.60 cm/s, corresponds to the minimum fluidization velocity of quartz sand and determines the beginning of the fluidization of the lower layer of the multilayer bed, which is equivalent to reaching of the fluidized state of the entire multilayer fluidized bed. On this basis, it was assumed that the minimum fluidization velocity of the multilayer fluidized beds is determined based on the minimum fluidization velocity of the material with the highest density in the multilayer system.




3.2. The Density Profile of the Multilayer Fluidized Beds


Figure 3 illustrates the density profile of a multilayer fluidized bed made out of raw cenospheres and quartz sand. The density profile was obtained by fluidizing the two-component FB with nitrogen at a flow rate 60% higher than the minimum fluidization velocity of quartz sand (i.e., the lowest layer); thus, u/umf, sand = 1.6. Due to the similarity of the fluidized beds made out of raw cenospheres and chemically modified cenospheres, the density profiles of both fluidized beds are equivalent.



Vertical density profiles in the multilayer fluidized beds were examined based on the pressure drop within the fluidized beds. To accomplish this, a measurement probe was constructed. The probe consisted of 6 differential pressure sensors connected to brass tubes forming the probe’s frame. The ends of the tubes were placed at various heights from each other, allowing for pressure drop measurements at different heights from the bottom sieve inside the fluidized beds. The experimental procedure for determining vertical density profiles in the multilayer fluidized beds was divided into several parts [28]:




	(a)

	
Initiating the data acquisition and setting the nitrogen flow to the lowest possible value;




	(b)

	
Placing of lower and upper layers of the multilayer fluidized bed into the reactor;




	(c)

	
Adjusting the gas flow to achieve u/umf, sand = 1.6 and fluidizing the multilayer fluidized beds for 10 min to achieve the desired mixing;




	(d)

	
Recording pressure drop values at different heights inside the fluidized bed, for 10 min, at a frequency of 10 Hz;




	(e)

	
Slowly reducing the gas flow to the minimum value (after achieving the fluidized state).









The methodology for calculating the vertical density profiles in the multilayer fluidized beds involved determining the pressure drop values at different heights within the fluidized beds and then converting the pressure drop values into density values. The pressure in the pseudo-liquid layer of the fluidized bed is described by Equation (1):


Δp = g · h · ρ.



(1)







After introducing the differential form and making minor algebraic transformations, the formula for density calculation is obtained in the form of Equation (2):


ρ(h) = [g−1 · dp(h)] · dh−1,



(2)




where:




	
ρ(h)—fluidized bed density at height h [kg/m3];



	
dp(h)—change of differential pressure in the fluidized bed at height h [Pa];



	
dh—height difference between two heights in the fluidized bed [m].








The density profile consists of three characteristic regions representing individual layers in the multilayer fluidized bed. The first layer (L1) is located at the bottom of the FB and extends up to 4.5 cm above the gas distributor. The density of the layer remains constant at 1008.2 ± 2.6 kg/m3, indicating that L1 is primarily composed of quartz sand grains (sand bulk density: approx. 1300 kg/m3) with a small contribution from the cenospheres. Layer L1 serves as a protection against the contact of pyrolyzed polymer (density: approx. 920 kg/m3) with the bottom sieve, continually cooled by the cold fluidizing gas. Layer L2 (above L1) is characterized by a linear decrease in density from 1004.5 kg/m3 to 557.4 kg/m3 as raised from the bottom sieve. Layer L2 is located between 4.5 and 10 cm above the gas distributor and represents the region where pyrolysis of polyolefins occurs. In layer L2, the mixing of cenospheres and sand also takes place, ensuring that it is composed of grains of both powders. Layer L3 (above L2) exhibits a relatively constant density of 540.7 ± 19.1 kg/m3, indicating that it mainly consists of cenospheres grains (cenospheres bulk density: approx. 450 kg/m3) with a small contribution from quartz sand. Layer L3 is situated between 10 and 13.5 cm above the gas distributor and is referred to as the zone of additional decomposition processes as the decomposition of gas bubbles formed from polyolefin pyrolysis in layer L2 occurs in layer L3. The rare zone, which is located above the L3 layer, is characterized by a low presence of solid particles. In the rare zone, free spaces between grains predominate, resulting in low-density values reaching below 200 kg/m3.



The selected masses of the two materials in the multilayer fluidized bed and the applied ratio of u/umf, sand allowed for the creation of a variable vertical density profile in the FB. The variable density provides space for the pyrolysis of lightweight polyolefins inside the fluidized bed. Polyethylene and polypropylene samples were characterized by densities higher than the density of layer L3. This allows for polyolefin particles to immerse into the FB to a height corresponding to their density. It also protects against fuel processing in the freeboard, which means that the advantages of fluidization are fully utilized. A space in layer L2, located approximately 5 to 6 cm above the gas distributor, was characterized by density matching the density of polyolefins. According to Archimedes’ principle, this space is where the buoyancy force balances the gravitational force acting on the pyrolyzed material particles, keeping particles in that zone. It is the preferred zone where the pyrolysis processes of PE and PP occur.




3.3. Polyolefin Thermogravimetric Analysis


Thermogravimetric analysis of PP and PE was conducted in a nitrogen atmosphere with a gas flow rate of 60 mL/min and a heating rate of 100 °C/min. Samples weighing 5.0 mg were used in the experiments. The purpose of the analysis was to determine the lower limit of the temperature range for conducting the pyrolysis in the fluidized bed reactor. During the fluidized pyrolysis, where samples experience rapid heating upon contact with the hot fluidized bed material, a relatively fast heating rate was chosen for the TG analysis. The thermogram (TG) and differential thermogram (DTG) of PP and PE samples are presented in Figure 4. It was observed that the initial decomposition temperature corresponding to 1% decomposition of PP and PE was 400 °C. It was also noted that the final decomposition temperature corresponding to 99% decomposition was 495 °C for PP and 515 °C for PE. Based on the obtained curves, four fluidized bed process temperatures for PE and PP were selected, all above the maximum decomposition temperature of the samples, to ensure an efficient degradation. Temperatures ranging from 530 °C to 590 °C were chosen at 20 °C intervals and are marked on the graph with vertical dashed lines.




3.4. Polyolefin Pyrolysis in the Fluidized Beds


As the temperature of the process changes, the chemical parameters of fluids, such as density and viscosity, change. The minimum fluidization velocities of the multilayer fluidized beds were additionally calculated in the process temperatures. In Table 2, the umf values of the multilayer fluidizeds bed at temperatures of 530, 550, 570, and 590 °C based on the Grace correlation are presented with the nitrogen velocities used in the experiments. Due to our assumption that the minimum fluidization velocity of the multilayer fluidized bed is equal to the heaviest component, umf values were calculated for quartz sand.



During the pyrolysis of polyolefins, FTIR spectra of gaseous products were recorded every 20 s. The registered spectra represented the sum of the absorbance of optically active compounds in the gaseous mixture. Based on a set of spectra provided by the FTIR analyzer manufacturer, a deconvolution of the data was performed. The procedure of minimizing the sum of squares of differences between the sample spectrum and the sum of reference spectra with known concentrations was used. The original program written in MATLAB® was used in the deconvolution using the method described in [29]. An example of a recorded spectrum of the gas mixture produced during the pyrolysis of PE in the multilayer fluidized bed made out of raw cenospheres and quartz sand at 550 °C is shown in Figure 5 as a gray line. Two specific regions suitable for deconvolution and concentration calculations were selected from the spectrum. In the analysis, wavelength ranges where no optical activity of components was observed were excluded, as well as regions where intense signals from water vapor were detected (water vapor was analyzed in a narrower wavelength range from 1250 to 1400 cm−1). The calculated spectrum (blue line) was overlaid on the sample spectrum, achieving very good agreement between the two spectra.



Figure 6 presents the deconvolution of the PE spectrum divided into regions I and region II. In region I, the strongest signal at a wavenumber of 950 cm−1 is attributed to the presence of ethylene in the product’s mixture [30]. The peak at 909 cm−1 is characteristic of 1,3-butadiene and arises from the rotational fine structure in the molecule of the diene [31]. Another absorption peak in region I, at a wavenumber of 911 cm−1, is characteristic of 1-butene and propylene [32]. The absorption bands of these compounds are associated with vibrations in the methylene group, typical for hydrocarbon molecules. Methane was also identified in region I through its characteristic spectrum structure, with a peak at a wavenumber of 1305 cm−1 [33]. In the sample spectrum, characteristic signals stretching in the wavenumber range of 1400–2000 cm−1 were attributed to the presence of water vapor [34].



In region II, selected for analysis (2750–3250 cm−1), many organic compounds exhibit optical activity. One of the most characteristic absorption bands in this range is attributed to methane. The CH4 band, in the form of densely spaced signals (comb structure), extends in the wavenumber range of 2800–3200 cm−1, with the strongest signal at a wavenumber of 3018 cm−1, corresponding to the stretching vibrations of C-H bonds [35]. Other components of the comb structure appeared on both sides of the maximum, including at 3086 cm−1. Additionally, other alkanes and alkenes were optically active in the wavenumber range of 2700–3200 cm−1. Due to the stoichiometry of polyolefins, the products of the process were dominated by unsaturated aliphatic hydrocarbons. Ethylene, previously identified at 950 cm−1, also exhibited a distinct peak at 2989 cm−1 and a series of narrow peaks at 3062 and 3132 cm−1, attributed to the bending vibrations of carbon–hydrogen bonds [30]. In the studied range, propene’s spectrum appeared as a broad band with a sharp signal at 2953 cm−1. The infrared spectra of aliphatic hydrocarbons with five or more carbon atoms are characterized by a broad, triple band between 2850 and 3100 cm−1. Aromatic compounds in the wavenumber range of 3000–3150 cm−1 show optical activity due to the stretching vibrations of =C–H bonds. The possibility of benzene formation seems likely due to the high temperature and hydrogen deficiency in the process [36].



The preliminary spectrum analysis showed various chemical compounds in the product mixtures, such as benzene, ethylene propylene, ethane, 1-butene, 1-hexene, 1-pentene, 1,3-butadiene, methane, N-butane, N-hexane, N-pentane, propane, and also water. Software developed in MATLAB® was used for the spectrum deconvolution of the samples. Minimization of the objective function, defined based on the least squares method, allows for the determination of a calculated spectrum that closely approximates the sample spectrum using reference spectra and known concentrations. Through iterative calculations, a series of coefficients were obtained. The compound concentrations were calculated based on the obtained coefficients and concentrations of reference standards.



In Figure 7, the conversions of polyolefins into different product groups (aliphatic unsaturated hydrocarbons, aliphatic saturated hydrocarbons, and aromatic hydrocarbons) during pyrolysis in the multilayer fluidized bed made out of raw cenospheres and quartz sand are presented.



Within the aromatic hydrocarbons, only benzene was detected, with an average content of 4.6 ± 1.1%wt. in the case of PE pyrolysis and 5.7 ± 0.5%wt. in the case of PP pyrolysis. These values are similar to those reported by some literature sources [37,38]. Aliphatic hydrocarbons analyzed by the FTIR spectrometer were characterized by up to six carbon atoms per molecule. Long-chain products were not analyzed using FTIR spectroscopy because this fraction was condensed before flue gases were introduced into the cuvette of the FTIR spectrometer to avoid contamination of its mirrors. However, their presence was calculated by the carbon balance (see Figure 7). The carbon conversion to C7+ products averaged 27.3–33.2%wt. in the case of PE and 20.6–22.6%wt. in the case of PP. The literature also suggests the presence of liquid (and solid under non-FB conditions) long-chain polyolefins pyrolysis products [39,40]. Additionally, the visual observation of tubes directing the gases to the analyzer proved that liquid process products were condensed.



As can be seen in Figure 7, the average conversion of carbon from polyethylene and polypropylene to aliphatic unsaturated hydrocarbons was 53.0 ± 1.6%wt. and 55.0 ± 0.7%wt. respectively. Alongside the aliphatic unsaturated hydrocarbons, saturated aliphatic hydrocarbons were identified in the gas mixtures. The carbon conversion from polyethylene to saturated compounds was approximately 13.8 ± 0.8%wt., and it was 17.8 ± 1.2%wt. in the case of polypropylene.



As can be seen in Figure 8, in the case of polyethylene pyrolysis, ethylene was the main component of the aliphatic unsaturated hydrocarbons fraction, decreasing from 52.1% at 530 °C to 32.4% at 590 °C. Additionally, 1-butene constituted an average of 22.9 ± 6.9% in the abovementioned fraction. At temperatures of 550 °C and 570 °C, a significant part of the unsaturated fraction was 1-hexene, with a value of approximately 16%. The content of other aliphatic unsaturated hydrocarbons in the mixture, namely, propene, 1,3-butadiene, and 1-pentene, was significantly lower, totaling approximately 25% of the entire fraction.



Pyrolysis of polypropylene in the multilayer fluidized bed made out of raw cenospheres and quartz sand led to the recovery of a monomer with an average content of 46.0 ± 3.2% in the aliphatic unsaturated hydrocarbon fraction. Similar to polyethylene, a relatively high conversion of polymeric carbon to 1-butene was observed during PP pyrolysis, reaching an average value of 44.1 ± 2.2% of the abovementioned fraction. The content of other aliphatic unsaturated hydrocarbons, such as ethylene and isobutylene, was low and amounted to about 10%.



Within saturated aliphatic hydrocarbons, methane, ethane, and other aliphatic hydrocarbons such as propane, N-butane, N-pentane, and N-hexane were detected (see Figure 9). In the degradation products, N-hexane and N-pentane were identified in the highest concentration, and in the case of PE pyrolysis, constituted 52.6 ± 5.8% of the aliphatic saturated fraction and 64.8 ± 5.7% in the case of PP degradation.



Figure 10, Figure 11 and Figure 12 present the conversions of polyolefins into product groups (aliphatic saturated hydrocarbons, aliphatic unsaturated hydrocarbons, aromatic hydrocarbons) and individual compounds during pyrolysis conducted in the fluidized bed made out of modified cenospheres and quartz sand. The pyrolysis process of polyolefins differed when using cenospheres coated with the iron oxide layer to form the fluidized bed. This variation was explored because d-block metal oxides can catalytically influence degradation processes, and iron oxides are one of the most low-cost materials easily applied to raw cenospheres [41,42]. Additionally, iron oxides can be the source of oxygen, which can lead to a change in the composition of the degradation gaseous products.



Both effects were observed during experiments; catalytic effects were observed due to the presence of a micrometric layer of iron oxides applied to the cenospheres particles in the multilayer fluidized bed, and CO/CO2 were identified among the pyrolysis products. The conversion of polymeric carbon to carbon dioxide and carbon monoxide increased with temperature, with CO2 exhibiting a faster growth rate. In the pyrolysis products of polyethylene, the conversion of carbon to CO2 increased from 5.5%wt. at 530 °C to 16.5%wt. at 590 °C, and for polypropylene, it increased from 3.1%wt. at 530 °C to 19.4%wt. at 590 °C. The average conversion to CO during PE pyrolysis ranged from 4.2%wt. to 9.1%wt., and for PP, it ranged from 4.6%wt. to 7.7%wt. Furthermore, the conversion of polymeric carbon to benzene (also the only aromatic product) increased in comparison to the multilayer fluidized bed made out of raw cenospheres and quartz sand. The average carbon conversion to benzene changed in the case of PE and PP from 4.6%wt. and 5.7%wt., respectively, to 12.4%wt. and 9.3%wt. in the case of the fluidized bed made out of modified cenospheres and quartz sand. The increase in carbon conversion to aromatic products during pyrolysis in a catalytic environment is already known in the literature. Chen et al. [43] demonstrated that the impregnation of Fe on the Pt/Al2O3 catalyst during polyethylene pyrolysis improves oil production efficiency and promotes the formation of aromatic compounds and alkenes. Shen et al. [44] proved that polyethylene pyrolysis using a Ga/HZSM-5 catalyst allows for achieving a process selectivity towards BTEX of 77.0%.



In the fluidized bed made out of modified cenospheres and quartz sand, primarily long-chain hydrocarbons were obtained. The PE conversation to C7+ fraction varied from 35.1%wt. to 26.6%wt. and from 36%wt. to 25.5%wt. in the case of PP. The fraction of aliphatic unsaturated hydrocarbons with up to six carbon atoms per molecule was also obtained. The conversion of polymer carbon to the abovementioned fraction decreased with increasing temperature. For PE, the fraction decreased from 31.0%wt. to 20.4%wt., and for PP, from 32.4%wt. to 14.2%wt. Alongside unsaturated hydrocarbons, aliphatic saturated hydrocarbons were also identified in the gas mixtures, with their quantity increasing with temperature from 12.1%wt. to 15.0%wt. in the case of polyethylene and from 13.8%wt. to 24.8%wt. in the case of polypropylene.



Among the aliphatic unsaturated hydrocarbons obtained during PE pyrolysis, the main component of the fraction was gas rich in ethylene. Its content increased from 49.3% at 530 °C to 82.6% at 590 °C in the whole fraction. The majority of the unsaturated fraction obtained during PP pyrolysis constituted 1-butene. The content of the compound increased with the increasing temperature from 45.6% at 530 °C to 70.9% at 590 °C. This suggested that selectivity towards ethylene and 1-butene increased rapidly in comparison to the fluidized bed made out of raw cenospheres and quartz sand.



The aliphatic saturated hydrocarbon fraction obtained during PP pyrolysis constituted mainly N-pentane, increasing from 35.6% to 72.1% with increasing temperature. In a similar concentration, menthane and ethane were detected at each applied temperature. In the case of the saturated fraction obtained via PE pyrolysis, all components were detected in similar concentrations in temperatures ranging from 520 °C to 570 °C, and only N-hexane showed the highest content in the fraction at the highest temperature of 590 °C, with a value of 41.3%.





4. Conclusions


	
The paper introduces an alternative method for conducting the polyolefin pyrolysis process in a fluidized bed reactor.






In this study, the possibility of creating multilayer fluidized beds was demonstrated. Density measurements of the multilayer fluidized beds revealed a variable vertical density profile. The chosen materials and used ratio of u/umf, sand (equal to 1.6) were suitable for the pyrolysis of polyolefins. According to Archimedes’ principle, in the investigated multilayer FB, a balance between gravitational and buoyancy forces acting on polymer particles would occur in the central part of the fluidized bed. Based on density measurements, three characteristic FB layers were distinguished. Layer L1 was located at the bottom of the multilayer fluidized bed and had a constant density of about 1000 kg/m3. The first layer served as protection for the bottom sieve against the falling of processed polymers and the clogging of the gas distributor. In layer L2, where the density varied from 1000 kg/m3 to 550 kg/m3, the distribution of the particles of polymers took place. Layer L3, with a density of about 500 kg/m3, was situated at the top of the fluidized bed. Polyolefins were immersed freely into the FB volume, passing through the third, low-density layer, where the decomposition of gases produced during pyrolysis in layer L2 also occurred.



	2.

	
The new approach used in the investigation avoids the formation of a solid phase, a common challenge in pyrolysis processes.







The specially designed fluidized bed reactor was constructed using a transparent quartz tube in this research. This allowed for the observation of the fluidization state during the pyrolysis process. It was possible to monitor changes in the coloration of quartz sand and cenospheres, which could serve as early indicators of the formation of solid pyrolysis products (soot). The outlet of the reactor (where finer soot particles could accumulate) and FB materials were additionally investigated after the completion of the pyrolysis to identify any particles that were distinct from the initial materials. No changes in the coloration of the material particles and foreign soot particles in the FB and at the reactor outlet were observed. Additionaly, the color of the multilayer fluidized bed consisting of raw cenospheres grains and quartz sand after pyrolysis process was varified. Upon detailed color analysis, it was not observed that sand and cenospheres grains were covered with soot. The color of the sand remained beige, while the cenospheres were light gray.



	3.

	
Hydrocarbon mixtures containing CO and CO2 were obtained in the case of a multilayer fluidized bed made out of modified cenospheres.







Quantitative and qualitative FTIR analysis of products from pyrolysis revealed the formation of complex gas mixtures. Mainly unsaturated aliphatic hydrocarbons were obtained during pyrolysis in the multilayer fluidized bed made out of raw cenospheres and quartz sand. If the goal of pyrolysis is to produce a gas rich in ethylene, the reasonable solution would be to pyrolyze polyethylene in the fluidized bed made out of raw cenospheres. However, if the aim of the process is to obtain 1-butene and propene, polypropylene should be processed in the same multilayer fluidized bed consisting of raw cenospheres; the average content of product rich in the desired gases was a 90% aliphatic unsaturated hydrocarbons fraction. In the multilayer fluidized bed made out of modified cenospheres coated with iron oxides and quartz sand, alongside aliphatic and aromatic hydrocarbons, the presence of carbon oxides was also detected. The mixture containing CO, formed after the pyrolysis process, could be directed to various industrial applications, including the production of syngas and chemicals (e.g., formic acid and methanol) and iron ore reduction in metallurgical industries. The hydrocarbons fraction, in this case, was lower than in the FB consisting of raw materials. However, the selectivity towards ethylene and 1-butene significantly increased. At 590 °C, during PE pyrolysis, approximately 80% of the aliphatic unsaturated hydrocarbons fraction was ethylene, and during PP, approximately 70% of the same fraction was 1-butene. Benzene was detected as the only aromatic hydrocarbon identified in the gaseous products. The average carbon conversion to benzene in the multilayer fluidized bed made out of raw cenospheres was 5%, increasing to a value of approximately 11% in the multilayer fluidized bed consisting of modified materials. Thus, if pyrolysis aims to produce benzene, the reasonable method would be to use cenospheres coated with iron oxides.



	4.

	
The gas mixtures obtained during pyrolysis are suitable for various catalytic processes. Depending on the chosen catalytic process for gas mixtures, saturated hydrocarbons and hydrogen can be produced.







The complex nature of the mixture of pyrolysis products poses potential challenges in physically separating the resulting chemical gas products. The simplest solution would be to process the mixture as a whole. Utilizing the generated hydrocarbon mixture in a steam conversion process to produce hydrogen could be an application for the obtained mixture.



	5.

	
The general benefits of using multilayer fluidized beds.




	(I)

	
The low-density (upper) layer of the multilayer fluidized beds allows for the free dosing of fuel samples into the fluidized bed volume without the use of special feeders. The premature fuel degradation and nozzle clogging in the feeders are eliminated.




	(II)

	
The variable-density (middle) layer acts as a space for material pyrolysis, characterized by even temperature, good mass and heat exchange, and intensive mixing, and imposing a specific residence time for reagents inside the fluidized beds. According to Archimedes’ principle, polyolefins freely sink into the multilayer fluidized beds’ depth, where the density is like that of PE and PP. The decomposition process then takes place inside the fluidized bed layer.




	(III)

	
The high-density (bottom) layer protects the reactor from the falling of the polyolefins to the bottom sieve during the operation and from the clogging of the gas inlets.
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Figure 2. Laboratory stand for polyolefins pyrolysis in the multilayer fluidized beds: L1—high-density layer; L2—decomposition layer; L3—low-density layer. 
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Figure 3. Vertical density profile of multilayer fluidized bed (u/umf, sand = 1.6). Distance from the sieve bottom, where the buoyancy force balances the gravitational force acting on the pyrolyzed material particle, is additionally marked. 
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Figure 4. Thermogram and differential thermogram of PE and PP under nitrogen atmosphere. 
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Figure 5. FTIR spectra of the flue gases registered during polyethylene (PE) pyrolysis (gray line) and calculated spectrum (blue line). 
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Figure 6. Individual components of the calculated spectrum correspond to the sample spectrum recorded during polyethylene (PE) pyrolysis in region I (A) and region II (B,C) at 550 °C. 
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Figure 7. Polyethylene and polypropylene conversion (%wt.) to product groups during polyolefin pyrolysis in the multilayer fluidized bed made out of raw cenospheres and quartz sand. 
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Figure 8. Composition of aliphatic unsaturated hydrocarbon fraction obtained during polyethylene (A) and polypropylene (B) pyrolysis in the fluidized bed made out of raw cenospheres and quartz sand. 
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Figure 9. Composition of aliphatic saturated hydrocarbon fraction obtained during polyethylene (A) and polypropylene (B) pyrolysis in the fluidized bed made out of raw cenospheres and quartz sand. 
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Figure 10. Polyethylene and polypropylene conversion (%wt.) to product groups and carbon oxides during pyrolysis in the multilayer fluidized bed made out of modified cenospheres and quartz sand. 
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Figure 11. Composition of aliphatic unsaturated hydrocarbon fraction obtained during polyethylene (A) and polypropylene (B) pyrolysis in the fluidized bed made out of modified cenospheres and quartz sand. 
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Figure 12. Composition of aliphatic saturated hydrocarbon fraction obtained during polyethylene (A) and polypropylene (B) pyrolysis in the fluidized bed made out of modified cenospheres and quartz sand. 
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Table 1. Characterization of the multilayer fluidized beds investigated in this research.
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Fluidized Bed

Version

	
Mass, g

	
Particle

Diameter, μm

	
Static Height

in the FB, cm

	
Bulk Density, g/cm3






	
Fluidized bed I

	
quartz sand




	
360

	
120–200

	
6

	
1.36




	
raw cenospheres




	
160

	
140–160

	
8

	
0.46




	
Fluidized bed II

	
quartz sand




	
360

	
120–200

	
6

	
1.36




	
modified cenospheres




	
160

	
140–160

	
8

	
0.47











 





Table 2. Minimum fluidization velocities of the multilayer fluidized beds and the operation velocities of nitrogen used in the research.
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Temperature, °C

	
umf, multilayer fluidized bed Based on Grace Equation, cm/s

	
Quartz Sand

Fluidization

Number u/umf, sand

	
Nitrogen Velocity

under Process

Conditions, cm/s






	
530

	
1.17

	
1.6

	
1.87




	
550

	
1.14

	
1.82




	
570

	
1.08

	
1.73




	
590

	
1.09

	
1.68
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