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ABSTRACT: The thermal degradation behaviour and decomposition kinetics of oil palm empty fruit bunch (OPEFB) pellets were investigated using a thermogravimetric analyser and the distributed activation energy model (DAEM). The OPEFB pellets were heated from 30°C to 1000°C at three different heating rates (5, 10, 20°C min–1) under a nitrogen atmosphere. The thermogravimetric-derivative thermogravimetric (TG-DTG) curves revealed that the non-isothermal decomposition of OPEFB pellets occurred in the following three stages: drying (35°C–175°C), active pyrolysis (200°C–370°C) and passive pyrolysis (370°C–1000°C), which resulted in the loss of moisture, volatile matter and char, respectively. The distributed activation energy model was subsequently used to determine the apparent activation energies (E) and pre-exponential factors (A), which ranged from 37.89 kJ mol–1 to 234.05 kJ mol–1 and from 2.05 × 102 min–1 to 3.54 × 1018 min–1, respectively, for conversions of α = 0.05–0.70 during the thermal degradation. The wide E and A distributions obtained from the kinetic analysis are attributed to the complex chemical reactions of pyrolysis. The kinetic analysis revealed the kinetic compensation effect (KCE), with the highest E and A values occurring in the range of α = 0.2–0.4. This result indicates that the active pyrolysis stage is the rate-determining step during the thermal decomposition of OPEFB pellets.
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1.          INTRODUCTION

Utilising biomass resources from the oil palm industry is a potentially viable route to clean, renewable and sustainable biofuels in the future.1 Biomass resources can be converted to solid, liquid and gaseous fuels via thermal conversion processes such as gasification, combustion and pyrolysis.2 Biomass thermal conversion via pyrolysis is considered to be the most practical and efficient method due to its high fuel-to-feed ratio and fuel flexibility.3 However, this complex process requires comprehensive analyses to effectively and efficiently design, optimise and scale up suitable thermal energy conversion systems.4,5 Consequently, various thermal analysis techniques and mathematical models have been developed to investigate complex biomass conversion reactions.6

The most commonly used analytical technique for investigating the thermochemical reactions and decomposition kinetics of biomass pyrolysis is thermogravimetric analysis (TGA).7–9 This precise technique is used to measure the mass loss of a sample as a function of the temperature at a controlled heating rate under a gas atmosphere. TGA experiments can be performed under both isothermal and non-isothermal conditions. Non-isothermal methods are more common due to their high sensitivity to experimental noise and low susceptibility to mass loss errors.2,4 Furthermore, non-isothermal TGA requires fewer data points than isothermal TGA to investigate the solid-state decomposition kinetics of thermal conversion processes.10 In addition, isothermal TGA analysis suffers from mass errors that occur due to ramping to the desired temperature during the analysis.4 The thermal decomposition kinetics of algae,3 wood,11 orange waste12 and agricultural residues13–16 have been studied by non-isothermal TGA under inert conditions.

The mathematical constructs developed to estimate biomass decomposition kinetic parameters can be broadly classified into the following two methods: model-fitting and model-free.17 The kinetic analysis of biomass decomposition using model-fitting methods such as the Coats-Redfern and Freeman-Carroll methods can be problematic, especially when a single heating rate is employed. Applying these mathematical methods to non-isothermal data can result in substantial divergence and different kinetic parameter values for the same thermogravimetric curve.4,17

Model-free methods have been used to effectively address the problems associated with model-fitting methods. Furthermore, these methods do not require prior knowledge of the governing reaction model to estimate the kinetic parameters.17,18 Hence, biomass decomposition kinetic parameters can be determined as a function of conversion via an aptly termed isoconversional approach such as the distributed activation energy model (DAEM) developed by Vand.19 The DAEM model is commonly used to predict biomass devolatisation behaviour and decomposition kinetics under inert conditions.5,20,21 In this model, the devolatisation process is assumed to occur via a set of parallel, irreversible first-order reactions. Consequently, this model can be employed to investigate biomass pyrolysis kinetics using non-isothermal TGA data. However, one notable drawback of this model is that all the frequency factors are assumed to have the same value, which means the kinetic composition effect (KCE) is effectively neglected.21 Despite this problem, numerous studies have successfully used the DAEM model to obtain excellent fits of the pyrolysis kinetics of several biomass species.22–24

To date, the kinetic analysis of the pyrolytic decomposition of oil palm empty fruit bunch (OPEFB) pellets has not been reported in the literature, despite their enormous potential for clean energy and power generation in Malaysia. Therefore, this study aims to use non-isothermal thermogravimetry to investigate OPEFB pellet decomposition kinetics under an inert atmosphere at different heating rates using the DAEM. This study provides a clear understanding of the thermochemical degradation kinetics of OPEFB pellets by estimating the kinetic parameters and thus demonstrates their potential for use as a pyrolysis fuel.

2.          EXPERIMENTAL

OPEFB pellets were procured from the Felda Semenchu oil palm mill in Johor, Malaysia. The pellets were pulverised in a high-speed crusher machine (Kimah Malaysia, model RT 20) and sieved to obtain particles of < 125 μm. To determine the CHNS/O composition of the fuel, ultimate analysis was performed using a Vario Micro Cube™ elemental analyser. Proximate analysis was conducted using standard techniques for moisture (ASTM E871-82), volatile matter (ASTM E872-82), ash (ASTM E1755-01) and fixed carbon. All measurements were repeated three times to ensure the accuracy and repeatability of the method.

Thermal analysis of the powdered OPEFB pellets was performed in a Netzsch 209 F3 thermogravimetric analyser using high purity nitrogen (99.9%, flow rate = 50 ml min−1) as the purge gas. For each run, only 8-10 mg of the sample were used to prevent any secondary vapour-solid reactions from occurring and to eliminate mass-heat transfer effects during the thermal analysis. The samples were heated in an aluminium crucible from 30°C to 1000°C at heating rates of 5, 10 and 20°C min−1, which are characteristic conditions in fixed bed reactors.25,26


The thermal decomposition parameters, including the onset temperature Ti, peak decomposition temperature Tp, mass loss rate (MLR), burnout temperature Tf, and residual mass, were determined from the TG-DTG peaks using Proteus 6.1 thermal analysis software (Netzsch).

The decomposition kinetics of the OPEFB pellets were analysed using the DAEM. The DAEM was employed in this study because it was assumed that the non-isothermal pyrolytic decomposition of OPEFB pellets occurs via a set of irreversible first-order reactions.27 This model can be used to simulate the change in the overall conversion or the yield of a given component during a thermal conversion process.19 Therefore, the change in the volatile content during OPEFB pellet pyrolysis can be expressed as:
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where V is the total volatile content evolved at time t, V∞ is the effective volatile content of the fuel, Φ(E,T) describes the temperature-dependent activation energy E, f(E) is the normalised activation energy distribution curve for the irreversible first-order reactions, and A is the frequency factor corresponding to the activation energy E. The function Φ(E,T), which describes fuel devolatisation at the heating rate β, can be expressed mathematically as:27,28
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This equation can be solved by using numerical estimation techniques and introducing a step function at E = Es, where Es is the activation energy at a given temperature T and constant heating rate β. Therefore, the function Φ(E,T) in Equation 1 can be simplified to:
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This condition is valid when the following relation holds for E = Es:
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Consequently, Equation 4 is applicable for many combinations of β and f(E), and the expression for A that corresponds to activation energy E at heating rate β can be written as:

[image: art]

Thus, an approximate equation for Φ(E,T) is:
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This mathematical approximation can be used to model i reactions occurring at temperature T and constant heating rate β as shown in Equation 7:
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Consequently, this approximation can be used to determine the overall reaction rates from the evolved and effective volatile contents Vi and Vi∞, respectively, for the ith first-order reaction at temperature T. Integrating Equation 7 results in the following expression for the devolatisation rate at a constant heating rate:
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After taking the natural logarithm of each side of the equation and rearranging it, Equation 8 becomes:
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Using the relation 1–Vi/Vi∞ = Φ(E,T) = 0.58, a simplified form of Equation 9 can be obtained, resulting in the linear relationship between the kinetic parameters β, A, E and T shown in Equation 10. For simplicity, the term 0.6075 can be set to zero (0), which corresponds to the assumption that 1–Vi/Vi∞ = Φ(E,T) = e–1.
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By fitting a linear curve to the ln(β/T2) vs (1/T) plot, the activation energy E and frequency factor A can be determined from the slope and intercept, respectively, and the conversion (degree of degradation) α can then be calculated from the following relation in the DAEM model:9
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where mo, ma and mf are the initial, actual and final masses of the sample obtained at heating rate β and the corresponding temperature T (K) during the thermal analysis.

3.          RESULTS AND DISCUSSION

3.1        Ultimate and Proximate Analyses

The ultimate and proximate analysis results for the OPEFB pellets are presented in Table 1. The analyses were performed to determine the fuel elemental composition and predict the fuel decomposition behaviour during the thermal analysis. The components are denoted as follows: C - carbon, H - hydrogen, N - nitrogen, S - sulphur, O - oxygen, M - moisture, VM - volatile matter, FC - fixed carbon, A - ash and HHV - higher heating value (MJ kg−1).


Table  1:      Ultimate and proximate analyses of the OPEFB pellets.



	C

	H

	N

	S

	O

	M

	VM

	FC

	A

	HHV




	45.14

	6.05

	0.54

	0.20

	48.08

	8.11

	72.1

	14.91

	4.89

	17.57





The proximate analysis revealed a high volatile content (> 70 wt%) and low moisture (< 10 wt%), fixed carbon (< 20 wt%) and ash (< 5 wt%) contents. The heating value (17.57 MJ kg−1) of the OPEFB pellets is higher than that of OPEFB fibre,29–31 highlighting the effect of pelletisation on solid biomass fuel quality.

The low N and S contents indicate that small quantities of NOx and SOx pollutants are probably emitted during OPEFB pellet pyrolysis. Furthermore, the thermal conversion efficiency of OPEFB pellets should be relatively high due to their low moisture content, and reactor operational problems due to sintering, agglomeration and corrosion should be minimised by their low ash content.32

3.2        Thermal Analysis

Figure 1 shows the TG-DTG curves for the OPEFB pellets obtained at a heating rate of 20°C min–1. The results indicate that three distinct mass losses corresponding to different decomposition stages, i.e., drying (I), active pyrolysis (II) and passive pyrolysis (III) stages, occurred during the thermal conversion process.33,34 The drying stage (I), which was observed between 35°C and 175°C, involved the removal of light volatile compounds and water molecules bound by surface tension. The mass loss during drying was 8.0%, which is in agreement with the moisture (M) content measured by proximate analysis (Table 1).


[image: art]

Figure 1:      TGA-DTG curves for the OPEFB pellets obtained at a heating rate of 20°C min–1.



A significant mass loss of 55% was observed during the active pyrolysis stage, which occurred between 200°C and 370°C. According to Shafizadeh,35 the major components of lignocellulosic biomasses are hemicellulose, cellulose and lignin, which decompose in the temperature ranges of 160°C–360°C, 240°C–390°C and 180°C–900°C, respectively.14 Therefore, during the active pyrolysis of OPEFB pellets in the temperature range of 200°C–70°C, hemicellulose and cellulose (holocellulose) were degraded. Similarly, Yang et al.14 showed that palm kernel shell decomposes between 220°C and 340°C due to hemicellulose and cellulose degradation. The shoulder peak at 305°C was attributed to hemicellulose degradation.2,5 The holocellulose components constitute the volatile (liquid and gas) biomass pyrolysis products.36

The final stage (III) occurred between 370°C and 1000°C and resulted in a mass loss of 15.18%, as indicated by the tailing observed in the TG-DTG curves. This stage is typically attributed to lignin decomposition, which occurs slowly over a broad temperature range of 180°C–900°C during thermal conversion.14,37 The slow lignin decomposition rate was due to the high lignin content, which resulted in char production as shown by a final residual char mass of 22.02% after thermal decomposition at a heating rate of 20°C min–1.

3.3        Effect of the Heating Rate on the Thermal Decomposition

Table 2 shows the effects of the heating rate (5, 10 and 20°C min–1) on the thermal characteristics, including the onset temperature Ti, peak decomposition temperature Tp, mass loss rate (MLR), and burnout temperature Tf, of the OPEFB pellets during active pyrolysis.


Table  2:      Thermal characteristics of the OPEFB pellets during active pyrolysis.



	Heating rate (°C min–1)

	Onset temp. Ti (°C )

	Peak temp. Tp (°C )

	Mass loss rate (MLR) (%/min)

	Burnout temp. Tf (°C)

	Residual weight (%)




	5

	257.40

	308.30

	4.05

	339.40

	11.03




	10

	266.40

	316.70

	7.75

	353.40

	15.29




	20

	273.30

	329.60

	13.84

	370.70

	22.02





The fuel thermal characteristics MLR, Ti, Tp and Tf increased as the heating rate increased. The average MLR, Ti, Tp and Tf values were 8.55% min–1, 265.70°C, 318.20°C and 354.50°C, respectively. The residual mass also increased from 11% to 22% as the heating rate was increased from 5°C min–1 to 20°C min–1. In addition, the results show that the fuel pyrolysis was initiated at temperatures above 250°C and the onset temperature increased with increasing heating rate. Similar results were reported for oil palm shell, kernel and fibre wastes.16 The effects of the heating rate on the OPEFB pellet decomposition are revealed by the TG and DTG curves shown in Figures 2 and 3, respectively.
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Figure 2:      TG curves for the thermal decomposition of the OPEFB pellets.
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Figure 3:      DTG curves for the thermal decomposition of the OPEFB pellets.




Similarly, the TG-DTG curves shifted to the right (to higher temperatures) as the heating rate increased, due to a thermal delay caused by increasing the heating rate, which resulted in a decrease in the fuel degradation time during its pyrolytic decomposition.6 Generally, higher heating rates increase the heat transfer in the system and reduce the melted solid viscosity, thereby increasing the volatile yield during thermal analysis. Similar findings have been reported in the literature.38,39

Consequently, it can be concluded that the pyrolysis reaction temperature, heating rate and holocellulose and lignin reactivities are the most significant factors influencing biomass thermal degradation. Therefore, the pyrolysis product yield, composition and distribution can be optimised by altering these parameters.

3.4        Kinetic Analysis

The DAEM model was used to determine the kinetic parameters of OPEFB pellet decomposition. The kinetic parameters of thermal reactions significantly affect their reactivity and sensitivity. The activation energy E is defined as the minimum amount of energy required for the reactants to react; therefore, higher E values mean slower overall reaction rates. Figure 4 shows the regression plots used to estimate the kinetic parameters for fuel conversions of α = 0.05–0.7 at different heating rates. The correlation coefficients of all the plots were high with an average R value of 0.9608.
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Figure 4:      Regression lines for the OPEFB pellet decomposition kinetics.




Using Equation 10, the apparent activation energies (E) and frequency factors (A) were calculated from the slopes and intercepts, respectively, of the linear curves fitted to the ln(β/T2) against (1/T) plots. The plots in Figure 4 indicate that for different V/V∞, the volatile conversion during the fuel thermal decomposition can be described by a set of parallel first-order reactions.28 Furthermore, it can be inferred that the drying, active pyrolysis and passive pyrolysis stages of the thermal decomposition occurred in the α ranges of 0.05–0.10, 0.20–0.60 and > 0.70, respectively. However, according to Aboyade et al.,17 the calculated E and A values can only be referred to as “apparent values” because they account for the contributions of competing reactions to the overall reaction rate. The apparent activation energies (E) and frequency factors (A) for the fuel are presented in Table 3.


Table  3:      Thermal Kinetic parameters of the OPEFB pellets.



	Conversion ( α )

	E ( kJ mol–1 )

	A (min–1)

	R




	0.05

	37.89

	2.05 × 1002

	0.9248




	0.10

	69.17

	9.75 × 1003

	0.9982




	0.20

	158.33

	1.14 × 1012

	0.9887




	0.30

	234.05

	3.54 × 1018

	0.9973




	0.40

	183.19

	1.74 × 1013

	0.9886




	0.50

	152.69

	1.26 × 1010

	0.9984




	0.60

	157.42

	1.23 × 1010

	0.9590




	0.70

	183.86

	1.66 × 1010

	0.8271




	Average

	147.08

	4.42 × 1017

	0.9603





The average E and A values were 147.08 kJ mol–1 and 4.42 × 1017 min–1, respectively. The apparent activation energy (E) ranged from 37 kJ mol–1 to 234 kJ mol–1, whereas the frequency factor ranged from 2.05 × 102 min–1 to 3.54 × 1018 min–1. For comparison, the average E values for selected biomasses determined using the DAEM model are presented in Table 4.


Table  4:      Apparent activation energies of lignocellulosic biomasses.



	Biomass
	Average E (kJ mol–1)

	Reference




	Cornstalk
	62–169

	17, 23, 35




	Jerusalem artichoke
	146–232

	5




	Birch
	178–216

	20




	Lignin
	83–195

	36




	Wood pellets
	136–299

	37




	Ethiopian mustard
	167–232

	38






The E and A values of the OPEFB pellets (Table 3) and other biomasses (Table 4) have wide distributions and fluctuate significantly in the kinetic analyses. These results can be attributed to the energy requirements of the complex chemical reactions that occur during thermal conversion. Furthermore, they highlight the effect of the conversion on the activation energy.9 Therefore, it can be inferred that the reaction rate of the drying stage (α = 0.05–0.10), which had an activation energy in the range of 37.89–69.17 kJ mol–1, was faster than those of the active pyrolysis (α = 0.20–0.60) and passive pyrolysis (α > 0.80) stages.

3.5        Kinetic Compensation Effect (KCE)

Figure 5 shows the relationships between the conversion and the kinetic parameters E and A. These relationships were found to be linear, demonstrating the kinetic compensation effect (KCE) in the thermal conversion of the OPEFB pellets. The KCE is the increase in the frequency factor A that occurs to offset an increase in the activation energy E.
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Figure 5:      Kinetic compensation effect for the OPEFB pellets.



This phenomenon can also describe the OPEFB reactivity during the thermal decomposition process. Based on the activation energy definition, high E values correspond to slow reaction rates. Therefore, at the OPEFB pellet conversion of α = 0.3, where E = 234.05 kJ mol–1 and A = 3.54 × 1018 min–1, the thermal decomposition rate was the slowest, possibly due to the complex volatile and holocellulose degradation reactions that led to significant mass loss during the thermal analysis. This result is consistent with those of Sun et al.,40 who found that the E values for cellulose and hemicellulose degradation range from 100 kJ mol–1 to 200 kJ mol–1, and confirms that the rate-determining step is active pyrolysis.

4.          CONCLUSION

In this study, a thermal analysis of OPEFB pellet decomposition under nitrogen flow and non-isothermal conditions was performed. The TG-DTG curves reveal that the OPEFB decomposition occurred in the following three distinct stages: drying, active pyrolysis and passive pyrolysis. Increasing the heating rate resulted in a significant lateral shift in the TG-DTG curves to higher temperatures. Similarly, the thermal parameters MLR, Ti Tp and Tf increased with increasing heating rate. Furthermore, pyrolysis was initiated at temperatures above 250°C at all the heating rates studied, and the most significant mass loss (55%) was observed during active pyrolysis. At a heating rate of 20°C min−1, the mass losses during drying and passive pyrolysis were 8% and 15%, respectively. The decomposition kinetics were analysed using the DAEM model to determine the activation energy E and frequency factor A. The apparent activation energies (E) were in the range of 37–234.05 kJ mol–1, and the frequency factors ranged from 2.05 × 102 min−1 to 3.54 × 1018 min−1. The kinetic compensation effect was observed during the thermal analysis of the fuel. Based on the results, OPEFB pellets can be successfully used as a pyrolysis feedstock.
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