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Abstract

:

Despite the great interest in thermochemical processes for converting plastic waste into chemical feedstocks or fuels, their kinetics are still a less studied topic, especially under reductive conditions. In the present work, non-isothermal thermogravimetric analysis is used to study the thermal and catalytic conversion of HDPE promoted by parent and metal-based H-USY (15) and H-ZSM-5 (11.5) zeolites under a reducing hydrogen atmosphere. Additionally, the respective kinetic parameters (apparent activation energy, Ea, and frequency factor, A) were determined by applying two distinct model-free methods: Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS). The results showed that Ea of the thermal degradation of HDPE has an average value of 227 kJ/mol for both methods. In the presence of H-USY (15) and H-ZSM-5 (11.5) zeolites, Ea is strongly reduced and is highly dependent on conversion. In the case of H-USY (15), Ea varies from 78 to 157 kJ/mol for the KAS method and from 83 to 172 kJ/mol for the FWO method. Slightly lower values are reported for H-ZSM-5, with Ea values in the range of 53–122 kJ/mol for KAS and 61–107 kJ/mol for FWO. The presence and type of the metal source (Ni, Pt, or Pd) also affect the kinetic parameters of the reaction. The mean Ea values follow the order: Ni > Pt ≈ Pd for H-USY (15) or H-ZSM-5 zeolites. Accordingly, both parent and metal-based H-USY (15) and H-ZSM-5 zeolites can significantly reduce energy consumption in HDPE hydrocracking, thus promoting a more sustainable conversion of plastic waste.
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1. Introduction


Over the past 50 years, plastics have provided and improved our lifestyle. However, changes in consumption and production patterns are leading to a rapid increase in plastic waste (PW) generation, which is becoming one of the most pressing environmental concerns [1]. The conversion of PW into resources is crucial for increasing efficiency and fostering circularity [2]. In recent years, chemical recycling and in particular, thermochemical processes, such as thermal and catalytic cracking, have emerged as promising options for converting PW into chemical feedstocks or fuels [3]. Thermal cracking (TC) is a widely used process but it suffers from two main problems: limited conversion of the feedstock at low temperatures and a wide carbon molecular weight distribution, leading to low selectivity for high-value products [4,5]. Catalytic cracking (CC), conversely, requires a catalyst [6] and allows the process to be carried out at lower temperatures, improving the yield and selectivity of the desired products [7]. Several authors have studied the TC and CC of polymers under an inert atmosphere, in particular polyethylene (PE) and polypropylene (PP), over different acidic catalysts [8], obtaining n-paraffins and olefins as the main products. However, to develop more efficient processes for the thermal and catalytic conversion of plastics, knowledge of the reaction kinetics is extremely important [9,10]. The kinetic parameters, apparent activation energy (Ea) and frequency factor (A), are closely related to the reaction and are highly dependent on the feedstock used, the reaction mechanism, the degree of conversion, and the kinetic study method chosen [11]. Thermogravimetric analysis (TGA) is one of the most widely used techniques to study the mechanism and determine the kinetic parameters (A and Ea) of thermal and catalytic cracking of HDPE under different conditions.



The activation energy values found in the literature for the degradation of HDPE in the absence of catalysts, and in an inert atmosphere, typically range from 204 to 473 kJ/mol, with most values clustering around 230–270 kJ/mol [10,12,13,14,15]. The use of catalysts, such as H-Al-MCM-41 [16], H-USY [17,18], H-Y [17,19], and H-ZSM-5 [17,18,19], can significantly lower the activation energy, with values ranging from 60 to 185 kJ/mol, indicating a more facilitated degradation process.



In turn, the chemical conversion of plastics by CC under hydrogen (H2) pressure—hydrocracking—offers many advantages when compared to alternative TC and CC routes. The ability to process a wide range of feedstocks, produce more stable and valuable products, and reduce the coke precursors responsible for deactivating the catalyst are the most significant [20,21]. However, to the best of our knowledge, there are no TGA kinetic studies for the conversion of HDPE conducted in a reducing atmosphere.



Therefore, the main objective of this work is to determine the apparent activation energy (Ea) for the thermal and the catalytic conversion of HDPE under H2 over parent and metal-based H-USY (15) and H-ZSM-5 (11.5) zeolites. Two integral iso-conversional methods, based on the analysis of multiple TGA curves measured at different heating rates, were applied, namely, Flynn-Wall-Ozawa and Kissinger–Akahira–Sunose. The impact of incorporating a metal function (Ni, Pt, or Pd) to the parent zeolites on the apparent Ea, associated with the multistep processes occurring in HDPE hydrocracking is examined and discussed.



Therefore, the primary objective of this study is to ascertain the apparent activation energy (Ea) associated with the thermal and catalytic conversion of HDPE under a H2 atmosphere. The catalytic systems under investigation include the H-USY (15) and H-ZSM-5 (11.5) zeolites. The impact of incorporating a metal function (Ni, Pt, or Pd) into the parent zeolites on the apparent Ea associated with the multistep process occurring in HDPE hydrocracking is examined and discussed. Two integral iso-conversional methods, based on the analysis of multiple TGA curves measured at different heating rates, were applied, namely, Flynn-Wall-Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS)




2. Theoretical Approach


Several methods are used in the literature for non-isothermal solid state-kinetics calculations based on TGA data. These methods fall into two major categories: model-fitting and model-free or iso-conversional methods [22,23,24].



Model-fitting methods are applied to determine Ea and A from a single simulated curve [25]. In this case, TGA data are fitted to different reaction models (Table S1 of the Supporting Information) in order to obtain the best statistical fit and consequently the most suitable kinetic parameters (Ea and A). The main advantage of model-fitting methods, when applied to solid-state reactions, is their experimental simplicity, since only a single TGA experiment is required to determine the kinetic data. However, model-fitting methods also present several problems, the most important of which is the inability to unequivocally identify the unknown reaction model [26].



Conversely, model-free or iso-conversional methods allow the determination of the Arrhenius parameters without pre-selecting a reaction model and a reaction order. However, from an experimental point of view, this approach is much more time-consuming as it requires TGA curves at different heating rates to obtain a dependence of the kinetic parameters on conversion and/or temperature [27]. According to the International Confederation for Thermal Analysis and Calorimetry (ICTAC) Kinetics Committee [28], the use of multi-rate programs is recommended for the calculation of reliable kinetic parameters. This methodology not only avoids the risk of obtaining erroneous kinetics, due to an inappropriate reaction model but also allows the prediction of some mechanistic steps, since Ea can be estimated for a range of conversion values [29,30]. Several authors have contributed to the extension and consolidation of the knowledge in IC methods, such as Friedman [31], Flynn and Wall [32,33], Ozawa [34], Kissinger [35], and Vyazovkin [28,36], among others.



According to the authors listed above, the rate of a chemical reaction, in this specific case, the rate of HDPE degradation, can be described as follows:


     d x   d t    = K   T   f   x    



(1)




where K(T) is the kinetic constant rate and   f   x     is a function depending on the reaction mechanism involved. The term x is defined as the advancement of the reaction and is expressed in terms of conversion according to the following equation:


  x =      x   0   −   x   t       x   0   −   x   f       



(2)




where     x   0     and     x   f     are the initial and final solid mass, respectively; and     x   t     the mass at a specific time t. In its turn, the temperature-dependent term, K(T) is generally denoted as:


  K   T   = A   e x p ( −      E   a     R T    )  



(3)




where A is the frequency factor (min−1), Ea is the apparent Activation Energy (J/mol), R is the gas constant (8.314 J/K mol), and T is the absolute temperature. The generalized kinetic rate equation is expressed in terms of   x   and obtained by the combination of the three previous equations:


     d x   d t    = K   T   f   x   = A   e x p ( −      E   a     R T    ) f ( x )  



(4)




For a dynamic TGA process, the heating rate can be defined as   β =     d T  /dt. Including β in the previous equation results in the following relationship:


     d x   d t    =    1   β    A   e x p ( −      E   a     R T    ) f ( x )  



(5)




Therefore, the integral form of the inverse of   f   x    , which describes the reaction kinetic model, can be expressed as follows:


  G   x   =   ∫  0   x       d x   f   x        =    A   β      ∫    T   0     T      exp  ⁡    −      E   a     R T          d T =      A E   a     β R      p ( u )  



(6)




the term p(u) represents a temperature-dependent integral, without an analytical solution


  p   u   =   ∫  0   u      exp  ⁡       − u       u   2          d u  



(7)




with


  u =      E   a     R T     



(8)




However, Equation (6) can be solved by using different approximations for the p(u) function. Accordingly, several integral model-free iso-conversional methods have been developed for the estimation of the kinetic parameters (Ea and A).



For these methods, p(u) can be expressed by the following general approximate equation:


  p   u   =      e   ( − C   u − D )       u   B       



(9)




where the values of B, C, and D depend on the method applied.



By replacing Equation (9) in Equation (6), linearizing and simplifying, it is possible to obtain a general expression that relates ln(βi/TBx,I) with 1/Tx,i:


    ln  ⁡         β   i       T   x ,   i   B          =     ln      A   G ( x )      − D +   1 − B   ln ⁡ (      E   a     R    )    ⁡  − C (      E   a     R   T   x , i      )    



(10)







This means that, at any constant conversion, a linear relationship is obtained by plotting ln(βi/TBx,I) against 1/Tx,i. Consequently, from the slope of the line [−CEa/R], it is possible to calculate the Ea value for the corresponding extent of conversion, while from the line interception [ln[A/G(x)] − D + (1 − B) ln(Ea/R)], a combination of the pre-exponential factor with G(x), [ln A/G(x)] [37] is obtained.



In this study, the Flynn–Wall–Ozawa (FWO) and Kissenger–Akahira–Sunose (KAS) methods were employed to ascertain Ea. In accordance with the FWO method [32], which employs Doyle’s approximation [38], the values of B, C, and D are 0, 1.0516, and 5.3305, respectively. In the case of the KAS method, which employs the more accurate approximation of Murray and White [39], the values of B, C, and D are 2, 1, and 0, respectively. Substituting B, C, and D by the respective values into Equation (10), yields the final expressions for each method, as outlined in Table 1.



It is important to note that the accuracy of integral iso-conversional methods is constrained by the underlying assumptions upon which they are based. Alternative differential iso-conversional methods, such as the Friedman (FR) method, have been developed to address these limitations. However, the application of the FR method necessitates numerical differentiation of typically noisy TGA data, which can give rise to other issues, including numerical instabilities and discontinuous Ea profiles.




3. Results


3.1. Catalyst Characterization


The PXRD diffractograms of the parent and metal-based H-USY (15) and H-ZSM-5 (11.5) zeolites are displayed in Figures S1 and S2 of the Supporting Information. For the H-USY zeolite, peaks at 2  θ   = 6.2, 10.3, 12.1, 15.9, 18.9, 20.7, 24.0, and 27.5° are observed. Such peaks are characteristic of the FAU framework in USY zeolites [40]. In contrast, for H-ZSM-5 (11.5), diffraction peaks are observed at 2  θ   = 7.9, 8.8, 14–17, and 23–25°, which are characteristic of the MFI framework in ZSM-5 zeolites [41] After incorporation of Ni, Pt, and Pd no signs of structural changes are observed, as the metal-based zeolites show the characteristic peaks of the parent structure. However, in the case of Ni-based H-USY (15) and H-ZSM-5 (11.5) new diffraction peaks are observed at 2  θ   = 7.9 and 8.8, typical of Ni0 species. Pt0 and Pd0 reflection peaks are not observed in the PXRD diffractograms as the metal content (0.5 wt.%) is below the detection limit of the instrument. A slight decrease (≤10%) [Table 2] in the crystallinity of the parent systems is detected for all the metal-based systems, as a result of metal incorporation.



In terms of textural properties, the H-USY (15) zeolite exhibits a higher external surface area (Sext) and a higher microporous volume (Vmicro), due to its small crystal sizes (0.7 μm) and its microporous structure with a secondary mesoporosity, respectively. According to the literature [42], H-USY-type zeolites have a three-dimensional pore structure in which the basic sodalite structural units are assembled in spherical supercages with a diameter of 1.3 nm and an aperture window of 0.7 nm. Conversely, the HZSM-5 zeolite is composed of a three-dimensional structure interconnected by two channels with 10-membered rings with the following dimensions: 0.51 × 0.55 nm (sinusoidal channels) and 0.56 × 0.53 nm (straight channels) [43]. Upon metal incorporation a slight reduction in Sext and Vmicro is observed, especially for H-ZSM-5 (11.5) zeolites, indicating the deposition of Ni, Pt, and Pd particles on the external surface of the zeolite and/or inside its porous structure. Nevertheless, H-ZSM-5 (11.5) reveals a higher number of total acid sites, 1270 μmol/g, than H-USY (15) zeolite, 651 μmol/g. However, in both systems, the addition of a metallic source leads to a slight decrease in total acidity, probably due to the partial blockage of the pores opening by the metallic particles, which limits the access of the NH3 to the active sites. This fact is corroborated by N2 sorption results.




3.2. Thermogravimetric Analysis


In order to evaluate the decomposition of HDPE in the presence and absence of H-ZSM-5 (11.5) and H-USY (15) zeolites, the TGA profiles at a constant heating rate (10 °C/min) are displayed in Figure 1a, while the temperatures at which HDPE mass loss is 5, 50, and 95% (T5%, T50%, and T95%) are shown in Figure 1b.



According to the data, the HDPE thermal degradation occurs in one single step, starting at 433 °C and ending at 488 °C. Similar HDPE degradation profiles are reported in the literature under inert conditions, as well as identical degradation ranges (between 381 and 501 °C) [44,45,46]. Instead, the catalyst seems to play a crucial role in the degradation. In this case, a substantial decrease in the energy requirements is observed upon the addition of H-USY (15) and H-ZSM-5 (11.5). Although both catalysts reduce HDPE degradation temperatures, H-USY (15) is the one that allows a higher diminishment, around 162 °C on T5%. For the same mass loss, the H-ZSM-5 (11.5) allows for a reduction of 115 °C. According to the literature [47,48], the catalytic activity of zeolites in this type of reaction is strongly dependent on the acidity and the accessibility of the acid sites of the catalyst. Although the H-USY (15) zeolite exhibits a lower acid content compared to H-ZSM-5 (11.5), it has a three-dimensional channel system with large cavities, also known as supercages. These supercages, together with a higher external surface area, reduce the diffusional limitation constraints, and favor the access of polymer macromolecules to the active sites. These facts lead to an increase in cracking reactions and consequently to an easy degradation of HDPE [8].



Together with the physical and chemical features, the heating rate (β) used in the TGA experiments also has an important influence on HDPE degradation. The effect of β (5,10, 15, and 20 °C/min) on the HDPE TGA profiles and first-order derivative (DTG) curves for the thermal and catalytic systems is displayed in Figure 2.



The T5%, T50%, and T95% and the maximum weight loss temperature (Tm), obtained from the peak of the DTG curve, are summarized in Table 3.



Data reveal that in the absence of a catalyst, an increase in β delays the degradation rate of HDPE, leading to a shift of T5%, T50%, and T95% to higher temperatures. For the extreme cases of β (5 and 20 °C/min), the HDPE degradation range varies from 433 to 473 °C and from 463 to 501 °C, respectively. The DTG results also show that the maximum loss rate occurs at 468 °C (β = 5 °C/min) and 493 °C (β = 20 °C/min), indicating heat and mass transfer limitations during the thermal run for higher heating rates [49,50].



A shift in the mass loss curve to a higher temperature as the heating rate increased was also observed when both catalysts were used. In the case of H-USY (15), the degradation temperature range suffers a significant increase with β, varying from 255–398 °C at 5 °C/min to 292–431 °C at 20 °C/min. For H-ZSM-5 (11.5), a change of the same order is observed. For both catalytic systems, although the TGA profiles present an identical shape for different β values, the DTG data reveal the appearance of an additional peak at lower heating rates. In previous studies, the authors concluded that at sufficiently low decomposition rates, overlapping adjacent peaks can be separated due to lower heat transfer limitations. In this case, the different decomposition reactions that occur simultaneously at higher β can be identified separately at lower β [51].




3.3. Thermal and Catalytic Cracking Kinetics


Kinetic analysis plays a main role in reactor design and scale-up processes, providing insight into the reaction mechanism [52]. The objective of kinetic analysis is the interpretation of the experimentally determined kinetic parameters (Ea and A), each of which is associated with a fundamental theoretical concept. Ea represents the minimum amount of energy required for a reaction to occur and is strongly dependent on the nature and concentration of the reactants, the reaction conditions, and the presence or absence of a catalyst and its type [53]. In contrast, A is related to the frequency of vibrations of the activated complex.



3.3.1. Apparent Activation Energy (Ea)


The Ea values for both the thermal and catalytic degradations of HDPE under a reducing atmosphere were calculated by applying the FWO, and KAS methods to the previous TGA data at different β values.



Figure 3 depicts the fitting results obtained from the model-free methods plots for the thermal degradation of HDPE. The resulting Ea and A values and correlation coefficient data are listed in Table 4 for thermal and catalytic conditions.



Regarding the thermal data, correlation coefficients (R2) higher than 0.999 are observed, indicating an excellent fit of the method to the experimental data and an accurate estimation of Ea. Moreover, it is observed that the fitted lines are approximately parallel, suggesting a unification of multiple reactions mechanism [29,54]. In this case, the Ea varies between approximately 211 and 234 kJ/mol for both the FWO and KAS methods as the HDPE conversion increases. The mean Ea value for all methods is 227 kJ/mol.



To the best of our knowledge, this is the first study reported in the literature to employ non-isothermal methods to determine the Ea for the thermal and catalytic degradation of HDPE in a reductive H2 atmosphere. It should be noted that the present results fall within the range reported by other authors for the Ea of the thermal degradation of HDPE in an inert atmosphere (203–250 kJ/mol) [10,12,13,15,55].



When a catalyst is added to the reaction, the linear correlation coefficients are lower than those obtained under thermal conditions (0.895 ≤ R2 ≤ 0.973), indicating a less accurate estimation. This could be due to: (i) slight differences in the amount of the catalyst used to perform the TGA experiments (~2–5%), which could affect the TGA profiles; or, (ii) poorer model fit for more complex mechanisms. As expected, the presence of H-USY (15) and H-ZSM-5 (11.5) zeolites leads to a significant reduction in Ea, since the reaction rate increases. With regard to the H-USY (15) data, it can be observed that the Ea values vary with the extent of the reaction. The values range from 78 to 157 kJ/mol for the KAS methods and from 83 to 172 kJ/mol for the FWO method. In the case of the H-ZSM-5 (11.5) zeolite, the Ea values vary between 53 and 122 kJ/mol for the KAS method and between 60 and 107 kJ/mol for the FWO method. The differences between the ranges of Ea for these two methods are more obvious for this catalyst, probably due to the worst linear fitting obtained for the iso-conversion plots (Table 4). The average Ea values are, however, quite similar, at 77 kJ/mol and 81 kJ/mol, respectively.



It is also interesting to note that the Ea observed for the catalytic conversion of HDPE over H-ZSM-5 (11.5) zeolite is significantly lower than over H-USY (15). Although H-USY (15) exhibits more suitable structural and textural properties for the reaction, H-ZSM5 zeolite has a higher number of acid sites, which are the main responsible for the HDC reactions [18]. The Ea values obtained are in agreement with those reported in the literature for both systems [H-USY (15): 95–118 kJ/mol and H-ZSM-5 (11.5): 60–124 kJ/mol] under an inert atmosphere [17,18,19].



In addition, data show that an Ea dependency with the extent of reaction is observed either for thermal or catalytic processes, suggesting that in all cases, multi-step complex mechanisms are involved [11,23], as previously observed. Similar behavior was observed by other authors [9,56,57], who reported an increase in the effective Ea with the course of the reaction for PE, as a result of the change in the limiting step during the reaction. For the particular case of thermal run, it is well known that the degradation occurs via a random scission mechanism followed by a radical transfer process [46,58]. Nevertheless, according to Peterson et al. [56] and Vyazovkin et al. [57], the lower Ea value observed in the early stages of the process is most likely related to the ignition of the degradation process, occurring at thermally labile bonds such as chain branches, unsaturated compounds, peroxides, and carbonyl groups, formed during the manufacture, storage, and processing of HDPE. Once the weak links are consumed, the limiting step of the degradation shifts towards the degradation initiated by random scission, leading to an increase in Ea. Instead, and although the Ea also increases with the extent of conversion, a distinct trend is observed for the catalytic systems, suggesting that a different mechanism is involved. This is corroborated by literature data, indicating that in the presence of a catalyst, HDPE degradation proceeds by the carbocation mechanism [59].




3.3.2. Effect of Adding a Metallic Source (Ni, Pt, Pd) to H-USY (15) and H-ZSM-5 (11.5) on the Kinetic Parameters


The catalytic conversion under a reducing atmosphere can proceed by distinct pathways depending on the catalyst used. In the presence of a monofunctional acidic catalyst, such as H-ZSM-5 (11.5) and H-USY (15), the reaction takes place by the carbocation mechanism, as mentioned before. However, when a metallic function is introduced on a monofunctional zeolite, the reaction mechanism changes. In this case, the metal favors dehydrogenation and hydrogenation reactions, while the remaining acidic centers are responsible for the cracking and isomerization reactions [60]. To evaluate the effect of the addition of a metal source on the catalytic degradation of HDPE in a H2 atmosphere, Ni, Pt, and Pd were added to H-USY (15) and H-ZSM-5 (11.5) zeolites. The TGA profiles are shown in Figure S3 of the Supporting Information.



Data show a positive effect on the degradation temperatures with the addition of Ni, Pt, and Pd either to H-USY (15) or to H-ZSM-5 (11.5), suggesting that the metallic function enhances the catalytic conversion of HDPE in the presence of a reducing H2 atmosphere. This is due to the formation of olefinic intermediates on the metallic sites, which are easily converted into carbocation intermediates, contributing to an increase in the cracking rate. During the catalytic conversion over a monofunctional catalyst, these olefinic intermediates are not formed, thus reducing the rate of carbocation formation. However, the reduction in HDPE degradation temperatures is more pronounced for the noble metal than for the transition metal catalysts, leading to lower degradation temperatures according to the following order: Pd < Pt < Ni. The promising results obtained with noble metal systems are probably due to two main facts: (i) higher hydrogenation ability, which promotes the dehydrogenation/hydrogenation reactions [61]; and (ii) smaller particle size and consequently, higher dispersion of the metal on the H-USY (15) and H-ZSM-5 (11.5) supports (Figure S4 and Table S1 of the Supporting Information). However, from an economic point of view, the use of a Ni metallic source could be more favorable.



In order to understand how the presence of a metal source and its nature affects the kinetic parameters of the process, the KAS method was applied to TGA data at different heating rates (β = 5, 10, 15, and 20 °C/min) using Ni-, Pt-, and Pd-based zeolites as catalysts. The HDPE degradation profiles at different β values are shown in Figure S3, while the resulting Ea and A values are summarized in Table 5.



As previously observed for parent zeolites, an increase in β leads to a shift in the degradation profiles of all the metal-based zeolites to higher temperatures, as a result of the reduced heat transfer and shorter exposure time of HDPE at a given temperature. Furthermore, higher heating rates also change kinetics, resulting in a slower degradation of HDPE macromolecules [24]. Data available in Table 5 also show that in the presence of bifunctional catalysts, lower Ea values are observed compared to the thermal run data, as previously observed for the monofunctional systems. In general, a slight increase in the average Ea value is observed for the metal-based catalysts compared to the respective parent zeolites. This is probably the result of two main aspects, namely, (i) the contribution of the dehydrogenation/hydrogenation reactions promoted by metal source to the mean Ea, and (ii) the reduction of the total acidity of H-USY (15) and H-ZSM-5 (11.5) zeolites upon the impregnation process, both of which are essential to the cracking and isomerization steps [60].



Another explanation was suggested by the studies of Ramdoss and Tarrer [62], who developed a kinetic model combining series and parallel reactions for the conversion of post-consumer plastics to light oil, heavy oil, gas, and coke, in a H2 atmosphere. Looking at the activation energies obtained for the various reaction pathways, it was found that the highest Ea values, 121.7 kJ/mol and 113.5 kJ/mol, correspond to the conversion of light and heavy liquids into gaseous fractions, respectively, while the lowest Ea value (11.8 kJ/mol) results from the conversion of heavier hydrocarbons into liquid fractions. Recent studies performed by our team show that there is a greater tendency to produce gaseous products over Ni-, Pt-, and Pd-based zeolites compared to their respective parent zeolites, which could thus contribute to the increase in Ea over the bifunctional catalysts. Miskolczi et al. [63], who calculated the Ea for the thermal and catalytic degradation of end-of-life vehicle plastic waste under a N2 atmosphere, over H-Y and H-ZSM-5 (11.5) loaded with distinct metals (Fe, Sn, Ce, Mg, Ni, Cu, and Zn), also found that the addition of a metal source to the parent zeolites results in an increase in the apparent Ea of the reaction for all cases, in the order Cu < Ce < Mg < Ni < Fe(III) < Fe(II) < Zn < Sn, thus, corroborating our data.






4. Materials and Methods


4.1. Materials


Commercial high-density polyethylene (HDPE, MW = 155,000 g/mol; MWD = 5.4; d = 0.95 g/cm3 and Tm = 140 °C), was supplied by Repsol (Sines, Portugal) without additives and used in powder form.



The zeolite catalysts, NH4-ZSM-5(11.5) (CBV-2314) and H-USY (15) (CBV-720), were supplied by Zeolyst (Conshohocken, PA, USA). The metal salts, nickel nitrate hexahydrate (Ni(NO3)2·6H2O), and tetraamine platinum (II) nitrate (Pt (NH3)4·(NO3)2), used for the preparation of Ni- and Pt-impregnated catalysts were supplied by Merck (Darmstadt, Germany), both with a purity of 99%. The palladium nitrate (Pd(NO3)2) solution used for the preparation of Pd-impregnated zeolites was supplied by Sigma-Aldrich (St. Louis, MO, USA).




4.2. Catalyst Preparation


NH4-ZSM-5 was calcined at 500 °C for 6 h under an airflow of 4 L·h−1.g−1 in order to transform the ammonium form to the protonic form (H-ZSM-5 (11.5)). A plateau at 200 °C, for 1 h, was carried out to remove the water and prevent the zeolite from steaming. A heating rate of 2 °C·min−1 was used.



The preparation of Ni-, Pt-, and Pd-based zeolites was performed by the incipient wetness impregnation method, using an aqueous solution of Ni(NO3)2·6H2O, Pt(NH3)4·(NO3)2 and Pd(NO3)2, respectively. The volume of the metal precursor solution used was calculated to match the volume of the zeolite pores and was added dropwise to the support. The impregnated samples were air-dried at 80 °C for 24 h and then calcined at 500 °C in an airflow of L·h−1·g−1. Prior to use, all impregnated catalysts were also pre-activated in a reactor with an H2 flow of 4 L·h−1·g−1 for 2 h, at 500 °C for Ni catalysts and at 450 °C for Pt and Pd catalysts.




4.3. Catalyst Characterization


The textural properties of the parent and metal-based catalysts were assessed by N2 sorption. Measurements were performed at −196 °C using an Autosorb IQ apparatus from Quantachrome (Boynton Beach, FL, USA). Prior to measurement, the materials were degassed under vacuum at 90 °C for 1 h and then heated at 350 °C for 5 h. The external surface area (Sext) and micropore volume (Vmicro) were calculated using the t-plot method, while the total pore volume was determined from the adsorbed volume of nitrogen at a relative pressure (P/P0) of 0.95. The difference between Vtotal and Vmicro gives the mesopore volume (Vmeso).



Powder X-ray diffraction (PXRD) analysis was used to obtain information on the phases present in the prepared catalysts, as well as to identify any damage to the zeolite materials upon metal incorporation. The PXRD experiments were carried out using a Bruker AXS Advance D8 diffractometer (Billerica, MA, USA) equipped with a 1D detector (SSD 160) and using a Ni filter, with a CuKα radiation source (λ = 1.5406 nm) and operating at 40 kV and 30 mA. The scanning range was from 5° to 80° (2 theta), with a step size of 0.03° and a step time of 2 s.



The density and strength distribution of acid sites of the zeolites were determined by ammonia temperature-programmed desorption (NH3-TPD). In these experiments, the sample was pre-treated under helium atmosphere at 350 °C for 1 h and then cooled to 125 °C and ammonia-saturated in a stream of 15% NH3/He at a flow of 30 mL/min, for 1 h. Prior to the desorption step, the sample was outgassed under helium at 125 °C for 30 min, to remove the physiosorbed ammonia. Chemisorbed NH3 was desorbed at a heating rate of 10 °C/min until 700 °C and the amount of ammonia desorbed in the effluent stream was detected by a thermal conductivity detector (TCD). The total acidity of the catalyst was obtained by integrating the area under the desorption curve.



TEM analysis was carried out to determine the size of Ni0, Pt0, and Pd0 particles on reduced samples. The experiments were carried out using an HRTEM 2010 JEOL LaB6 microscope (200 kV) (Tokyo, Japan). Data analysis was performed by using ImageJ software (Version 1.54). For this purpose, a minimum of 150 or 300 metallic particles were counted in each sample, depending on the metal source, transition or noble metal, respectively. The dispersion of metal-based catalysts, which is the ratio between the total number of metal atoms present on the surface of the catalyst and the total number of metal atoms, was determined assuming that Ni, Pt, and Pd are spherical particles, through the following equation:


D = 6/d.p,








where d is the mean particle size and p is the atomic density.




4.4. Thermogravimetric Analysis Procedure


The samples used for the TGA experiments were prepared by compression molding technique. The HDPE and catalyst, both in powder form, were first mechanically mixed in a mass ratio of 9/1 and then heated in a hydraulic press at 140 °C and 3 tons of pressure for 5 min [64].



The thermogravimetric experiments were performed using a Setaram TGA 92-16.18 thermobalance (Austin, TX, USA) under a H2 atmosphere, at a continuous flow rate of 30 mL/min. The temperature varied between 20 and 700 °C, at different heating rates (2, 5, 10, 15 °C/min). To avoid the presence of oxygen, a nitrogen purge of 15 min was performed before each experiment.





5. Conclusions


In this work, the kinetic parameters of the thermal and catalytic conversions of HDPE under a H2 atmosphere were determined by non-isothermal TGA experiments, applying two different model-free methods, namely Flynn–Wall–Ozawa and Kissinger–Akahira–Sunose. The results show that the thermal degradation of HDPE at the lowest heating rate takes place in the range of 433–473 °C, which means that a high energy input is required. Nevertheless, the addition of H-USY (15) and H-ZSM-5 (11.5) zeolites has a positive effect on the degradation process, allowing the temperature at which mass loss is 5% to be reduced by 162 and 115 °C, respectively.



The kinetic data for HDPE thermal degradation show that Ea values increase with conversion (from 211 to 234 kJ/mol) and that an average value of 227 kJ/mol is obtained regardless of the model-free method used (FWO or KAS).



In the presence of H-USY (15) and H-ZSM-5 (11.5) catalysts, Ea suffers a significant decrease and becomes highly dependent on conversion. However, the average Ea value obtained for the FWO and KAS methods is very similar. For H-USY (15), it ranges from 116 to 122 kJ/mol, while for H-ZSM-5, it is much lower and varies between 77 and 81 kJ/mol. The variation in Ea with the extent of reaction is an indication of the presence of a multi-step complex reaction mechanism.



The addition of a metal source to the H-USY (15) and H-ZSM-5 (11.5) zeolites also leads to a significant reduction in the apparent Ea of the reaction compared to the thermal process. Conversely, a slight increase in Ea is observed compared to the respective parent systems. This is probably related to the contribution of the dehydrogenation/hydrogenation reactions to the overall mechanism and thus, to the resulting Ea.



In conclusion, both parent and metal-based H-USY (15) and H-ZSM-5 (11.5) zeolites can greatly reduce the energy barrier and corresponding energy consumption for HDPE hydrocracking compared to thermal conditions, thus promoting a more sustainable conversion of plastic waste.



As a final point, it is also important to recall that HDC is a complex reaction, involving a multi-step mechanism. The elucidation of the mechanisms underlying complex processes is very challenging, and extensive kinetic studies and model simulations are needed to gain a deeper understanding. In this preliminary investigation on the kinetics of HDPE hydrocracking, a meaningful estimate of the average value for the apparent Ea associated with the multistep process of each of the thermal and catalytic systems studied was obtained. However, to gain deeper mechanistic insights into the HDC reaction, it would be beneficial to apply advanced iso-conversional methods (AIC), which use numerical integration over small temperature intervals as a component of Ea evaluation, in association with a model-free methodology to determine lnA. Further studies are in progress to address this topic.
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Figure 1. TGA profiles (a) and temperature at which mass loss is 5, 50, and 95% (T5%, T50%, and T95%) (b), in presence and absence of H-USY (15) and H-ZSM-5 (11.5) zeolites. 
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Figure 2. TGA and DTG profiles for thermal and catalytic degradation of HDPE under a H2 atmosphere without catalyst (a) and over H-USY (15) (b) and H-ZSM-5 (11.5) (c). 
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Figure 3. Linear fitting curves under distinct conversion levels for model-free methods applied to the HDPE thermal degradation TGA data. 
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Table 1. Model-free methods applied in this study.
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	Method
	Expression
	Plot





	Flynn-Wall-Ozawa (FWO)
	     ln  ⁡    β     =   ln  ⁡       A   E   a     R G ( x )      − 5.311 −    1.052   E   a     R T        
	    ln  ⁡    β       vs. 1/T



	Kissinger–Akahira–Sunose (KAS)
	     ln  ⁡       β     T   2          =   ln  ⁡       A R     E   a   G ( x )      −      E   a     R T        
	    ln  ⁡       β     T   2            vs. 1/T










 





Table 2. Physical and chemical properties of parent and metal-based H-USY (15) and H-ZSM-5 (11.5) zeolites.
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	Catalyst
	Crystallinity

(%)
	Sext

(m2/g)
	Vmicro

(cm3/g)
	Vmeso

(cm3/g)
	Vtotal

(cm3/g)
	Weak Acidity

(μmol/g)
	Strong Acidity

(μmol/g)
	Total Acidity

(μmol/g)





	H-USY (15)
	100
	189
	0.25
	0.23
	0.48
	332
	319
	651



	Ni (5)/H-USY (15)
	97.4
	170
	0.24
	0.24
	0.48
	288
	245
	533



	Pt (0.5)/H-USY (15)
	93.7
	184
	0.24
	0.24
	0.48
	364
	256
	620



	Pd (0.5)/H-USY (15)
	93.7
	180
	0.24
	0.23
	0.47
	324
	301
	625



	HZSM-5 (11.5)
	100
	114
	0.13
	0.10
	0.23
	740
	530
	1270



	Ni (5)/H-ZSM-5 (11.5)
	91.2
	78
	0.12
	0.07
	0.19
	670
	500
	1170



	Pt (0.5)/H-ZSM-5 (11.5)
	95.7
	61
	0.10
	0.05
	0.15
	650
	530
	1180



	Pd (0.5)/H-ZSM-5 (11.5)
	97.6
	77
	0.10
	0.06
	0.17
	650
	500
	1150










 





Table 3. Temperature at which mass loss is 5, 50, and 95% (T5%, T50%, and T95%) calculated from the TGA curves and maximum degradation temperature (Tm) determined from DTG profiles.
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Sample

	
β (°C/min)

	
Temperature (°C)




	
T5%

	
T50%

	
T95%

	
Tm






	
HDPE

	
5

	
433

	
463

	
473

	
468




	
10

	
433

	
478

	
488

	
480




	
15

	
455

	
484

	
494

	
488




	
20

	
463

	
489

	
501

	
493




	
HDPE + H-USY (15)

	
5

	
255

	
354

	
398

	
392




	
10

	
271

	
370

	
410

	
399




	
15

	
289

	
382

	
418

	
408




	
20

	
292

	
394

	
431

	
418




	
HDPE + H-ZSM-5 (11.5)

	
5

	
283

	
362

	
397

	
389




	
10

	
318

	
407

	
428

	
421




	
15

	
325

	
413

	
430

	
432




	
20

	
329

	
421

	
443

	
442











 





Table 4. Ea, ln(A/G(x)), and R2 in function of the extent of conversion (x) determined by distinct model-free methods.






Table 4. Ea, ln(A/G(x)), and R2 in function of the extent of conversion (x) determined by distinct model-free methods.





	

	
x

	
FWO

	
KAS




	
Ea (kJ/mol)

	
ln(A/G(x))

	
R2

	
Ea (kJ/mol)

	
ln(A/G(x))

	
R2






	
HDPE

	
0.2

	
212.5

	
33.8

	
1.000

	
211.2

	
33.5

	
1.000




	
0.3

	
220.9

	
34.9

	
1.000

	
220.0

	
34.8

	
1.000




	
0.4

	
226.9

	
35.8

	
0.999

	
226.2

	
35.6

	
0.999




	
0.5

	
229.2

	
36.0

	
0.999

	
228.6

	
35.9

	
0.999




	
0.6

	
232.0

	
36.3

	
0.999

	
231.5

	
36.2

	
0.999




	
0.7

	
232.7

	
36.3

	
0.999

	
232.3

	
36.2

	
0.999




	
0.8

	
233.0

	
36.2

	
0.999

	
233.0

	
36.1

	
0.999




	
0.9

	
234.1

	
36.3

	
0.999

	
233.7

	
36.1

	
0.999




	
Av.

	
227.7

	
35.7

	
0.999

	
227.1

	
35.6

	
0.999




	
HDPE+

H-USY (15)

	
0.2

	
83.8

	
16.1

	
0.919

	
78.3

	
14.4

	
0.899




	
0.3

	
93.1

	
17.4

	
0.976

	
87.7

	
15.8

	
0.971




	
0.4

	
104.7

	
19.1

	
0.998

	
99.5

	
17.6

	
0.997




	
0.5

	
115.0

	
20.5

	
0.988

	
110.2

	
19.3

	
0.985




	
0.6

	
126.0

	
22.2

	
0.979

	
121.6

	
21.1

	
0.975




	
0.7

	
137.0

	
23.9

	
0.970

	
133.0

	
22.9

	
0.965




	
0.8

	
148.8

	
25.7

	
0.967

	
145.3

	
24.9

	
0.961




	
0.9

	
172.2

	
29.6

	
0.988

	
157.5

	
23.8

	
0.810




	
Av.

	
122.6

	
21.8

	
0.973

	
116.6

	
20.0

	
0.946




	
HDPE+

H-ZSM-5 (11.5)

	
0.2

	
60.6

	
10.9

	
0.889

	
53.3

	
7.8

	
0.849




	
0.3

	
63.5

	
11.1

	
0.900

	
56.1

	
8.6

	
0.865




	
0.4

	
69.5

	
11.9

	
0.904

	
62.2

	
9.6

	
0.873




	
0.5

	
76.6

	
13.0

	
0.909

	
69.6

	
10.8

	
0.882




	
0.6

	
84.3

	
14.2

	
0.915

	
77.5

	
12.2

	
0.892




	
0.7

	
91.2

	
15.3

	
0.918

	
84.7

	
13.4

	
0.897




	
0.8

	
98.5

	
16.4

	
0.926

	
92.2

	
14.7

	
0.908




	
0.9

	
106.9

	
17.7

	
0.929

	
122.2

	
17.1

	
0.994




	

	
Av.

	
81.4

	
13.8

	
0.911

	
77.2

	
11.8

	
0.895











 





Table 5. Ea, ln(A/G(x)), and R2 as a function of the conversion (x) determined by the KAS method for metal (Ni, Pt, and Pd)-based H-USY (15) and H-ZSM-5 (11.5) zeolites. * [Av-Average].






Table 5. Ea, ln(A/G(x)), and R2 as a function of the conversion (x) determined by the KAS method for metal (Ni, Pt, and Pd)-based H-USY (15) and H-ZSM-5 (11.5) zeolites. * [Av-Average].





	
x

	
Ni/H-USY (15)

	
Pt/H-USY (15)

	
Pd/H-USY (15)




	
Ea

(kJ/mol)

	
ln(A/G(x))

	
Ea

(kJ/mol)

	
ln(A/G(x))

	
Ea

(kJ/mol)

	
ln(A/G(x))




	
0.2

	
153.4

	
30.4

	
219.3

	
45.1

	
202.2

	
43.8




	
0.3

	
149.7

	
28.8

	
182.5

	
36.1

	
180.4

	
35.4




	
0.4

	
141.3

	
26.6

	
165.3

	
31.8

	
161.2

	
32.3




	
0.5

	
134.3

	
24.8

	
153.4

	
28.9

	
149.7

	
29.2




	
0.6

	
131.4

	
23.9

	
144.0

	
26.6

	
144.5

	
28.5




	
0.7

	
132.9

	
23.9

	
136.6

	
24.7

	
132.2

	
26.7




	
0.8

	
137.7

	
24.5

	
131.5

	
23.4

	
123.5

	
25.3




	
0.9

	
159.6

	
28.2

	
130.0

	
22.7

	
127.6

	
24.5




	
Av.*

	
142.5

	
26.4

	
157.8

	
29.9

	
152.6

	
30.7




	
x

	
Ni/H-ZSM-5 (11.5)

	
Pt/H-ZSM-5 (11.5)

	
Pd/H-ZSM-5 (11.5)




	
Ea

(kJ/mol)

	
ln(A/G(x))

	
Ea

(kJ/mol)

	
ln(A/G(x))

	
Ea

(kJ/mol)

	
ln(A/G(x))




	
0.2

	
92.2

	
17.8

	
70.4

	
12.0

	
68.3

	
15.3




	
0.3

	
95.3

	
18.1

	
72.2

	
12.0

	
70.1

	
16.1




	
0.4

	
101.9

	
19.0

	
77.8

	
12.8

	
73.4

	
16.1




	
0.5

	
109.2

	
20.2

	
85.4

	
14.0

	
77.2

	
15.1




	
0.6

	
117.8

	
21.6

	
93.1

	
15.2

	
83.2

	
15.4




	
0.7

	
126.6

	
23.0

	
99.9

	
16.3

	
87.2

	
16.1




	
0.8

	
133.4

	
24.1

	
107.5

	
17.5

	
90.5

	
17.1




	
0.9

	
147.3

	
26.4

	
115.3

	
18.8

	
98.2

	
18.7




	
Av.*

	
115.5

	
21.3

	
90.2

	
14.8

	
87.0

	
16.2
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