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Abstract.1 The study seeks to proffer practical solutions 
to the sustainable waste management of Acacia mangium 
leaves (AML) and explore its solid biofuel (SBF) potential 
through thermochemical valorization. Consequently, the 
physicochemical, thermal and kinetic properties of AML 
were examined using elemental, proximate, bomb 
calorimetric, thermogravimetric (TG-DTG), and Kissinger 
kinetic analyses. The results revealed AML possesses high 
content of carbon, volatile matter, and fixed carbon but 
low moisture and ash content. The heating value of AML 
was compared to that of A. mangium wood. Furthermore, 
thermal decomposition was strongly influenced by 
temperature and heating rate, although results indicate 
higher temperatures are required for complete conversion 
of AML. The Kissinger kinetic model revealed activation 
energy E and frequency factor A for AML. The results 
indicate AML possesses good SBF qualities for future 
bioenergy applications. 
 
Keywords: biofuel, pyrolysis, kinetics, Acacia mangium, 
thermogravimetry. 

1. Introduction 

Acacia mangium is a fast growing, single stemmed 
evergreen tree shrub of the height of 25–35 m, native to 
the tropical lowland areas of Indonesia, Papua New 
Guinea, and Australia. It is denoted by several names, 
notably Sabah salwood, Black wattle, Tonge hutan, mange 
hutan, mangium due to its proliferation as exotic species 
globally. It is also a valuable source of pulp, paper, timber 
wood, and tannins. In Malaysia, A. mangium is exploited 
for erosion abatement, soil conservation (N2 fixation), and 
roadside trees in urban forestry. It is used for the 
reforestation of large forest areas degraded by shifting 
agriculture and uncontrolled logging. However, its high 
rate of above ground biomass comprising 8.94 t·ha-1·yr-1 
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of accumulated leaf litter (LLA) presents considerable 
waste management challenges [1-5].  

Current waste management techniques for 
A. mangium leaves (AML) involve open burning, 
incineration and landfilling. The inefficiency and 
unsustainability of current strategies will potentially 
exacerbate greenhouse gases (GHGs) emissions and 
climate change which pose significant risk to human 
health, safety and the environment. In addition, the self-
ignition of AML in plantations in the dry seasons can 
result in forest fires, which emit significant toxic fumes 
and particulate matter damaging air quality and loss of 
biodiversity [6-8]. In order to address the aggravating 
effects of these impending socio-economic and 
environmental challenges, more efficient techniques for 
the utilization of agroforestry wastes are urgently required. 
The lignocellulosic nature of AML presents opportunities 
for valorization into clean, renewable and sustainable 
bioenergy and biofuels. The torrefaction, pyrolysis, 
gasification and combustion can potentially address the 
challenges of AML waste disposal and management. 

However, research on the solid biofuel (SBF) 
properties and bioenergy potential of AML for 
thermochemical conversion through biomass conversion 
technologies is lacking. This is vital data required by 
academics, engineers, and policy makers to plan, design, 
and implement future bioenergy and biofuel systems. 
Consequently, it is imperative to examine, identify and 
highlight the SBF properties of AML through 
physicochemical and thermokinetic characterization. 
Various research groups have examined the SBF of 
various biomass feedstock such as forest wood [9], 
agricultural waste [10], and sewage sludge [11] through 
the characterization techniques elemental, proximate, 
bomb calorimetry and thermogravimetric analyses [12, 
13]. The elemental, proximate, bomb calorimetry provides 
data for process engineering and reactor design [14] 
whereas the use of combined thermogravimetric and 
derivative thermogravimetric analyses presents insights 
into the thermal stability and decomposition behaviorial 
properties of materials [15-19]. 
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Therefore, this study aims to examine the SBF 
properties of AML and explore its bioenergy potential for 
thermochemical conversion under pyrolysis conditions. 
The study will present results from the characterization of 
AML using elemental composition, proximate analysis, 
and bomb calorimetry. The thermal degradation behavior 
and kinetic decomposition of AML will be investigated 
using thermogravimetric (TG) and derivative 
thermogravimetric (DTG) analyses for parametric kinetic 
analysis using the Kissinger model. 

2. Experimental 

2.1. Materials and Methods 

Dried Acacia mangium leaves (AML) were 
collected from the vicinity of Universiti Teknologi 
Malaysia, Johor Bahru, Malaysia. The leaves were 
subsequently pulverized in a dry miller (ELBA EBL-
9183) and sifted using the RetschTM analytical (Mesh size 
60) to obtain particles below 250 µm. Next, the pulverized 
AML was characterized by ultimate analysis according to 
ASTM D5291 standard using the vario EL MACRO cube 
(Elementar Analysensysteme GmbH) CHNS/O elemental 
analyzer. The proximate analysis was examined using the 
ASTM Standards D3173-75 for determining the moisture, 
volatile matter and ash content while fixed carbon was 
determined by difference. Higher heating value (HHV) 
was determined by bomb calorimetry using the IKA 
C2000 adiabatic bomb calorimeter according to ASTM 
D2015-85 procedure. Each test was repeated at least three 
times to ensure the reliability of the measurements. 

The thermal decomposition behavior was 
subsequently analyzed using the Netzsch 209 F3 Tarsus® 
Thermogravimetric (TG) analyzer. For each run, 
approximately 8 mg of pulverized AML was placed in an 
aluminum crucible and heated from 303 to 1073 K and 
heating rates of 5, 10, and 20 K/min using nitrogen as 
purge gas. The TG data was subsequently analyzed using 
the Netzsch Proteus v6.1 TG software.  

2.2. Kissinger Kinetic Model 

The kinetics of AML decomposition was evaluated 
using the Kissinger model to determine the parameters 
activation energy E and frequency factor A. The pyrolysis 
decomposition of the biomass AML can be represented by 
the generic equation [20, 21]: 

( )k TBiomass Volatiles Char→ +              (1) 
The volatiles component represents the liquid and 

gaseous products of biomass pyrolysis. The term k(T) is 
defined as the rate constant dependent on temperature as 
expressed in the Arrhenius law: 

( ) exp Ek T A
RT

 = − 
 

     (2) 

where E, A, R and T signify activation energy, frequency 
factor, universal gas constant, and temperature, 
respectively, used to evaluate the models for AML 
pyrolysis at α conversions during thermal analysis. Hence 
the reaction model [f(α)] for the decomposition of AML 
during pyrolysis can be expressed as: 

( )
( )

d k T dt
f

α
α

=                (3) 

By substituting Eq. (2) into Eq. (3) the reaction 
model for the pyrolysis of AML can be deduced as: 

exp
( )

d EA dt
f RT

α
α

 = − 
 

  (4) 

For AML pyrolysis at different heating rates, the 
term β, can be introduced. Hence Eq. 4 can be re-written 
as: 

exp
( )

d A E dT
f RT

α
α β

 = − 
 

  (5) 

By integrating Eq. (5) the conversion function g(α) 
which describes the thermokinetic decomposition of 
thermal degrading biomass such as AML at a specified 
heating rate can be obtained: 

0 0( ) exp
( )

Td A Eg dT
f RT

α α
α

α β
 = = −∫ ∫  
 

 (6) 

This is the essential equation for evaluating the 
kinetic decomposition of biomasses such as AML and 
estimating the activation energy E, and frequency factor A 
during pyrolysis. The solution to the equation gives rise to 
the Kissinger model presented in Eq. (7) [20, 22]. 

2ln ln
m m

AR E
T E RT
β    = −    

    
         (7) 

where Tm is defined as the peak or maximum 
decomposition temperature deduced from the derivative 
thermogravimetric (DTG) curve. The model can be 
subsequently used to estimate E and A, of AML pyrolysis 
from the plot of ln(β/T2

m) against 1/Tm at different heating 
rates. 

3. Results and Discussion 

3.1. Physicochemical Properties 

The thermochemical fuel properties of AML are 
presented in Table 1, where C, H, N, S, O represents 
carbon, hydrogen, nitrogen, sulphur, and oxygen, while M, 
VM, A, and FC denote moisture, volatile matter, ash and 
fixed carbon.  
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Table 1 

Thermochemical fuel properties of Acacia mangium 
Elemental Property Symbol Value (wt. %) 

Carbon C 51.86 
Hydrogen H 6.61 
Nitrogen N 1.63 
Sulfur S 1.06 
Oxygen O 38.84 
Moisture M 7.93 
Volatiles VM 72.06 
Ash A 2.51 
Fixed carbon FC 17.1 
Heating value, MJ/kg HHV 21.12 

 
The results demonstrate that AML possesses high C, 

VM, FC along with low M and A contents. The low M 
content theoretically eliminates the need for drying prior 
to thermal conversion while the low ash content decreases 
susceptibility to slagging and agglomeration [23]. 
However, the high N and S content (> 1.0) of AML 
potentially present technical challenges due to the 
tendency for NOx and SOx emissions. This indicates that 
the utilization of AML will require pretreatment to lower 
the N and S content in order to improve its environmental 
friendliness before conversion.  

The higher heating value (HHV) of AML was 
21.12 MJ/kg, which is higher than A. mangium wood 
HHV = 20.58 MJ/kg [1], walnut shell [24], oil palm waste 
[25], and polar wood [26]. The physicochemical 
characterization suggests that AML can be potentially 
utilized as a renewable and sustainable solid biofuel (SBF) 
for future bioenergy applications in Malaysia. 

3.2. Thermal Analysis 

Fig. 1 presents the thermal degradation behavior of 
AML examined under pyrolysis conditions. The labels 
ACM-5, ACM-10 and ACM-20 represent thermal analysis 
of AML at 5, 10 and 20 K/min, respectively. The TG 
curves show the typical downward sloping weight loss 
indicating the influence of temperature on the thermal 
decomposition of AML [27]. Furthermore, it can be 
observed that the TG curves shifted to higher temperatures 
with increase in heating rate resulting in changes in the 
temperature profiles of AML [28, 29]. 

Consequently, the onset temperature of 
decomposition Tonset increased from 524.80 to 543.30 K 
with the increase in heating rate. Similarly, the burnout 
temperature Tburnout increased from 665.70 to 698 K. The 
effect of heating rate was also observed in the residual 
mass, which measures potential biochar formation, during 
pyrolysis. The amount of residual char decreased from 
21.68 to 19.10 % with increased heating rate. 

Consequently, this indicates that variation in heating rate 
significantly influenced the devolatization profile valuable 
in optimizing the product yield of AML pyrolysis. 
Therefore, the pyrolysis of AML at heating rates of 
5 K/min or lower will produce higher yield of char 
whereas heating rates above 20 K/min will potentially 
yield more liquid/gas fuels than char. 

3.3. Derivative Thermal Analysis 

Fig. 2 presents the DTG curves for the pyrolysis of 
AML during TGA. Likewise, the effect of heating rate and 
temperature was evident on the profile of the DTG curves. 
This indicates that although the varying heating rate 
causes a shift in the TG curves to higher temperatures and 
enlargement of DTG, the mechanism of degradation is 
unaffected as illustrated by the shape of the curves in Fig. 
2. In addition, the DTG analysis revealed two sets of 
peaks for each heating rate examined.  

The smaller peaks occurred from 303–423 K while 
the large peaks ranged from 423–823 K. The difference 
between the peaks clearly established that AML pyrolysis 
occurred in three stages: drying (303–423 K), 
devolatization (423–823 K) and (823–1073 K) for char 
degradation. Similar results have been reported for other 
biomasses [19, 26]. 

As can be observed in Fig. 2, the drying stage was 
characterized by smaller peaks with weight loss 
equivalent to the moisture content of AML. The larger 
peaks identified between 423–823 K signify weight loss 
due to the devolatization of biomass components cellulose 
and hemicellulose. In addition, the large peaks were 
characterized by a small “shoulder peak” typically 
attributed to the presence of hemicellulose in biomass [30]. 
The aptly termed “hemicellulose shoulder” for AML 
pyrolysis was identified at 546, 553 and 559 K at 5, 10, 
20 K/min, respectively. The effect of changing heating 
rate on the devolatization profile of AML analyzed from 
the DTG curves is presented in Table 2. 
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Fig. 1. TG plots for AML 
 

 
Fig. 2. DTG plots for AML 

 
Table 2 

Temperature profile characteristics of AML 
Heating rate, K/min Peak decomposition temperature, K Weight loss rate (WLR), %/min Residual mass of AML, % 

5 597.50 2.12 21.68 
10 607.50 4.29 18.62 
20 621.10 8.17 19.10 

 
From Table 2 we can observe that the peak 

decomposition temperature Tm, which describes the 
temperature at which maximum weight loss occurs during 
pyrolysis, increased with increase in heating rate. The Tm 
values increased within the range of 597.50–621.10 K due 
to the shift in DTG curves caused by the thermal-time lag, 
which occurs with change in heating rate [26, 28]. 
Similarly, the weight loss rate noticeably doubled when 
the heating rate increased by a factor of two. 

3.4. Kissinger Kinetic Analysis 

Fig. 3 presents the Kissinger kinetic plots for AML 
obtained by plotting lnβ/Tm

2 vs. 1/Tm at different heating 
rates. The kinetic parameters E and A were calculated 
from the slope and intercept of line plot.  

Consequently, the E and A values for AML 
pyrolysis during TGA were calculated from the values  
of the slope and intercept of the equation  
y = –20.291x + 22.819. Consequently, the kinetic 
parameters were deduced as E = 168.70 kJ/mol and  
A = 1.65·1011 min-1 with the coefficient of correlation  
R2 = 0.9943. In comparison, the values of E for other 
biomasses using the Kissinger model were  
E = 209.75 kJ/mol for tea waste [20] and  
E = 153.92 kJ/mol for poplar wood [26]. Hence  
the comparatively lower E values indicated that the 
pyrolysis of AML is faster than that of tea waste but 
slower than of poplar wood. Overall, the thermal  
and kinetic properties of AML make it potentially viable 
solid biofuel (SBF) feedstock for future bioenergy 
applications.  

 
Fig. 3. Kissinger kinetic plot for AML 

4. Conclusions 

The solid biofuel (SBF) bioenergy potential of 
Acacia mangium leaves (AML) was examined by charac-
terizing physicochemical, thermal and kinetic properties 
under pyrolysis conditions. The results indicate that AML 
contains sufficient elemental and calorific content for 
potential conversion into clean, renewable and sustainable 
bioenergy fuels for the future. In addition, the low ash and 
moisture content of AML highlights its low susceptibility to 
slagging and agglomeration during biomass conversion. 
However, thermal analysis revealed that AML will require 
temperatures above 1073 K to accomplish complete 
pyrolysis into solid, liquid or gaseous biofuels.  
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БІОПАЛИВНА ХАРАКТЕРИСТИКА  

ТА КІНЕТИКА ПІРОЛІЗУ АКАЦІЇ МАНГІУМ 
(ACACIA MANGIUM) 

 
Анотація. Запропоновані практичні рішення для 

утилізації листя акації мангіум (ЛАМ) і за допомогою тер-
мохімічної валоризації встановлено його потенціал як твердого 
біопалива. З використанням елементарного, технічного, 
калориметричного, термогравіметричного аналізів та методу 
Кіссінджера досліджені фізико-хімічні, теплові та кінетичні 
властивості ЛАМ. Показано, що ЛАМ має високий вміст 
карбону, леткість і вміст зв‘язаного карбону, але відносно 
низький вологовміст і зольність. Визначена теплотворна 
здатність ЛАМ є вищою у порівнянні з величиною для 
A. mangium деревини. Крім того, термічний розклад суттєво 
залежить від температури і швидкості нагріву, хоча 
результати вказують на необхідність вищих температур для 
повного перетворення ЛАМ. За допомогою кінетичної моделі 
Кіссінджера визначено енергію активації Е і фактор частоти 
А. Показано, що ЛАМ має задовільні біопаливні харак-
теристики і може застосовуватись у біоенергетиці.  

 
Ключові слова: біопаливо, піроліз, кінетика, акація 

мангіум, термогравіметрія. 
 


