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Abstract

:

Pyrolysis has been demonstrated to be a highly effective thermochemical process for converting complex biomaterials into biochar and syngas rich in hydrogen. The pyrolysis of mixed date palm seeds from Saudi Arabia was conducted using a fixed-bed pyrolyzer that was custom made for the purpose. The influence of the pyrolysis temperature (200–1000 °C) on the various physicochemical parameters of the date seed biochar generated through the pyrolysis process and the hydrogen-rich syngas was investigated. Proximate and ultimate analyses indicated a high carbon content in the lignocellulosic constituents such as cellulose, hemicellulose, and lignin. Using energy-dispersive X-ray (EDX) analysis, it was discovered that the elemental composition of biochar changes with the pyrolysis temperature. The date seeds pyrolyzed at 800 °C were found to have the maximum carbon concentration, with 97.99% of the total carbon content. The analysis of the biochar indicated a high concentration of carbon, as well as magnesium and potassium. There was a potential for the production of hydrogen-rich syngas, which increased with the pyrolysis temperature. At 1000 °C, the highest hydrogen and carbon monoxide compositions of 40 mol% and 32 mol%, respectively, were obtained. The kinetic data of the date seed pyrolysis were fitted using linearized model-free methods, such as Friedman, Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS), as well as non-linear methods such as Vyazovkin and advanced Vyazovkin. The activation energies obtained from Friedman, FWO, and KAS varied in the range of 30–75 kJ/mol, 30–65 kJ/mol, and 30–40 kJ/mol, respectively, while those of Vyazovkin and advanced Vyazovkin were found in the range of 25–30 kJ/mol, and 30–70 kJ/mol, respectively. The analysis showed that the FWO and KAS models show smaller variation compared to Friedman.
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1. Introduction


There is global interest in the integration of renewable energy sources to partially replace or complement conventional fossil fuels to meet future energy needs [1,2]. Biomass is a rich carbon source that can potentially be used for bioenergy or the production of high-value biochemicals through eco-friendly conversion processes [3,4]. Recent years have witnessed a paradigm shift where biomass has emerged as an essential component of a sustainable and renewable energy network due to its renewable nature, carbon-neutral characteristics, and widespread availability [5,6]. The contribution of biomass to total renewable energy consumption for 2017 was 70% and was reported to be the third main source of electricity production after hydro and wind power [7]. In recent decades, the environmental impacts and increasing energy demand have also necessitated the use of sustainable renewable energy sources, such as wind and photovoltaic energy, in Saudi Arabia and elsewhere in the world [8]. Biomass is a valuable source of energy because it can be converted directly to biofuel, which can be used as a liquid fuel for transportation, for heat and power production, as a source of hydrogen, and can also reduce waste disposal [5,9,10,11]. Among the various biomass energy sources are municipal solid waste, lignocellulosic waste, industrial waste, and several organic wastes [12,13]. There are many advantages to using lignocellulosic biomass as a renewable energy source. Biomass is abundant in nature and is readily available as feedstock to produce biofuels, biomolecules, and biomaterials [14]. Furthermore, the renewable nature of biomass, its low cost, and near-zero carbon dioxide emissions are among the most significant advantages [15]. Biomass is a viable source of bioenergy due to its potential to reduce fossil fuel consumption and, thus, air pollution.



An abundant source of biomass is Phoenix dactylifera L., commonly known as date palm. Date palm cultivation is increasing around the world, particularly in Saudi Arabia [16,17]. Dates are the main crop of Saudi Arabia, with 1,539,756 tons produced in 2019, comprising 16.97% of worldwide production (nearly 9.1 Mtons) [18]. Saudi Arabia is the second largest producer of dates in the world after Egypt. A study has shown that the annual production of dates in Egypt, Saudi Arabia, and the rest of the world has increased exponentially in the last three decades [19]. In addition to dates being consumed raw, pitted, or stuffed with nuts, they are also increasingly used in confectionaries and baked items such as jams, jelly, puddings, biscuits, bread, and chocolates. Most uses require pitting of the dates, after which the flesh is converted to paste. During pitting, date seeds, amounting to 10–15% of the dates, are obtained as unwanted waste material, which is discarded, fed to animals, or, after removing date flesh, composted for soil amendment or burnt directly. Handling such difficult waste is problematic for manufacturing companies, who are looking for better solutions. Furthermore, from an environmental perspective, date seeds cause problems in the environment by releasing nitrogen-containing organic compounds when used as a direct fuel [20]. Some of the previous studies suggest the use of date seed oil obtained from conventional extraction techniques after catalytic upgradation [20,21].



Pyrolysis has been shown to be an effective thermochemical method for converting complex biomaterials [22,23,24]. It is an eco-friendly technique by which a material containing carbon can be converted into valuable gaseous, liquid, and solid products. The use of pyrolysis for biomass valorization has been widely reported in the literature [25,26,27]. Santos et al. [28] investigated the kinetics and thermodynamic parameters of pyrolyzed Acai seed biomass using thermogravimetric analysis. Activation energies of 159.12 kJ/mol and 157.62 kJ/mol were obtained using the FWO and KAS model-free equations, respectively. Zheng et al. [29] investigated the pyrolysis and catalytic co-pyrolysis upgrading of biomass and waste rubber seed oil to stimulate the formation of aromatic hydrocarbons. The study revealed that the yields of benzene, toluene, xylene, and ethylbenzene were up to 78.77% from the pyrolysis process. Mishra et al. [30] investigated the catalytic pyrolysis of pine sawdust and Gulmohar seed for the production of fuel and chemicals. The total pyrolytic liquid yield obtained from pyrolysis was found to be 39.39% and 36.68% for pine sawdust and Gulmohar seed, respectively. Mishra et al. [31] also reported the pyrolysis kinetic behavior of Samanea saman seeds towards the production of renewable fuel. The pyrolysis resulted in a pyrolytic liquid of 44.20 wt%. In this study, date seeds were pyrolyzed thermochemically in a customized fixed-bed pyrolyzer to produce hydrogen-rich syngas and biochar that have a wide range of applications in industry [32].




2. Materials and Methods


2.1. Preparation and Characterization of Date Seeds


The local date seeds were washed and dried in air for 2 days. Air-dried seeds were ground in a 1500 W multifunctional high-speed grinder. The undersize powder sieved through 200 mesh with particles up to 500 microns was kept for further analysis. Biomass samples were proximally analyzed using ASTM D3173 (moisture), ASTM D3174 (ash), and ASTM D3175 (volatile materials) techniques. The ultimate analysis of the sample was determined using an elemental analyzer. A scanning electron microscope (Schottkyfield emission, JSM-7610F) coupled with energy-dispersive X-ray spectroscopy was used to examine biochar morphology and elemental composition at a 5 kV accelerating voltage. The heating values of the samples were determined using an ASTM D5865-13 standard procedure and a CAL-2 K Oxygen Bomb Calorimeter. The gaseous product compositions were analyzed using GC-TCD-FID. Both Supelco Molecular Sieve 13× (10 feet 1/8 inch diameter, 2 mm ID, 60/80 mesh, stainless steel) and Agilent Hayesep DB (30 feet 1/8 inch diameter, 2 mm ID, 100/120 mesh, stainless steel) packed columns were employed in this study. With an operating column temperature of 120 °C and detector temperature of 150 °C (column pressure of 90 psi), helium gas was utilized as a carrier at a flow rate of 20 mL/min. A Hayesep DB column was used for the separation and quantification of gas analytes such as H2, CH4, and C2H6. A Molecular Sieve 13× column was used for the separation and quantification of CO.




2.2. Fixed-Bed Pyrolyzer Setup


A custom-made fixed bed pyrolyzer, as shown in Figure 1, was used for this study. The setup consists of a vertical tubular reactor made up of inox steel with an inner diameter of 15 cm and a height of 30 cm. Electrical heating coils surround the reactor with thick fiberboard insulation provided inside the assembly. The sample holder is placed in the heating region inside the reactor on a support connected to a thin rod passing through a bottom hole. The other side of the rod comes into direct contact with a digital scale that is connected to a programmable logic controller (PLC). Mass of the sample is displayed in real time on the display screen of the control panel, along with the time and temperature at the same time recorded by the data logger. A constant flow of pure nitrogen gas at 500 mL/min is swept through the furnace to displace air from the system for 30 min before starting the experiment. This step ensures that no air remains in the furnace and an inert environment is achieved. A continuous and constant flow of nitrogen gas is maintained with the help of a digital flow meter connected to the PLC, while the heating step is controlled by the heating power of the furnace and the response of the thermocouple. Around 50 g of the dry powder was loaded onto the sample holder for each measurement. The furnace was preheated at 105 °C for 30 min to remove excess moisture. Subsequently, the temperature was gradually increased to 1000 °C/min. During the experiment, the mass, temperature, and time were recorded.




2.3. Kinetics of Pyrolysis


Thermal conversion is based on the differential rate expression shown in Equation (1), which numerically describes the rate of a reaction (    d α   d t    ) proportional to the reaction model   f  ( α )   . The proportionality constant is termed as the rate constant   k  ( T )   .


    d α   d t   = k  ( T )  f  ( α )   



(1)







From Arrhenius, the rate constant is the product of the pre-exponential coefficient A and the exponential of   −    E a    R T     where    E a    is an important term called the activation energy or the energy barrier in the conversion of reactants to products measured in kJ mol−1. The expanded form of the differential rate expression can thus be written as shown in Equation (2).


    d α   d t   = A exp  (  −    E a    R T    )  f  ( α )   



(2)







Equation (2) can be linearized, resulting in Equation (3), which was used by Friedman to perform the kinetic analysis.


  ln  (    d α   d t    )  = ln  [  A · f  ( α )   ]  −    E a    R T    



(3)







However, the derivative of conversion with respect to time makes this equation sensitive to noise. The integral solution of Equation (3) is not straightforward, and the alternative analytical solutions somehow contain inaccuracies. The most frequent integral equations are Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS). Since the linear equations are independent of f(α), they are referred to as model-free methods (Equations (4) and (5)).


  FWO   ln β = c o n s t − 1.052    E a    R T    



(4)






  KAS   ln  (   β   T 2     )  = c o n s t −    E a    R T    



(5)







Vyazovkin and advanced Vyazovkin methods are non-linear integral methods (Equations (6) and (7)). The advanced Vyazovkin method is considered to be more accurate and matches the Friedman calculation well. For a set of n trials carried out at different heating programmes, Ti (t), the activation energy, may be estimated for any given value of conversion using the Vyazovkin technique by identifying the value of Ea that minimizes the following functions:


  Vyazovkin :  Φ  (   E a   )  = m i n   ∑  i N    ∑   i ≠ j  N   [    I  (   E a  ,    T  a i    )    I  (   E a  ,    T  a j    )    ·    β j     β i     ]     



(6)






  Advanced   Vyazovkin :  Φ  (   E a   )  = m i n   ∑   i = 1  N    ∑   i ≠ j  N    J  [   E a  ,    T i   (   E a   )   ]    J  [   E a  ,    T j   (   E a   )   ]       



(7)







Subscripts i and j denote the number of different heating rates that were utilized to investigate the pyrolysis process. The integral is calculated numerically as shown in Equation (8):


  J  [   E a  ,    T i     (   t α   )   ]  =   ∫    t  α − Δ α      t α    exp  (    −  E a    R  T i   ( t )     )  dt  



(8)







From Equation (8),   Δ α   is the conversion increment, which is commonly set to 0.01, which is adequate to minimize accumulation of the errors in the calculation of Ea, t is the time, and J is the temperature integral, which can be numerically assessed using the trapezoidal rule.





3. Results and Discussion


3.1. Characterization of Date Seeds


The physicochemical and thermal properties of the date seeds obtained from the proximate analysis and the ultimate analysis, the determination of the lignocellulosic content, and the thermal analysis are summarized in Table 1. The proximate analysis shows that the date seeds consist of 4.1% moisture, 78% volatile matter, 9.2% fixed carbon, and 8.25% ash. The values obtained for the proximate analysis of the date seed are consistent with those reported in the literature. The proximate analysis of biomass helps to determine the percentage of material that burns as volatile matter, as fixed carbon, and the amount of ash. This information is critical for the use of biomass energy. Fixed carbon from biomass has a positive correlation with charcoal production, but volatile carbon and ash have a negative correlation [28]. As a result, it is reasonable to assume that increasing the volatile components of biomass will lead to higher production of the gas phase rather than the solid phase. The ultimate analysis shows that the date seed contains 47.15% carbon, 7.52% hydrogen, 0.82% nitrogen, 44% oxygen, which is typical of lignocellulosic biomass. The ultimate analysis is evidence of the suitability of the date seed as a feedstock that can be used for the production of renewable energy. Date seed, a lignocellulosic biomass, consists of 33.1% cellulose, 24.3% hemicellulose, and 22.6% lignin. The distribution of the different elements in various lignocellulosic constituents is in the range of literature reports. This implies that date seeds are a good source of bioenergy and can also be used to obtain a wide range of bioproducts. The HHV value of 18.7 MJ/kg obtained for date seeds is an indication of good-quality fuel.



The elemental composition of the date seed based on the EDX analysis as a function of the valorization temperature is summarized in Table 2. Evidence of the various elemental compositions obtained from the EDX analysis is shown in Figure 2. The intensity of each elemental composition in the micrograph depicts the amount of each element in the valorized date seed. Basically, the valorized date seed consists of carbon, oxygen, magnesium, and phosphorus in varying proportions, depending on the temperature. At 400 °C, the valorized date seeds mainly contain carbon (88%), followed by 10.28% oxygen, 0.28% magnesium, and 0.48% phosphorus. At 500 °C, the carbon content of the valorized date seeds increased to 94.6%, while the oxygen, magnesium, and phosphorus contents decreased to 4.66%, 0.13%, and 0.21%, respectively. A trace sulfur content of 0.31% was also observed. A further increase in temperature to 800 °C resulted in an increase in carbon content to 97.99%, with some traces of oxygen, magnesium, and phosphorus. However, there was a sharp decrease in the carbon content at a valorization temperature of 1000 °C. This can be attributed to the presence of other components present in the valorized date seed at 1000 °C. The high carbon content in the valorized seed date makes it a possible source of adsorbent materials that can be used for wastewater treatment. Sayed et al. [33] used a low-cost adsorbent prepared from date seed for the removal of thorium ions from solutions of acidic media. A high adsorption capacity of 43 mg/g was reported for the date seed-based adsorbent. In addition, Haddabi et al. [34] reported the use of date seed ash to remove boron from seawater. The use of the date seed-based adsorbent resulted in 47% removal efficiency of boron from seawater.



The SEM images showing the valorized date seed at different temperatures are depicted in Figure 3a–d. It can be seen that there is evidence of a high carbon content with varying micropores. The micropores increase with increases in the vaporization temperature from 400 to 1000 °C. The comparison of the SEM images revealed that impurities could be identified at a lower valorization temperature of 400 to 600 °C (Figure 3a,b). A clearer image, presented in Figure 3c,d, should be a purer valorized date seed with high-quality carbon. Mahdi et al. [35] reported that modified biochar obtained from valorized date seeds at temperatures of >500 °C develops more micropores due to the removal of impurities.




3.2. Fast Pyrolysis Temperature and Heating Rate


The temperature profiles showing the conversion and weight loss of the date seed during pyrolysis are shown in Figure 4. The effect of four different heating rates (2.5, 5, 7.5, and 10 °C/min) on conversion and weight loss was examined. The shape of the conversion rate profiles in Figure 4 is indicative of complex degradation in the active pyrolysis zone. This shape clearly shows the convolution of different peaks, which indicates that the constituents are simultaneously undergoing degradation. Like other lignocellulosic materials, date seed pyrolysis also consisted of convoluted degradations of hemicellulose, cellulose, and lignin. Different peaks centered at 450 °C, 550 °C, 620 °C, and 720 °C can be attributed to conversion of the different constituents of the date seed. The conversion process could result in the formation of various products. In this study, the focus is on biochar conversion. The left shoulder of the main peak corresponds to hemicellulose pyrolysis, the right shoulder corresponds to cellulose pyrolysis, and the convulsing shoulder corresponds to the delayed degradation of lignin. Zhou et al. [13] reported the pyrolysis of hemicellulose, cellulose, and lignin at 10 °C/min. The authors revealed that hemicellulose degrades between 220–315 °C, while cellulose conversion occurs in a narrower temperature range of 315–400 °C. The conversion of lignin often occurs in a wider temperature range, from 160 to 900 °C. The authors reported that 40% of the solid residue was the result of lignin pyrolysis. For a fixed-bed reactor, the delay in conversion can be attributed to thermal lag. According to Khiari and Jeguirim [36], cellulose and hemicellulose degradation occurs between 166 and 362 °C. The decomposition of lignin occurs between 362 °C and 500 °C. The final stage of lignin degradation occurs in passive pyrolysis and char production and rearrangement, which is marked by a modest and constant mass loss rate. After the release of oxygen and vapors from the product, a variety of reactions occur, including cracking, reforming, dehydration, condensation, polymerization, and even oxidation and gasification reactions. The effects of the fast pyrolysis temperature on the gaseous distribution of date seed pyrolysis are depicted in Figure 5. It can be seen that an increase in the pyrolysis temperature significantly influences the product distribution. Syngas (H2 and CO) can be seen to increase with an increase in pyrolysis temperature, resulting in the highest composition of H2 and CO of 40 mol% and 32 mol%, respectively. However, CH4 and C2H6 were observed to decrease with increasing pyrolysis temperature. The CO2 composition (not shown in Figure 5) increases from 0.9 mol.% at 200 °C to 5.6 mol% at 1000 °C. This can be attributed to the increasing breakage of the C-H bond in the date seed as the temperature increases.




3.3. Kinetic Analysis


Figure 6 shows the linear plots of the Friedman, Flynn–Wall–Ozawa (FWO), and Kissinger–Akahira–Sunose (KAS) models. The Friedman, FWO, and KAS activation energies vary in the range of 30–75 kJ/mol, 30–65 kJ/mol, and 30–40 kJ/mol, respectively. As the conversion rates increase, the activation energy decreases. Low activation energy values are believed to be necessary for the good thermal decomposition of biomass. Several cellulosic biomasses showed a steady decrease in the apparent activation energy. On the basis of the kinetics of the decomposition, amorphous cellulose and hemicellulose are quickly and easily broken apart by the rapid and first scission of the loosely linked fibers. Lignin contributed to a further drop in activation energy after the decomposition of all-crystalline cellulose. Khiari and Jeguirim [36] reported the application of the Friedman, FWO, and KAS models in describing the pyrolysis of grape marc from Tunisia. The apparent activation energies of 229.5, 226.8, and 224.2 kJ/mol were obtained using the Friedman, FWO, and KAS models, respectively. The authors reiterate the importance of the kinetics data as crucial in the design of the pyrolyzer for the recovery of Tunisian grape marc. Furthermore, Ondro et al. [36] also employed the Friedman, FWO, and KAS models to test the kinetic data obtained from air pyrolysis of spruce wood in a temperature range of 260–360 °C. Kinetic analysis resulted in apparent activation energies in the range of 168.6–196.5 kJ/mol, 179.8–188.1 kJ/mol, and 170.1–178.7 kJ/mol for Friedman, FWO, and KSA, respectively. In a similar study, Gao et al. [37] applied Friedman and KSA. The activation energies of 244.25 and 238.07 kJ/mol of the date palm pyrolysis reaction were obtained using Friedman and KAS models, respectively. Variations in the activation energies of the various biomasses could be attributed to their lignocellulosic compositions.



Kinetic data sets with heating rates of 2.5, 5, 7.5, and 10 °C/min were analyzed using isoconversional methods. As shown in Figure 7, the apparent activation energies (Ea) of each of the models vary with the conversion of the pyrolyzed date seed. The Ea calculated from the FWO and KAS methods is further from that of the Friedman method. The Vyazovkin and advanced Vyazovkin methods are non-linear methods. The Ea values obtained from the Vyazovkin model are relatively consistent with the KAS, whereas the advanced Vyazovkin Ea estimations are close to that of Friedman. However, the Ea values obtained from both Vyazovkin and Friedman vary significantly. Further, it can be seen that at a 0.6 conversion level, an increase in Ea can be observed, which is significant in the Friedman and advanced Vyazovkin methods. Different macro-component decompositions are responsible for the varying Ea values at various conversion stages. The Ea of 25 to 100 kJ/mol can be attributed to hemicellulose breakdown at low conversion levels (0.2 to 0.4). The decrease in Ea in the range of 40–60 kJ/mol can be attributed to cellulose breakdown at conversion levels of 0.45 and 0.80. It is assumed that lignin is responsible for increasing the activation energy of the KAS and OFW models, as well as the Friedman model, at higher conversion levels. Studies have shown that activation energies drop with increasing temperature, which can be explained by the continued decomposition of cellulose and lignin, as well as the rearrangement of biochar through secondary and more complex processes. The R2 values obtained for each of the models at different conversions are summarized in Table 3. Higher R2 and lower standard deviation values are obtained from fittings of the KAS and FWO models. Hence, it can be adjudged that the KAS and FWO models provide activation energies with lower variation compared to that obtained from Friedman method with lower R2 [38,39,40].





4. Conclusions


This study has investigated the pyrolysis of date palm seeds in a fixed-bed pyrolyzer at varying heating rates of 2.5, 5, 7.5, and 10 °C/min to produce biochar. The final analysis of the date seed powder shows that carbon, hydrogen, and oxygen were present primarily in the lignocellulosic structure, which consisted of 33.1 wt% cellulose, 24.3 wt% hemicellulose and 22.6 wt% lignin. The conversion rate profiles indicated that the complex degradation of the date seed during pyrolysis occurs in the active pyrolysis zone. Kinetic analyses were performed using linear regression of model-free methods, such as Friedman, FWO, and KAS, as well as Vyazovkin and advanced Vyazovkin non-linear methods. FWO and KAS show less variation than Friedman. A similar trend can also be seen in the activation energy profile. The Friedman, FWO, and KAS activation energies vary in the ranges of 30–75 kJ mol−1, 30–65 kJ mol−1, and 30–40 kJ/mol, respectively. Those of Vyazovkin and advanced Vyazovkin are in the range of 25–30 kJ mol−1 and 30–70 kJ/mol, respectively. Fitting the KAS and FWO models with the data resulted in higher R2 and lower standard deviation values than those obtained from other models. As a result, it can be concluded that the KAS and FWO models produce activation energies with smaller fluctuations when compared to those derived using the Friedman technique, which has a lower R2 value. These kinetic parameters may help facilitate the design of a suitable pyrolyzer for date seed obtained from Saudi Arabia.
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Figure 1. Schematic representation of the custom-made fixed-bed fast pyrolyzer. 
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Figure 2. EDX micrograph of the valorized date seed at (a) 400 °C (b) 600 °C (c) 800 °C, and (d) 1000 °C. 
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Figure 3. SEM images of the valorized date seed at (a) 400 °C, (b) 600 °C, (c) 800 °C, and (d) 1000 °C. 
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Figure 4. Conversion and conversion rate curves for date seed pyrolysis. 
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Figure 5. Effect of temperature on the composition of gaseous products from fast pyrolysis of date palm at heating rate of 100 °C/min. 
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Figure 6. Linear regression of (a) Friedman, (b) FWO, and (c) KAS equations at different conversions. 
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Figure 7. Activation energy as a function of conversion for the linear and non-linear methods. 
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Table 1. Physicochemical and thermal properties of date seeds.
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This Study

	
[8]

	
[9]

	
[11]

	
[12]






	
Proximate (wt%)

	
Moisture

	
4.1

	
4–4.5

	

	

	




	
Volatile matter

	
78.5

	
78–80.1

	
83.33

	

	




	
Fixed carbon

	
9.2

	
5.4–9.9

	
14.94

	

	




	
Ash

	
8.2

	
7.7–11.5

	
1.4

	

	




	
Ultimate (wt%)

	
C

	
47.15

	

	
47.14

	

	




	
H

	
7.52

	

	
6.63

	

	




	
N

	
0.82

	

	
0.9

	

	




	
O

	
44.51

	

	
45.3

	

	




	
Lignocellulose (wt%)

	
Cellulose

	
33.1

	

	
33.77

	
26.6–33.92

	
23.9




	
Hemicellulose

	
24.3

	

	
30.20

	
31.97–42.3

	
26.8




	
Lignin

	
22.6

	

	
37.03

	
21.2–24.06

	
216




	
Thermal (MJ/kg)

	
HHV

	
18.7

	
18.226–18.548
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Table 2. Elemental composition of date palm seeds valorized at different temperatures.
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	Element
	Atomic Weight (%) at 400 °C
	Atomic Weight (%) at 600 °C
	Atomic Weight (%) at 800 °C
	Atomic Weight (%) at 1000 °C





	Carbon (C)
	88.96  ±  0.21
	94.69  ±  0.20
	97.99  ±  0.14
	93.88  ±  0.16



	Oxygen (O)
	10.28  ±  0.11
	4.66  ±  0.10
	0.70  ±  0.20
	4.75  ±  0.14



	Magnesium (Mg)
	0.28  ±  0.02
	0.13  ±  0.03
	0.32  ±  0.02
	0.52  ±  0.10



	Phosphorus (P)
	
	0.21  ±  0.02
	0.99  ±  0.11
	0.24  ±  0.03



	Sulfur (S)
	
	
	0.14  ±  0.01
	0.13  ±  0.01



	Potassium (K)
	0.48  ± 0.01
	0.31  ±  0.10
	
	0.40  ±  0.01



	Calcium (Ca)
	
	
	
	0.08  ±  0.12
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Table 3. Summary of Ea and R2 obtained from the fittings of each model.
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α

	
Vyazovkin

	
Advanced Vyazovkin

	
Friedman

	
KAS

	
FWO




	
Ea (kJ/mol)

	
Ea (kJ/mol)

	
Ea (kJ/mol)

	
R2

	
Ea (kJ/mol)

	
R2

	
Ea (kJ/mol)

	
R2






	
0.20

	
24.66

	
29.19

	
27.62

	
0.91

	
28.19

	
1.00

	
38.85

	
1.00




	
0.25

	
24.85

	
25.15

	
25.85

	
0.95

	
28.29

	
1.00

	
39.18

	
1.00




	
0.30

	
24.67

	
22.12

	
22.34

	
0.92

	
28.15

	
1.00

	
39.24

	
1.00




	
0.35

	
24.50

	
21.11

	
20.95

	
0.85

	
27.90

	
1.00

	
39.17

	
1.00




	
0.40

	
24.18

	
16.06

	
16.53

	
0.73

	
27.44

	
1.00

	
38.87

	
1.00




	
0.45

	
23.78

	
15.05

	
15.24

	
0.73

	
26.94

	
1.00

	
38.53

	
1.00




	
0.50

	
23.40

	
16.06

	
13.40

	
0.60

	
26.57

	
1.00

	
38.30

	
1.00




	
0.55

	
22.92

	
16.06

	
17.69

	
0.74

	
26.01

	
0.99

	
37.87

	
1.00




	
0.60

	
22.69

	
24.14

	
25.91

	
0.67

	
25.85

	
0.99

	
37.84

	
1.00




	
0.65

	
22.88

	
50.40

	
52.39

	
0.68

	
27.03

	
0.98

	
39.16

	
0.99




	
0.70

	
24.89

	
66.56

	
66.08

	
0.71

	
30.66

	
0.94

	
42.90

	
0.98




	
0.75

	
27.56

	
63.53

	
64.72

	
0.84

	
34.13

	
0.91

	
46.48

	
0.95




	
0.80

	
30.83

	
74.64

	
75.49

	
0.90

	
38.56

	
0.88

	
50.97

	
0.94
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