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Abstract. The study seeks to proffer practical solutions
to the sustainable waste management of Acacia mangium
leaves (AML) and exploreits solid biofuel (SBF) potential
through thermochemical valorization. Consequently, the
physicochemical, thermal and kinetic properties of AML
were examined using eemental, proximate, bomb
calorimetric, thermogravimetric (TG-DTG), and Kissinger
kinetic analyses. The resultsrevealed 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 srongly influenced by
temperature and heating rate, athough 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 25-35m, 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. Itis also a valuable source of pulp, paper, timber
wood, and tannins. In Madaysia, A. mangium is exploited
for erosion abatement, soil conservation (N, fixation), and
roadsde 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*:yr*
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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 dsrategies 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 socic-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 vita data required by
academics, engineers, and policy makers to plan, design,
and implement future bioenergy and biofuel systems.
Conseguently, 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 lemental, 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 ams 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 Retsch™ analytical (Mesh size
60) to obtain particles below 250 um. 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 demental
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 1073K 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]:

Biomass %, %45 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:
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k(T) = Aexpg- s )
where E, A, Rand T signify actlvatlon energy, frequency
factor, universal gas constant, and temperature,

respectively, used to evauate the models for AML
pyrolysis at . conversions during thermal analysis. Hence
the reaction modd [f(«)] for the decomposition of AML
during pyrolysis can be expressed as:

da

—=k(T)dt (3)
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By substituting Eqg. (2) into Eg. (3) the reaction

model for the pyrolysis of AML can be deduced as:

_da e Eo
f(a) expg = _dt 4

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

98 _Agp® E %y ©)
T@) b P R
By integrating Eq. (5) the conversion function g(«)
which describes the thermokinetic decomposition of

thermal degrading biomass such as AML at a specified
heating rate can be obtained:

a_é aeEo
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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].
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where T, is defined as the pesk 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 In(8/T?,) against 1/T,, at different heating
rates.

g@)=

(7)

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 Symbal Value (wt. %)
Carbon C 51.86
Hydrogen H 6.61
Nitrogen N 1.63
Sulfur S 1.06
Oxygen ©) 38.84
Moisture M 7.93
Volatiles VM 72.06
Ash A 251
Fixed carbon FC 17.1
Heating value, MJ/Kkg HHV 21.12

The results demonstrate that AML possesses high C,
VM, FC aong 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 NOy and SO, 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 MJkg, which is higher than A. mangium wood
HHV = 20.58 MJkg [1], walnut shell [24], oil palm waste
[25], and polar wood [26]. The physicochemical
characterization suggests that AML can be potentialy
utilized as a renewabl e 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 anaysis
of AML at 5, 10 and 20 K/min, respectively. The TG
curves show the typical downward doping 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 Tone increased from 524.80 to 543.30 K
with the increase in heating rate. Similarly, the burnout
temperature Tpurmout iNCreased from 665.70 to 698 K. The
effect of heating rate was aso 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 incressed heating rate.

Consequently, this indicates that variation in heating rate
significantly influenced the devolatization profile valuable
in optimizing the product yiddd of AML pyrolysis.
Therefore, the pyrolysis of AML at heating rates of
5K/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 presentsthe 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 athough 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 curvesin Fig.
2. In addition, the DTG analysis reveded 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 (303-423K),
devolatization (423-823K) and (823-1073K) 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 pesks 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 559K at 5, 10,
20 K/min, respectively. The effect of changing heating
rate on the devolatization profile of AML analyzed from
the DTG curvesis presented in Table 2.
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Table 2

Temperature profile characteristicsof AML

Heating rate, K/min Peak decomposition temperature, K Weight loss rate (WLR), %/min Residua mass of AML, %
5 597.50 212 21.68
10 607.50 429 18.62
20 621.10 8.17 19.10

From Table 2 we can observe that the peak
decomposition temperature T.,, which describes the
temperature at which maximum weight loss occurs during
pyrolysis, increased with increase in heating rate. The T,
values increased within the range of 597.50-621.10K 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 Ing/T,2 vs. LTy, 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 vaues for AML
pyrolysis during TGA were calculated from the values
of the dope and intercept of the equation
y = —20.291x + 22.819. Consequently, the Kkinetic
parameters were deduced as E = 168.70 kJ/mol and
A = 1.6510" min™ with the coefficient of correlation
R? = 0.9943. In comparison, the values of E for other

biomasses using the Kissinger modd were
E = 209.75kJmol for tea waste [20] and
E = 15392kJmol for poplar wood [26]. Hence

the comparatively lower E values indicated that the
pyrolysis of AML is faster than that of tea waste but
dower than of poplar wood. Overall, the thermal
and kinetic properties of AML make it potentially viable
solid biofued (SBF) feedstock for future bioenergy
applications.

9.6

-10.0

y=-20.291x + 22.819
R*=09943
-104

0

Ln (B/Tm?)

-10.8

112 o

-116

1000/Tm

Fig. 3. Kissinger kinetic plot for AML

4. Conclusions

The solid biofue (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
dagging and agglomeration during biomass conversion.
However, thermal analysis revealed that AML will require
temperatures above 1073K to accomplish complete
pyrolysisinto solid, liquid or gaseous biofuels.
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BIOIMAJIUBHA XAPAKTEPMCTHKA
TA KIHETHKA ITIPOJII3Y AKALIII MAHTTYM
(ACACIA MANGIUM)

Anomayin. 3anpononosani npakmuumi  piuienHs Ol
ymunizayii auems axkayii maneiym (JIAM) i 3a donomozoio mep-
MOXIMIYHOT 8aIOpU3aYii 6CMAHOBIIEHO 11020 NOMEHYIAT SIK MEEePO02o
bionanuea. 3 GUKOpUCMAMHAM — €l1eMEHMAPHO2O, MEXHIYHOZO,
KanopumMempuiHo20, mepmozpagiMempuiHo20 aHanizie ma memooy
Kiccinooicepa docniooiceni pizuxo-ximiuni, meniogi ma KiHemuuHi
enacmusocmi JIAM. Ilokazano, wo JIAM wmae eucoxutli eémicm
Kap6owy, nemkicme i emicm 36's3aH020 Kapbowy, aie 6IOHOCHO
HU3bLKULL  8oN0206Micm 1 307bHicmb. Busnauena mennomeopna
30amuicmo JIAM € 6uwjoio 'y nopieHAHHI 3 GeIUUUHOI ONisl
A mangium odepesunu. Kpim mozo, mepmiuHuil po3Kiao Cymmeso
3anexcumes  6i0 memnepamypu I WEUOKOCMI Ha2pigy, Xoud
pe3yibmamu 6Kasyoms Ha HeoOXIOHICMb GUWUX meMnepamyp Oisl
nosHozo nepemeopennsa JIAM. 3a donomozoro kinemuunoi mooeni
Kiccinooicepa susnaueno enepeiio akmusayii E i gpakmop wacmomu
A. Hokazano, wo JIAM mac 3a0o0sineni  OionanugHi xapax-
MEPUCIUKY | MOHCe 3ACMOCO8YBAMUCY ) BioeHepeemuyi.

Knrouosi cnosa. Gionanuso, niponis, Kinemuka, axayis
MAH2IYM, MEpMOZPasimempis.



