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Abstract

:

Catalytic pyrolysis is an attractive alternative for converting biomass into energy and chemicals, replacing fossil sources. Efficient catalysts can be used to remove compounds containing oxygen during pyrolysis, improving the bio-oil properties and thus being an important route towards sustainability. Catalytic pyrolysis of medium-density fiberboard (MDF) residues over platinum (1%) supported on beta zeolite was carried out using a biomass/catalyst ratio of 1.0/0.2. The catalysts were characterized via Fourier transform infrared spectroscopy, flame atomic absorption spectrometry, X-ray diffraction, nuclear magnetic resonance, temperature-programmed reduction, and temperature-programmed desorption of ammonia. The thermokinetic and thermodynamic parameters were determined using the isoconversional and non-isothermal methods of Friedman, Flynn-Wall-Ozawa (FWO), and Kissinger-Ahakira-Sunose (KAS). The Friedman method was the most adequate to describe the reaction and thermodynamic parameters. The results show that the catalysts promote the reduction in activation energy compared to non-catalytic pyrolysis. Non-impregnated and impregnated catalysts showed different activation energies and thus different reactions. The addition of platinum slightly increased the activation energy due to the promotion of reactions that require more energy, for example, cracking and coke deposition.
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1. Introduction


Concerns about the growing demand for clean energy have pushed research towards searching for ways to decrease the impact of anthropic activity on the environment. Several initiatives have tried to replace petroleum, for instance, aiming to reduce the emissions of polluting gases into the atmosphere and contributing to mitigating global warming [1,2,3,4]. Biomass has been considered as a potential candidate to replace petroleum in the production of green fuels and chemicals, with the advantages of a low price and high availability across the world.



Biomass can be conveniently converted to chemicals and biofuels via catalytic pyrolysis, an efficient and versatile process which allows the tailoring of products for different applications [5]. Zeolites are by far the most studied catalysts for pyrolysis, showing high activity and selectivity thanks to their high acidity, adsorption capacity, and hydrothermal stability, as well as shape selectivity [6,7]. Beta zeolite, for instance, showed high selectivity to high-value industrial chemicals such as benzene, toluene, ethylbenzene, and xylene (BTEX). In addition, the introduction of nickel largely improved its selectivity to desirable products, decreasing or avoiding toxic polyaromatics [8,9]. Other metals have also shown beneficial behaviors, due to having metallic and acidic sites, which act cooperatively to catalyze different types of reactions. Mayer et al. 2018 [10], for instance, investigated the activity of HZSM-5-supported metals (iron, nickel, cobalt, niobium, and zinc) in the catalytic pyrolysis of MDF residue, and observed high selectivity for the production of BTX when nickel and iron were impregnated on the HZSM-5. The contents of polyaromatics and oxygenates were also reduced when compared to the results achieved when using pure zeolite. Kumar et al. 2020 [11] evaluated the effect of mono- (CuZ and NiZ) and bimetallic (CuNiZ) zeolite catalysts on upgrading bio-oil from the ex situ pyrolysis of pine wood biomass. The authors observed that the mono- and bimetallic catalysts were efficient in the deoxygenation and production of hydrocarbon in comparison with the pure zeolite. The nickel catalyst was more efficient in producing aromatic hydrocarbons and decreasing oxygenates, while copper increased the production of aliphatic hydrocarbons. In general, the bimetallic catalyst produced the highest quality bio-oil. Chen et al. 2019 [12] impregnated 2 wt% zinc, iron, calcium, cerium, or lanthanum on HZSM-5 and investigated the role of these catalysts in the production of BTX through the analytical pyrolysis of sawdust. The study pointed out that zinc and iron were more effective in upgrading biomass pyrolysis vapors, as they promoted the BTX content and reduced oxygenates. All impregnated catalysts reduced naphthalene and methylnaphthalene. The zinc contents in HZSM-5 were also varied, and values between 0.5 and 4 wt% were considered ideal for BTX production.



The thermokinetic study of catalytic pyrolysis provides a powerful tool for investigating the kinetic and thermodynamic parameters required to support the reaction mechanism, using several biomasses over different catalysts. Carvalho et al. 2022 [9], for instance, used the Friedman model to determine the thermokinetic parameters of MDF pyrolysis over beta-zeolite-supported nickel. On the other hand, Camelo et al. 2022 [13] carried out a thermokinetic study of the pyrolysis of Abelmoschus esculentus L. Moench over zirconium oxide, observing the occurrence of dehydration reactions and oxidative degradation of the chelating agents present in the biomass. Santos et al. 2022 [14] proposed a new model to determine the degradation kinetics of sisal residue, where a fit model is used to define the reaction order and an isoconversion model is used to obtain the activation energy and pre-exponential factor. The authors conclude that the Friedman model was the only one that presented satisfactory results and had good agreement with the results already reported in the literature using only the free model.



In spite of the large number of papers addressing catalytic pyrolysis, there is still a need to search for new catalysts which allow for the control of the network of reactions that take place during the process. In fact, the mechanisms of biomass pyrolysis are still under investigation, due to the complexity of the lignocellulosic matrix, which generates the simultaneous occurrence of numerous reactions. In addition, both the metal and the support strongly affect the reaction mechanism, determining the products [6,7,8,9,10,12,15]. Therefore, the results obtained over a catalyst cannot be extrapolated to another one. This work aims to determine the thermokinetic and thermodynamic parameters for the pyrolysis of medium-density fiberboard (MDF) residue over beta-zeolite-supported platinum. Thermokinetic parameters were determined using the non-isothermal Friedman, Flynn-Wall-Ozawa (FWO) and Kissinger-Ahakira-Sunose (KAS) models. To our knowledge, this catalyst has never been studied in MDF pyrolysis; this investigation is thus valuable since the catalyst has potential to control the reactions during pyrolysis.




2. Materials and Methods


2.1. Catalyst Preparation


Beta zeolite with a silica-to-alumina ratio (SAR) equal to 30 was synthesized as described elsewhere [8,9], using silica extracted from coal ash from a thermal power plant. The gel composition obtained was 1.5 Na2O/1 Al2O3/30 SiO2/8.4 TEAOH/315 H2O, where TEAOH is tetraethylammonium hydroxide. The acid form of the catalyst was obtained after being ion-exchanged with ammonium nitrate at 80 °C for 3 h. Beta zeolite was then impregnated with 1 wt% platinum by dispersing the solid in a hexachloroplatinic acid solution and keeping it under agitation for 1 h. The solid was dried at 120 °C for 12 h and heated (2 °C min−1) under air flow up to 550 °C and maintained for 5 h. The catalysts were named B and BP for non-impregnated beta zeolite and beta zeolite impregnated with platinum, respectively.




2.2. Catalyst Characterization


Powder X-ray diffraction (XRD) patterns were recorded on an Ultima IV diffractometer (Rigaku, Honshu, Japan), with Cu-Kα radiation generated at 40 kV and 17 mA, using a monochromator, and in the 2θ range of 5° to 50°. Fourier transform infrared spectroscopy (FT-IR) was carried out on an IR Prestige-21 (Shimadzu, Kyoto, Japan), with a spectral scanning range of 4000 cm−1 to 400 cm−1. The silica-to-alumina ratio (SAR) was determined via flame atomic absorption spectrometry (FAAS) using a Perkin-Elmer A Analyst 200 apparatus equipped with a hollow-cathode lamp (LUMINATM, Perkin-Elmer, Waltham, MA, USA).



Nuclear magnetic resonance (NMR) was performed using an 11.7T 500 MHz field device, model dd2 narrowbore from Agilent Technologies. 29Si spectra were obtained with a contact time of 7 ms, relaxation time of 5 s, pw90H1 of 2.9 us, pq90C13 of 2.55 us, and rotor spinning at 10 kHz. 27Al spectra were obtained with a relaxation time of 10 s, pw90Al27 of 14 us, and rotor spinning at 10 kHz. The acidity measurements of catalysts were performed through ammonia temperature-programmed desorption (NH3-TPD) using a Micromeritics AutoChem II equipped with a thermal conductivity detector (TCD). First, the samples were submitted to a pretreatment under helium flow (50 mL min−1) at 110 °C for 60 min. The main experimental conditions were a valve temperature of 110 °C, detector temperature of 100 °C, and filament temperature of 175 °C. The same conditions and equipment were used in the temperature-programmed reduction of hydrogen (H2-TPR) experiments.




2.3. Thermogravimetric Analysis


The biomass used in the pyrolysis experiments was the MDF residue, and M will be used to refer to MDF. The method used for the pretreatment and to determine the chemical composition of MDF were described in previous work [8]. The MDF pyrolysis was carried out on TGA Q50 equipment (V6.7 Build 203, Universal) using approximately 7.0 mg of sample. The MDF and the catalyst (B or BP) were mixed, keeping an MDF-to-catalyst weight ratio of 1/0.2 to obtain MB (MDF/B) and MBP (MDF/BP) samples. The oven was heated from 25 to 900 °C, at heating rates (β) of 5, 10, 15, and 20 °C min−1 under nitrogen flow (60 mL min−1). The data obtained were treated as described in previous work [9].




2.4. Thermokinetic Analysis


The isoconversional methods consider the chemical process as a single-step equation which can be described by the fundamental relationship shown in Equation (1), where k(T) is the rate constant as a function of temperature, f(α) is a function related to the chosen reaction model, and α represents the conversion degree.


    d α   d t   = k  T  f  α   



(1)







Equation (2) shows the calculation of the conversion degree (α), where m0 and mf are the initial and final weight of the sample, respectively, and mt is the weight at any given time.


  α =    m 0  −  m t     m 0  −  m f     



(2)







The k(T) function which appeared in Equation (1) is described by the Arrhenius equation (Equation (3)), where k is the temperature-dependent constant rate, A is the pre-exponential factor, EA is the activation energy, R is the gas constant, and T is the temperature of the experiment.


  k  T  = A e x p   −    E A    R T      



(3)







Under non-isothermal conditions, the heating rate can be expressed as a function of time as shown in Equation (4), where dT is an infinitesimal temperature change. Substituting Equations (3) and (4) in Equation (1), one obtains Equation (5). Rearranging this equation, one obtains Equation (6) which is introduced into the function   g  α  =   ∫  0 α    d α   f  α     , to obtain Equation (7) [16,17].


    d T   d t   = β  



(4)






  β   d α   d T   = A e x p   −    E A    R T     f  α   



(5)






    d α   f  α    =  A β  e x p   −    E A    R T      



(6)






  g  α  =   ∫  0 α    d α   f  α    =   ∫    T 0     T f     A β  e x p   −    E A    R T      



(7)







2.4.1. Flynn-Wall-Ozawa (FWO) Model


Equation (8) shows an integral method for non-isothermal data developed by Ozawa and Flynn and Wall [18,19]. By plotting   ln  β  vs .   1 / T  , for each conversion degree (α) at several heating rates (β), the activation energy (EA) can be calculated from the slope of the line, and the pre-exponential factor (A) can be obtained from the y intercept.


  l n  β  = l n     A  E A    R g  α      − 5.331 − 1.052    E A    R T    



(8)








2.4.2. Kissinger-Ahakira-Sunose (KAS) Model


Based on the Kissinger method, the KAS model [20] allows the calculation of the activation energy and frequency factor as shown in Equation (9). The activation energy (EA) can be calculated from the slope of the line by plotting   l n    β   T 2        vs .   1 / T  , for each conversion degree (α) at several heating rates (β).


  l n    β   T 2      = l n     A R    E A  g  α      −    E A    R T      



(9)








2.4.3. Friedman Model


The Friedman model uses a differential isoconversional technique [14] to determine the activation energy (EA) and frequency factor (A) of the pyrolysis process. This model can be found by rearranging Equation (7).


  ln   β   d α   d T     = [ ln  A  × ln   f  α    ] −    E A    R T      



(10)








2.4.4. Thermodynamic Parameters


Thermodynamic parameters were obtained from Equations (11)–(13), where Kb, h, and Tm represent the Boltzmann constant (1.381 × 10−23 J K−1), the Planck constant (6.626 × 10−34 J s), and the peak temperature DTG (obtained via derivative thermogravimetry), respectively.


  Δ H =  E A  − R T  



(11)






  Δ G =  E A  + R  T m  l n      K b   T m    h A        



(12)






  Δ S =     Δ H − Δ G    T m       



(13)










3. Results and Discussion


3.1. Catalyst Characterization


The XRD patterns of the catalysts showed typical profiles of beta zeolite, regardless of whether platinum was present, as shown in Figure 1, indicating that the beta zeolite structure was kept after impregnation and calcination [8]. Furthermore, there were no diffraction peaks, suggesting that the platinum crystallites were small enough to be detected via XRD. Non-impregnated beta zeolite and beta-zeolite-supported platinum showed different SAR values (29 and 31, respectively), which are both within the experimental error of the analysis.



Platinum impregnation on beta zeolite decreased the number and the strength of acid sites. After impregnation, the total quantity of acidic sites decreased from 3386 μmol·g−1 (B) to 2677 μmol·g−1 (BP). These values are quite different from those obtained for beta zeolite in our previous work [8], probably because of the different source of silica used in each case. In the present work, silica was obtained from coal ashes from a thermal power plant, after treatments were carried out to extract it. The NH3-TPD curve (Figure 2a) shows that the impregnated catalyst had only weak acid sites (Tmax 196.6 °C), while non-impregnated beta zeolite showed strong (Tmax 386 °C) and weak acid sites (Tmax 196 °C). This could be related to the tendency of metals to attach to strong acid sites and then cover them, in accordance with previous work [8,17].



The H2-TPR profile of the impregnated sample presents two platinum reduction peaks (Figure 2b and Table 1). The first peak at a low temperature (166.4 °C) could be attributed to the reduction of PtOx species in a weak interaction with support. The second one at a high temperature (388.1 °C) was assigned to residual platinum oxychlorides (PtOxCly), which are more strongly resistant to reduction and may be incompletely reducible [21,22]. These results show that we can expect that platinum can be easily reduced during pyrolysis by hydrogen provided by cracking reactions.



The 27Al NMR spectrum of non-impregnated beta zeolite shows signals centered at 65.7 ppm and 9.1 ppm (Figure 3a). The first is attributed to the tetrahedrally bonded Al atom, while the second is attributed to the octahedrally bonded aluminum atom [8,23]. After platinum impregnation, the spectra showed a small shift of the peak to lower chemical shift values (63.7 ppm), which suggests a shift of aluminum to different crystallographic sites, in agreement with other work [24]. The peaks at 9.1 (B) and 7.9 ppm (BP) were formed after the zeolite calcination step, being ascribed to octahedral Al species and often associated with Lewis acid sites [25,26]. The chemical shift of this species is dependent on the Si/Al ratio and generally varies between 5 and −5 ppm in zeolites with a low SAR and can return to the tetrahedral position through thermal or chemical treatment, and therefore is associated with the octahedral aluminum in the network. Also, in Figure 3a, a decrease in the intensity of the peaks after platinum impregnation can be observed, which may indicate a decrease in the number of strong acid sites [8]. This finding is in agreement with the results of NH3-TPD, showing that one can expect more cracking over B than in BP, considering only the acid sites. However, platinum is also able to produce coke.



Figure 3b shows the 29Si NMR spectra of beta zeolite with a broad peak ranging from −86 to −121 ppm, centered at −101.5 ppm with a shoulder at −109.8 ppm, which indicates the signal overlap caused by silicon atoms in different chemical environments. The signal at −101.5 ppm is the most intense one and suggests the predominance of the silicon atom at the Si(3Si,1OH) site [27]. The signal at −110 ppm suggests the presence of silicon atoms at the Si(4Si) site and is found in beta zeolites with a high SAR [27,28]. The impregnation of platinum on the beta zeolite did not change the chemical environment of the silicon.




3.2. Thermogravimetry Analysis


Figure 4 shows the TG and DTG curves for the samples. The profiles are typical of lignocellulosic biomass decomposition for both catalytic and non-catalytic pyrolysis. It has been observed that the main events are associated with the volatiles lost and cellulose, hemicellulose, and lignin decomposition [29].



The first weight loss (4.58%) started at the beginning of the analysis up to around 114 °C, and is associated with water and nitrogenated compounds from MDF industrial treatment [9,10]. The second stage (200–430 °C) is related to the decomposition of biomass components, comprising a conversion fraction range ( α ) around ≈10–85% for all samples [9,30], where the decomposition of hemicellulose (200–350 °C), cellulose (300–375 °C), and lignin (250–500 °C) occurs [31,32]. The maximum decomposition, at approximately 390 °C, can be seen in Figure 4. In this temperature range, the system has enough energy to break the C=O, -OH, and C=C bonds of the lignocellulosic matrix to produce liquid and gaseous primary products, such as water, carbon monoxide, and carbon dioxide. Other products are generated in this step, mainly hydrocarbon chains that have a lower molecular weight due to the breakage of side chains and α- and β-aryl-alkyl-ether [9,33,34]. By performing the experiments at different heating rates, the activation energy (EA) can be calculated. From Figure 5, it can be noted that the maximum rate decomposition decreased with the heating rate. This is because more power heat is supplied to biomass at higher heating rates. In addition, a higher heating rate will take less time to reach equilibrium because of the high heat and mass transfer among the particles. On the other hand, at lower heating rates, the volatiles stay in the reactor for longer, favoring secondary thermal polymerization and condensation reactions. This finding is in accordance with a previous study [15].



Table 2 presents the temperature ranges where thermal decomposition events occurred for each sample. We can see that the catalysts accelerated only at Stage III, which is a pseudo-stationary stage due to the slight decomposition occurring until the end of the analysis and is related to other products, such as biochar, which is formed mainly at low heating rates. In this step, some rearrangement reactions occur, such as the production of free radicals and bond breakage [9]. The decomposition of biomass is similar for all samples, discounting the catalyst weight for the catalytic pyrolysis. It can be also noted that similar amounts of coke were produced in all cases.



The application of the TG data to non-isothermal Friedman, KAS, and FWO methods presented high agreement to experimental data, as indicated by the correlation coefficients (R2) around 0.9 (Table 3). The correlation index approaches of 1 in all isoconversional methods studied, indicating the other methods can describe the decomposition well, especially at lower conversion fraction values. However, the Friedman model produced the highest correlation factor. Similar results were obtained by Al. Balushi et al. (2023) [35] when evaluating the co-pyrolysis of tire wastes and pine bark. The researchers noted that all the examined methods demonstrated satisfactory fits to the data. Nevertheless, the Friedman method outperformed the others in accurately describing the process and was consequently employed to ascertain the reaction mechanism.



A small variation in EA values was observed for different α, indicating good agreement with the isoconversionality principle. As can be seen in Figure 6, the same trend for the EA and pre-exponential factor was noted for all samples. A reduction in the thermokinetic parameters was observed at   α = 0.8  , indicating the end of the decomposition of the main lignocellulosic components.



The EA decreased for catalytic pyrolysis compared to the non-catalytic one, for all methods. In addition, as α increased from 0.2 to 0.7, the EA increased, indicating that the process became more difficult for the reactions involving intermediate compounds. This behavior is related to the decomposition of the main components of the lignocellulosic matrix, such as hemicellulose, cellulose, and lignin, which have long polymeric carbon chains that produce various hydrocarbons and oxygenates of a lower molecular weight. However, a decrease in EA was observed around 420 °C when α reached values from 0.7 to 0.8, indicating that the process became easier due to the final decomposition of lignin. The average EA value found for non-catalytic pyrolysis for the Friedman method was 118.04 kJ mol−1, which is higher than that found for the catalytic systems (EAMBP = 112.95 kJ mol−1, EAMB = 102.89 kJ mol−1), indicating that beta zeolite accelerates MDF decomposition. This trend was observed for all conversion fractions ( α ) evaluated.



However, platinum species on beta zeolite were observed to promote a small increase in the EA for MBP as compared to MB. This behavior suggests that platinum promotes other reactions, such as lignin cracking and open-ring reaction aromatization, acting cooperatively with the active sites [36,37] and requiring more energy to occur. The EA decreased in the following order: EAM > EAMBP > EAMB. The thermodynamic results, calculated from data obtained using the Friedman model, are presented in Table 4. The values obtained for Gibbs free energy (ΔG) showed small differences, as observed by Carvalho et al., 2022 [9] when carrying out the pyrolysis of MDF over beta-zeolite-supported nickel. This behavior can be attributed to the different reaction pathways promoted by the catalysts in catalytic pyrolysis.



For the entire range of conversion fractions (  α  ), an increase in ΔG was noted, which was probably due to the lignocellulosic matrix’s complexity. The determined value of ΔG for the reaction was positive, indicating that the reaction does not occur spontaneously. It is evident that the thermal degradation process is a non-spontaneous phenomenon, as reflected by the negative entropy (ΔS) and positive ΔG [38,39]. Enthalpy (ΔH) values also changed among the samples, following the order of ΔHMB < ΔHMBP < ΔHM, indicating a less endothermic global process for MB. This result indicates that exothermic reactions are more favorable for non-impregnated beta zeolite. Furthermore, the ΔS values were slightly negative. This phenomenon arises from the transformation of a highly organized structure into a less organized one as the heating rate increases, suggesting that the formation of the activated complex corresponds to a decrease in entropy. This indicates that the activated complex possesses a higher degree of organization compared to the initial substance, as entropy typically measures the level of randomness. The sample likely underwent various chemical or physical aging processes due to thermal effects, ultimately reaching a state of thermodynamic equilibrium [40].





4. Conclusions


The catalytic pyrolysis of biomass using beta zeolite with and without platinum accelerates the decomposition of the third stage of MDF residue decomposition. This indicates that the decrease in the number of strong acid sites after impregnation did not significantly affect the performance of beta-zeolite-supported platinum. Beta zeolite promotes a decrease in activation energy for the MDF pyrolysis process when compared to non-catalytic pyrolysis. However, beta-zeolite-supported platinum presented a slightly higher activation energy compared to non-impregnated beta zeolite. The activation energy follows the order EAMB < EAMBP < EAM. This was attributed to the ability of platinum to catalyze other reactions, such as cracking and coke formation. The same trend was observed for enthalpy values, indicating that exothermic reactions are favored by non-impregnated beta zeolite. Gibbs free energy also shows differences between processes. This behavior is attributed to the occurrence of different reactions during the pyrolysis process.
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Figure 1. XRD diffractograms for the non-impregnated beta zeolite (B) and beta-zeolite-supported platinum (BP). 






Figure 1. XRD diffractograms for the non-impregnated beta zeolite (B) and beta-zeolite-supported platinum (BP).



[image: Biomass 03 00017 g001]







[image: Biomass 03 00017 g002] 





Figure 2. (a) NH3-TPD and (b) H2-TPR profiles of non-impregnated beta zeolite (B) and (b) beta-zeolite-supported platinum (BP). 
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Figure 3. (a) 27Al NMR and (b) 29Si NMR spectra of non-impregnated beta zeolite (B) and beta-zeolite-supported platinum (BP). 
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Figure 4. TG (■) and DTG (■) profiles of M (MDF), MB (MDF/non-impregnated beta zeolite), and MBP (MDF/beta-zeolite-supported platinum) samples at the β-heating rate of 10 °C min−1. 
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Figure 5. DTG profiles of samples M (MDF), MB (MDF/non-impregnated beta zeolite), and MBP (MDF/beta-zeolite-supported platinum) at β-heating rates of (■) 5 °C min−1; (■) 10 °C min−1; (■) 15 °C min−1; (■) 20 °C min−1. 
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Figure 6. Variation in activation energy (EA/kJ mol−1) and pre-exponential factor (A) with conversion fraction for M, MB, and MBP samples, calculated using the Friedman model. 
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Table 1. Hydrogen consumption calculated from the TPR curve for beta-zeolite-supported platinum (BP).
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	Catalyst
	Peak Number
	Temperature (°C)
	Hydrogen Amount (μmol·g−1)
	Total Hydrogen Amount

(μmol·g−1)





	BP
	1

2
	166.4

388.1
	77.5

160.2
	237.7










 





Table 2. Sample temperature range, percentage biomass decomposition, and residual biochar during non-catalytic pyrolysis and catalytic pyrolysis under a heating rate of β = 10 °C min−1.
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	Sample
	Stage I (°C)
	Stage II (°C)
	Stage III (°C)
	Biomass

Decomposition (%)
	Biochar (%)





	M
	25.0–114.0
	114.0–413.6
	413.6–>900
	97.08
	2.92



	MB
	25.0–102.8
	102.8–416.3
	416.3–763.7
	97.06
	2.94



	MBP
	25.0–112.5
	112.5–412.4
	412.4–791.0
	96.98
	3.02










 





Table 3. Activation energies (EA/kJ mol−1) for MDF catalytic pyrolysis and non-catalytic pyrolysis calculated using Flynn-Wall-Ozawa (FWO), Kissinger-Akira-Sunose (KAS), and Friedman (F) isoconversional methods. R2 is the correlation coefficient for each method.
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α

	
Sample




	
M




	
FWO

	
R2

	
KAS

	
R2

	
Friedman

	
R2






	
0.2

	
120.34

	
0.9272

	
116.80

	
0.9155

	
116.30

	
0.9286




	
0.3

	
123.58

	
0.9666

	
119.78

	
0.9607

	
119.39

	
0.9693




	
0.4

	
127.44

	
0.9865

	
123.49

	
0.9841

	
123.38

	
0.9894




	
0.5

	
128.22

	
0.9926

	
124.06

	
0.9913

	
124.03

	
0.9948




	
0.6

	
127.90

	
0.9933

	
123.56

	
0.9920

	
123.82

	
0.9951




	
0.7

	
128.68

	
0.9968

	
124.21

	
0.9961

	
124.41

	
0.9980




	
0.8

	
100.61

	
0.8475

	
94.49

	
0.8157

	
94.94

	
0.9953




	
Average

	
122.40

	
0.9586

	
118.06

	
0.9501

	
118.04

	
0.9815




	

	
MB




	
0.2

	
101.32

	
0.9877

	
96.71

	
0.9850

	
96.43

	
0.9861




	
0.3

	
104.37

	
0.9887

	
99.58

	
0.9865

	
99.85

	
0.9877




	
0.4

	
109.43

	
0.9917

	
104.44

	
0.9899

	
104.99

	
0.9910




	
0.5

	
115.55

	
0.9946

	
110.63

	
0.9934

	
111.37

	
0.9944




	
0.6

	
118.77

	
0.9954

	
113.86

	
0.9944

	
114.86

	
0.9955




	
0.7

	
118.32

	
0.9950

	
113.24

	
0.9938

	
114.29

	
0.9949




	
0.8

	
84.39

	
0.9441

	
77.29

	
0.9272

	
78.48

	
0.9953




	
Average

	
107.45

	
0.9853

	
102.25

	
0.9658

	
102.90

	
0.9921




	

	
MBP




	
0.2

	
87.35

	
0.9400

	
82.26

	
0.9264

	
83.29

	
0.9384




	
0.3

	
107.56

	
0.9626

	
102.98

	
0.9553

	
104.56

	
0.9636




	
0.4

	
123.16

	
0.9802

	
118.99

	
0.9767

	
121.04

	
0.9820




	
0.5

	
138.57

	
0.9875

	
134.94

	
0.9855

	
137.25

	
0.9884




	
0.6

	
147.51

	
0.9863

	
144.16

	
0.9842

	
146.77

	
0.9868




	
0.7

	
145.48

	
0.9835

	
141.88

	
0.9809

	
144.56

	
0.9830




	
0.8

	
60.07

	
0.9867

	
51.52

	
0.9847

	
53.18

	
0.9876




	
Average

	
115.67

	
0.9753

	
110.96

	
0.9705

	
112.95

	
0.9757











 





Table 4. Thermodynamic parameters for catalytic (MB and MBP) and non-catalytic pyrolysis (M).
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   α   

	
M




	
ΔG (kJ mol−1)

	
ΔH (kJ mol−1)

	
ΔS (kJ mol−1 K)






	
0.2

	
179.25

	
110.79

	
−0.10




	
0.3

	
181.43

	
117.80

	
−0.10




	
0.4

	
181.94

	
119.39

	
−0.09




	
0.5

	
185.28

	
121.36

	
−0.10




	
0.6

	
188.77

	
123.38

	
−0.10




	
0.7

	
189.58

	
123.77

	
−0.10




	
0.8

	
220.58

	
124.03

	
−0.15




	
Average

	
189.55

	
120.07

	
−0.10




	
  α  

	
MB




	
ΔG (kJ mol−1)

	
ΔH (kJ mol−1)

	
ΔS (kJ mol−1 K)




	
0.2

	
90.84

	
192.42

	
−0.15




	
0.3

	
92.62

	
191.00

	
−0.15




	
0.4

	
94.27

	
187.52

	
−0.14




	
0.5

	
96