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Effect of particle size on thermal decomposition and devolatilization kinetics
of melon seed shell

Awwal Ahmed, Eyitayo Amos Afolabi, Mohammed Umar Garba, Umaru Musa, Mohammed Alhassan, and
Kariim Ishaq

Chemical Engineering Department, Federal University of Technology, Minna, Nigeria

ABSTRACT
Thermogravimetric analysis (TGA) and devolatilization kinetics of melon seed shell (MSS) at
different particle sizes (150mm and 500mm) and at different heating rates (10, 15, 20, and
25 �C/min) were investigated with the aid of TGA. The results of the TGA analysis show that
the TGA curves corresponding to the first and third stages for 150mm particle sizes exhib-
ited some bumps that developed at the first and third stages of pyrolysis. It was also
observed that at constant heating rate, the maximum peak temperature increases as the
particle sizes increase from 150 to 500mm, whereas 500mm particle sizes exhibited higher
peak temperatures compared to 150mm particle sizes. The resulting TGA data were applied
to the Kissinger (K), Kissinger–Akahira–Sunose (KAS) and Flynn–Wall–Ozawa (FWO) methods
and kinetic parameters (activation energy, E and frequency factor, A) were determined. The
E and A obtained using K method were 74.27 kJ mol�1 and 3.84� 105min�1 for 150mm par-
ticle size, whereas for 500mm particle size were 97.12 kJ mol�1 and 3.74� 107min�1,
respectively. However, the average E and A obtained using KAS and FWO methods were
82.35 kJ mol�1, 1.29� 107min�1, and 88.50 kJ mol�1, 1.32� 107min�1 for 150mm particle
sizes. While for 500mm particle sizes, the E and A were 108.46 kJ mol�1, 3.14� 109min�1,
and 113.05 kJ mol�1, 7.56� 109min�1, respectively. It was observed that E and A calculated
from FWO and KAS methods were very close and higher than that obtained by K method. It
was observed that the minimum heat required for the cracking of MSS particles into prod-
ucts is reached later at higher peak temperatures since the heat transfer is less effective as
they are at lower peak temperatures.
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Introduction

Fossil fuels are the most dominant source of glo-
bal energy supply. Reports have shown that pre-
sent world petroleum reserves would suffice for
some few more decades (Garba, 2013; Musa
et al., 2014a). In addition to this depletion, the
continuous use of fossil-derived fuels is the major
contributor to global warming. The increasing
concerns for these greenhouse gas emissions,
soaring price of petroleum-derived fuel, and
uncertainty about its continuous supply in
Nigeria have led to the recent ongoing search for
renewable alternative energy sources (Garba
et al., 2006, 2014, 2017a; Musa et al., 2014b,
2015). Renewable energy sources are presently
the most globally accepted alternative source of
energy due to their low carbon impact and

guarantee of sustainable feedstock supply.
Renewable energy accounts for about 13% of glo-
bal energy supply and 1.3% of these sustainable
energy come from biomass (Ho et al., 2014).

Biomass is currently the most important
renewable energy feedstock and ranks as the
fourth largest source of energy in the world, after
coal, oil, and natural gas. According to Garba
et al. (2017a), approximately 144 million tons of
biomass resource are generated annually in
Nigeria. These large quantities of agricultural res-
idues have the capacity for meeting and diversify-
ing the nation energy supply (John, 2011). These
will eventually lead to rural economic develop-
ment, market diversification, boosting the
nation’s international competitive strength and
leads to appreciable decline in environmental
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pollution (Jekayinfa and Omisakin, 2005). In
recent time, the Energy Commission of Nigeria
stated that its long-term (2016–2025) plan on the
nation’s energy requirements is completely non-
fossil (Musa and Aberuagba, 2012). The commis-
sion intends to generate about 36% of the
nation’s electricity need from renewable energy
resources in which biomass is a significant part.
Biomass conversion into energy resources can be
carried out via two main conversion routes
namely, thermochemical and biochemical routes.

Thermochemical conversion routes include
combustion, gasification, pyrolysis, cofiring, and
liquefaction. All these processes result into break-
age of bonds between the adjacent carbon, hydro-
gen, and oxygen molecules to release the stored
and chemical energy. Pyrolysis (devolatilization)
as a thermochemical conversion process is one of
the first steps of combustion, gasification, and
liquefaction processes (Nithitorn et al., 2015;
Garba et al., 2017b). The yields of liquids, char,
and gases obtained from biomass pyrolysis pro-
cess are dependent on the feedstock type, particle
size, heating rate, temperature, and residence
time The size and the mass of particles are some
of the most important parameters that is pro-
foundly influenced by the heat and mass transfer
limitations. The larger the particle size, the more
effective the heat transfer causing the release of
more volatiles. Several studies reported the effect
of different particle sizes of various biomass
materials on char, liquid, and gas yield
(Demirbas 2004; Mani et al., 2010).

The explicit understanding of the thermal
behaviors and combustion kinetics of biomass is
a prerequisite for modeling industrial combustion
behaviors in furnaces either using biomass or
biomass-coal blends (Munir et al. 2009). Kinetics
data are also vital for the design and development
of a highly efficient biomass thermochemical con-
version processing systems (Cai et al., 2008; Shen
et al., 2009).

Different kinetic models have been well estab-
lished for the evaluation of non-isothermal solid
state kinetic studies using thermogravimetric ana-
lysis (TGA) data. These methods are usually clas-
sified into model-free and model-fitting methods
(Kissinger, 1956; Ozawa, 1965; Flynn & Wall
1966; Alberto, 2008; Sachin et al., 2011; Fantozzi

et al., 2016; Bartocci et al., 2017). For applying
the model-free model, knowledge of the reaction
mechanism is not required for the evaluation of
kinetic parameters, whereas the model-fitting
method employs a mass-dependent function for
kinetic parameters evaluation. Interestingly,
model-fitting methods could be subdivided into
single component or multiple components
depending upon whether the biomass is charac-
terized (wholly as a unit or based on its lignocel-
lulose components) and by the products
definition. This can either be a lumped products
of gas, char, and tar or individual species present
in the lump products. Typical examples of
model-free method include Kissinger (K),
Kissinger–Akahira–Sunose (KAS) and
Flynn–Wall–Ozawa (FWO) methods. The obvi-
ous distinction between K and the other isocon-
versional methods (KAS and FWO) is that while
the former accounts only for the actual kinetic
parameters values, the latter evaluates the appar-
ent values of kinetic parameters as a summation
of the physical process and chemical transform-
ation occuring in the pyrolysis process. The ther-
mal degradation and kinetics analysis of a
number of biomass materials using these models
have been documented in literatures (Alberto,
2008; Katarzyna et al., 2012; Vanita et al., 2011;
Niu et al., 2013; Bhavanam and Sastry, 2015;
Fantozzi et al., 2016; Bartocci et al., 2017).
Slopiecka et al. (2012) reported the thermal deg-
radation of poplar wood using the three methods
(K, FWO, and KAS). The study evaluated the
kinetic of this biomass decomposition. The
results revealed that better accuracy was obtained
from KAS and FWO methods. Abdelouahed
et al. (2017) investigated the comparative reliabil-
ity of K, KAS, Friedman, and least square mini-
mization methods on the thermal decomposition
of flax shives and beechwood and their respective
lignocellulose components. The authors reported
that Kissinger method demonstrated appreciable
reliability in comparison with other methods for
determination of kinetic parameters of the pure
components. While for biomass materials, least
square minimization method was reported to be
more appropriate for the kinetic data deduction.
More recently, Bartocci et al. (2017) proposed a
novel reaction scheme for biomass components
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and glycerol using the model-fitting methods.
Findings from this study revealed that the reac-
tion was satisfactorily described by first reaction
order with the exception for the recalcitrant lig-
nin whose degradation fitted well to a second
reaction order. Nearly in all of these studies,
varying thermal behavior and kinetic data were
deduced. According to Braz and Crnkovic (2014),
the variation in biomass thermal behaviors is pri-
marily due to its natural diversity and possession
of unique properties. The authors further added
that the thermal behaviors in addition to biomass
heating values, proximate composition, and
ultimate composition were obvious indicators of
biomass fuel quality.

For better understanding of thermal degrad-
ation of biomass, many researchers had studied
thermal decomposition of biomass by TGA. This
biomass includes corn stover, coconut and
cashew nut shell (Alberto, 2008), wood chips
(Lukas et al., 2009), oil palm shell, rice husk
(RH), oil palm frond, and paddy straw, ground-
nut cake (Sachin et al., 2011), baggase (Vanita
et al., 2011), poplar wood (Katarzyna et al.,
2012), coffee husk, tucuma seed, sugar cane bag-
gase, peanut shell, RH, and pine sawdust (Braz
and Crnkovic, 2014), and de-oiled seeds cake of
African star apple (Sokoto et al., 2016).

Melon seed (Citrullus colocynthis L.) belongs to
the genus Citrullus of cucurbitaceae family.
Citrullus colocynthis L. is one of the 300 species of
melon found in tropical Africa. The seed contains
about 53% of oil and 28% of protein. Melon is
known to be also cultivated in Middle East region
of the world and most part of Africa as food. In
Nigeria, it is cultivated over an estimated land area
of about 361,000 ha with a corresponding seed
production capacity of 347,000 tons as at 2002. It
is mainly used for preparation of local soup in
Nigerian. Melon kernels are usually enclosed in a
shell which has to be removed during its process-
ing food application (Bande et al., 2012). It has
been reported that large amount of these shells are
usually thrown away and burnt in open air, thereby
resulting into environmental pollution (Ogbe and
George, 2012). Nyakuma (2016) reported that the
use of melon shell for eco-friendly bioenergy syn-
thesis and other green value-added products is yet
to be explicitly exploited. This is due to the lack of

adequate understanding of the thermochemical fuel
properties and behavior of this waste material. The
author added that melon shell is a viable renewable
raw material for the production of solid, liquid,
and gaseous biofuels via thermochemical conver-
sion routes.

Reviewing of the open literature suggests that bio-
mass type and process parameters (heating rate,
temperature, and particle size) have impact on their
thermal and kinetic behavior. Despite a number of
remarkable studies in the literature, there still
remains a lot of information on the particle size that
is not recognized in sufficient detail. Most reported
studies show the effect of particle size on pyrolysis
product yield (Demirbas, 2004; Mani et al., 2010). In
this work, a comparative evaluation of different par-
ticle size of MSS has been studied to gain overall
understanding of the thermal and kinetic behavior.
In this regard, the thermal events occurring during
pyrolysis of biomass with different particle sizes
were identified with the view of generating kinetic
data that can be effectively used for design and opti-
mization of thermochemical processing system.

Materials and methods

Sample preparation

Biomass sample used for the experiment is MSS
sourced from Paiko town, Paikoro Local
Government of Niger State, Nigeria. MSS sample
was dried in an oven at a temperature of 105 �C
for 3 h for moisture content removal and to aid
grinding. The sample was then crushed using
mortar and pestle for particle size reduction.
Subsequently, the reduced particle sizes were
ground with blender and sieved via 150 and 500
sieves. The particles that passed through the two
sieves openings were collected and stored in sam-
ple bottles for further analysis.

Characterization

Proximate analysis was carried out by subjecting
200 mg of ground MSS sample at temperature
between the room temperature to 600 �C, for
moisture content (MC), ash content (AC), and
volatile content (VC) determination according to
E871, D1102, and E872 standard ASTM tech-
nique, respectively. Fixed carbon content (FC)
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was determined by subtracting sum of MC, AC,
and VC from 100 percent. Ultimate analysis was
carried out using carbon, hydrogen, nitrogen, and
sulfur (CHNS) elemental analyzer. The details
can be found in Lukas et al. (2009).

Pyrolysis of MSS was performed using Perkin
Elmer thermogravimetric analyser (TGA-4000).
The analyzer was first purged with nitrogen gas
at flow rate of 20 ml/min and pressure of 2.5
bars to create an inert environment.
Approximately 25 ± 2 mg of MSS was loaded
into empty crucible inside the analyzer. Then, the
heating rate was controlled at 10, 15, 20, or 25
�C/min and temperature ranges from 25 to 625
�C. The above procedure was repeated for two
different particle sizes of 150 and 500 mm. The
data generated by the TGA machine were proc-
essed using the Pyris Manager software by Perkin
Elmer Corporation.

Kinetic theory

Biomass pyrolysis takes place in the presence of
nitrogen or other inert gas to produce solid char
and volatile matter. The overall conversion can
be represented by Equation (1), using one-step
global model (Basu, 2010).

Biomass!k Tð Þ
Solid Charð Þ þ Volatile (1)

while the kinetics of reaction of the biomass
pyrolysis in Equation (1) can be represented by
Equation (2).

da
dt

¼ k Tð Þf að Þ (2)

Where da
dt is the conversion rate of biomass at

constant temperature, k Tð Þ is the reaction rate
constant, f ðaÞ is the differential model of the
reaction, and a is the conversion or extent of
reaction, the normalized form of weight data of
decomposed sample, is expressed as follows:

For isothermal TGA

a ¼ Wi�Wt

Wi �Wf
(3)

Where wi, wf, and wt are the initial weight of
the sample, final weight after decomposition, and
sample weight at time, t respectively.

For non-isothermal TGA

a ¼ Wi�Wt

Wi �Wf
(4)

Where wt is the sample weight at tempera-
ture, T.

Also according to Arrhenius equation, the
temperature-dependent rate constant is repre-
sented below:

k Tð Þ ¼ Ae�
E
RT (5)

Where A is the frequency factor (min�1), E is
the activation energy (kJmol�1), T is the absolute
temperature in Kelvin, and R is the gas constant
(8.314 JK�1 mol�1).

Substituting Equation (5) into Equation (2)
gives Equation (6), which is fundamental equa-
tion that can be used to determine kinetic param-
eters using analytical methods, on the basis of
TGA results.

da
dt

¼ Ae�
E
RTf að Þ ¼ Af að Þe� E

RT (6)

Where

f að Þ ¼ 1� að Þn (7)

And n is the order of reaction. Substituting
Equation (7) into Equation (6) gives:

da
dt

¼ A 1�að Þne� E
RT (8)

and for non-isothermal TGA experiments at
linear heating rate:

T ¼ T0 þ bt (9)

where T0 is the starting temperature, b is the
constant heating rate, and T is the temperature at
time t.

Therefore, the differential of temperature with
respect to time:

dT
dt

¼ b Consequently dt ¼ dT
b

(10)

Substituting Equation (10) into Equation (8)
gives:

da
dT

¼ A
b

1� að Þne� E
RT (11)

where da
dT is the conversion rate of biomass at

constant time. Equation (11) can be used for
non-isothermal TGA to calculate kinetic
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parameters and for the purposes of this study,
kinetics of MSS was evaluated using non-isother-
mal model-free methods, namely, K, KAS, and
FWO methods, respectively.

Model-free methods
Because of several problems associated with
model-fitting methods such as inability to
uniquely determine the reaction model, this has
led to the decline in usage of these methods over
model-free methods which are isoconversional.
Although model-free methods are isoconversional
with exception of Kissinger method which does
not calculate activation energy at progressive
value of conversion, but assumed a constant
value (Katarzyna et al., 2012). Model-free meth-
ods evaluate kinetics of biomass pyrolysis without
modelistic assumption.

The K method is based on Equation (12) and
it involves plotting the terms ln(b/Tm

2) against 1/
Tm � 10�3, where Tm is the peak temperature
obtained from DTG curve.

ln
b

T2
m

� �
¼ ln

AR
E

� �
� E

RTm
(12)

where E, activation energy can be calculated
from the slope –E/R and A, frequency factor
from the intercept ln(AR/E) of the linear graph.

The KAS method is based on Equation (13)
and it involves plotting the terms ln(b/T2

a)
against 1/Ta�10�3 (Kissinger, 1956)

ln
bi
T2

ai

� �
¼ ln

AaR
Eag að Þ

� �
� Ea

RTai
(13)

where Ea, apparent activation energies can be cal-
culated from the slope (–Ea/R) and Aa, frequency
factors from the intercept (ln{AaR/Eag(a)}) of the

linear graphs. Integral model of the reaction, g(a)
is constant at a known value of conversion.

The FWO method is based on Equation (14)
and its involves plotting the terms ln(b) against
1/Ta�10�3 (Ozawa, 1965; Flynn & Wall 1966).

lnb ¼ ln
AaEa
Rg að Þ

� �
� 5:331� 1:052

Ea
RTa

(14)

where Ea, apparent activation energies can be cal-
culated from the slope (–Ea/R) and Aa, frequency
factors from the intercept (ln{AaEa/
Rg(a)} – 5.331) of the linear graphs.

Results and discussion

The basic properties of the MSS such as proxim-
ate, fiber, and ultimate analyses are given in
Table 1. To provide insight into the thermal
behavior, the samples were crushed and sieve
into particle sizes of 150 and 500 mm sieves used.

Physiochemical properties

Proximate analysis is the easiest and fastest way
of evaluating fuel characteristics of solid biomass
(Sachin et al., 2011). Table 1 compares the prox-
imate and ultimate analyses of MSS from this
study to RH, ground nut shell (GNS), and coal
from the literature. From Table 1, it was shown
that MSS has low MC and AC of 3.52 wt.% and
2.12 wt.%, respectively, which make it suitable for
combustion and other thermochemical conver-
sion processes (McKendry, 2002). High content
of ash is not desirable because it influences slag
formation and composition on the wall of com-
bustion furnaces and boilers (Sachin et al., 2011,
Garba et al., 2016). Also, Table 1 shows that MSS
has high VC of 80.14wt. %. This high VC is a
measure of its ease of ignition and an indication
that the loss in FC during devolatilization is
minute. The high VC also signifies higher ten-
dency of MSS conversion to liquid or gaseous
fuels in comparison to solid fuels production
(Sachin et al., 2011; Garba et al., 2012). VC to FC
ratio of 5.64 obtained is within the stipulated
range of greater than 4 reported for a typ-
ical biomass.

The result of ultimate analysis of the MSS
revealed high percentage of C (52.01%) and O

Table 1. Physical analysis of MSS and other solid fuels.
Proximate MSS RH� GNS� Coal�

MC (wt. %) 3.52 3.81 8.44
VC (wt. %) 80.14 66 63.81
AC (wt. %) 2.12 8.18 8.42
FC (wt. %) 14.22 22.01 19.33
Ultimate analysis
C 52.01 43.83 45.32 74.12
H 6.50 6.76 6.03 4.22
O 39.60 46.07 43.54 6.93
N 1.65 0.93 0.51 1.91
S 0.24
�Garba et al. (2017a); �Wang et al. (2001).
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(39.60%) when compared with H, N, and S with
relatively lower composition. It was noticed that
the combined percentage composition of carbon
and hydrogen is higher than that of O and N. It
also indicates that sulfur has the lowest percent
composition. Low nitrogen and sulfur content
make MSS more environmental friendly for use
in production of clean energy.

Effect of particle size on thermal decomposition

TGA offers essential thermographs that can be
used to interpret the thermal behavior of solid
fuel (Ounas et al., 2011). Such thermographs clar-
ify the complications involved in the thermal
decomposition of the solid fuel. Thus, the pyroly-
sis kinetics deduced from the thermographs are
used in the design and control of pyrolysis
reactor (Zhou et al., 2013; Garba et al., 2018).

TGAs of MSS for two different particle sizes
(150 and 500 mm) are displayed in Figure 1. In
this figure, the differential weight loss at four dif-
ferent heating rates (10, 15, 20, and 25 �C/min)
are shown. As expected, a typical differential
weight loss at three different regions were
observed which correspond to water removal,
main devolatilization, and continuous slight
devolatilization (Munir et al., 2009; Slopiecka
et al., 2012). Figure 2(a,b) depicts the devolatiliza-
tion process which starts at about 185 �C and
proceeds with a significant drops in weight until
about 494 �C and then the weight drop gradually
to the final temperature. The first stage (drying
stage) of the decomposition which begins from

room temperature to 180 �C is associated with
moisture removal, mainly associated with evapor-
ation of water content. The second stage (main
devolatilization) covered the regions of maximum
weight loss (�) corresponding to the characteristic
peak temperatures at the range of 180 �C–481
�C. According to Nithitorn et al. (2015) and
Sokoto et al. (2016), this stage is associated with
removal of hemicellulose and cellulose, respect-
ively. While the third stage which covered a
wider temperature range of 481 �C–625 �C is
associated with lignin removal (Slopiecka
et al., 2012).

Figure 1 shows that the curves of TG and
DTG profiles at a heating rate of 10 �C/min shift
toward higher temperatures as the particle size
increased from 150 to 500 mm. The effect of par-
ticle size on mass transfer can be explained by
two opposite aspects: the first one is that the
larger the particle size is, the smaller the heat
transfer resistance which improves heat and mass
transfer and therefore has faster decomposition
process. In this way, lighter volatile is released
and less char is produced at the final temperature
(Slopiecka et al., 2012). From Figure 1, a negli-
gible char yields of about 0.077% was produced
from the thermal degradation of MSS of particle
size of 500 mm. In the second aspect, the smaller
particle size causes a delay in the resident time of
volatile matter released due to larger surface area.
The presence of large surface area exhibited by
this particles results into slower decomposition
process and the production of more char at the
final temperature. It can be observed from Figure
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3 that the residual char yield of about 5.074%
was produced in the course of thermal degrad-
ation of MSS of a particle sizes of 150 mm as
against 0.077% for a particle size of 500 mm. It is
very evident from the results that increasing par-
ticle size resulted in a decrease in the values of
the residual char yield. This result is in agree-
ment with the results of Slopiecka et al. (2012).

For the two different particle sizes (150 and
500 mm) studied, the pyrolysis pattern was simi-
lar in all the stages except for some bumps (#)
that developed at the first and third stages of pyr-
olysis for 150 mm particle sizes (Figure 1). A
close observation of the DTG curves in Figure 1
shows that a bump developed (inconsistent
weight loss) at a peak temperature of 119 �C for
150 mm particle sizes. The observed structure can
be attributed to the buoyancy effect introduced
by the nitrogen flow into the TGA system during
the analysis process. It is significant to point out
that as the devolatilization process approaches
the final degradation temperature, the smaller
particle sizes (150 mm) char developed another
bump due to prolong heating. This observation
shows appreciable consistency with a report of
Chen et al. It is noteworthy that the small bump
that appears in 150 mm particle size was not vis-
ible on the curve for 500 mm particle sizes. This
revealed that MSS with a larger particle size
induced an improved effective heat transfer
which will, in turn, lead to the complete decom-
position of lignin resulting into the bump
disappearance.

The effect of heating rates on pyrolysis product
yields and characteristics are essential for the

design of efficient pyrolysis reactor. The charac-
teristics of the products are expressed by TGA in
terms of change in weight as a function of tem-
perature. The differential weight loss significantly
amplifies the changes in weight during main
devolatilization process. However, as the heating
proceeds, the solid residue undergo further devo-
latilization process to a final temperature.

From Figure 2(a,b), it can be observed that the
maximum rate of derivative weight loss (min-
imum points of DTG curves) occurs at the peak
temperatures. The corresponding peak tempera-
tures of 150 mm particle sizes were 353.1 �C,
365.1 �C, 377.21 �C, and 387.22 �C for 10, 20, 30,
and 40 �C/min heating rate, respectively, as
shown in Figure 2(a). While for particle size of
500 mm, the peak temperatures corresponding
(let this be removed) were 468.96 �C, 476.13 �C,
484.59 �C, and 496.65 �C for 10, 20, 30, and 40
�C/min heating rate, respectively, in Figure 2(b).
The peak temperatures of 500 mm particle sizes
are larger than that of 150 mm particle size by
the difference of 115.86 �C, 111.03 �C, 107.38 �C,
and 109.43 �C for 10, 20, 30, and 40 �C/min
heating rate, respectively. The whole differential
weight loss shifted toward a higher temperature
regions with increased heating rates and larger
particle sizes exhibited higher peak temperatures
compared to smaller particle sizes. The shift in
weight loss toward higher temperature was in
agreement with study of Slopiecka et al. (2012)
during the investigation of the effects of the non-
isothermal pyrolysis of poplar wood. This obser-
vation was also in agreement with findings of
Senneca (2007), Katarzyna et al. (2012), Mahir
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Figure 2. DTG curves at different heating rates for (a) 150mm and (b) 500mm particle sizes.
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et al. (2014), Nithitorn et al. (2015), and Sokoto
et al. (2016), respectively.

The TG curve in Figure 3 shows weight loss
versus temperature at different heating rates for
MSS. As can be observed from the figure, the
devolatilization process begins at about 185 �C
and the weight loss declines steeply with increas-
ing temperature until the temperature reached
about 494 �C and then the weight loss declines
gradually to the final temperature. The dehydra-
tion region does not change because the heating
rate used for drying was same for each TGA
(Figure 3).

The solid residue yields are about 5.074% and
0.077% for particle sizes of 150 and 500 mm,
respectively. The solid residue yields obtained
from the final temperature for 150 mm particle
sizes (5.074%) is higher compared to that of 500
mm particle sizes (0.077%), which also translate
to longer residence time (Idris et al., 2012).

Devolatilization kinetics

The main goal of kinetic study of biomass pyr-
olysis is to determine the activation energy,
which is the measure of ease of occurrence of
reaction. Reaction process with lower activation
energy takes place more easily than the one with
higher activation energy (Sachin et al., 2011). For
the purpose of this study, activation energy and
frequency factor also known as kinetic parame-
ters were determined using model-free methods,
namely, K, KAS, and FWO methods.

The kinetic parameters E, A, and R from
Equations (12), (13), and (14) correspond to K,
KAS, and FWO methods, respectively. This

method involves the calculation of kinetic param-
eters E, A, and R from the heating rates of 5, 10,
and 20 �C/min and their peak decomposition
temperatures, respectively. Subsequently, E and A
were extracted from the slope and intercept of
plot regression line in Figure 1. K, KAS, and
FWO plots of ln (b/T2

m) versus 1000/T (K�1) for
150 and 500 mm particle sizes are shown in
Figures 4–6, respectively. However, for KAS and
FWO, the plots of ln (bi/T2

ai) versus 1000/Tai)
K�1 for different degree of conversions are
shown in Figure 7. High value of R2 (greater 0.9)
shows good fitting to straight lines suggesting
that first-order reaction model suffices. For K
method at 150 mm, the values of 74.27 kJ mol�1,
3.84 � 105 min�1, and 0.9775 were obtained for
E, A, and R2, respectively. While at 500 mm, the
values of 97.12 kJ mol�1, 3.74 � 107 min�1, and
0.9339 were obtained for E, A, and R2, respect-
ively. The K method has been reported in open
literature to determine the kinetic parameters of
biomass material.

The value of conversion 0.1 to 0.8 was chosen
because at conversion rates less than 0.1 or above
0.8 have low correlation values, and therefore
excluded (Ceylan and Topcu, 2014). Figures 4–6
show that most of fitted lines are nearly parallel
to each other, indicating similar decomposition
mechanisms, whereas for those lines that are not
parallel to one another probably multiple/com-
plex mechanisms is occurring (Vanita et al.,
2011). The values of E for the fuel at 150 mm
were observed to increase from 59.77 kJ/mol (a =
0.10) to 74.27 kJ/mol (a = 0.30), then remain
constant 74.27 kJ/mol (a = 0.4) before increasing
to 114.32 kJ/mol (a = 0.80) which results in the
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Figure 3. TG curves at different heating rates for (a) 150mm and (b) 500mm particle sizes.
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highest activation observed during the biomass
pyrolysis of MSS. For 500 mm, the values of E
were observed to decrease from 100.86 kJ/mol (a
= 0.10) to 95.47 kJ/mol (a = 0.40) and then
increased to 115.56 kJ/mol (a = 0.5) before
slightly decreasing to 115.56 kJ/mol (a = 0.7) and
then increasing to 133.17 kJ/mol which results in
the highest activation observed during the ther-
mal analysis of MSS. Overall, the average value of
activation energy for the devolatilization process

at a particle size of 500 mm (108.46 kJ/mol) was
higher than that of 150 mm (82.35 kJ/mol). The
reason for higher activation energy during
decomposition of large particle size can be
explained on the basis of peak temperature. From
the result in Figure 1, the pointed wider curve
around the peak temperature (468.96 �C) for a
particle size of 500 mm (connote higher peak
temperature) than (353.1 �C) observed for a par-
ticle size of 150 mm. It was observed that the
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Figure 4. Plot for determination of kinetic parameters using Kissinger method, for 150mm and 500mm particle sizes.

Figure 5. Plot for determination of kinetic parameters using KAS method for 150mm and 500mm particle sizes.

Figure 6. Plot for determination of kinetic parameters using FWO method for 150mm and 500mm particle sizes.
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minimum heat required for the cracking of MSS
particles into products is reached later at higher
peak temperatures since the heat transfer is less
effective as they are at lower peak temperatures.
According to Haykiri-Acma (2003), high peak
temperature means good reactivity of biomass
sample which invariably implies higher activation
energy. Similarly, Altun et al. (2003) have also
reported that at high peak temperature the min-
imum heat required for the cracking of biomass
particles into products is reached later due to
ineffective heat transfer.

The values of the kinetic parameters are shown
in Table 2 andTable 3 for K, KAS, and FWO
methods. Comparing the three methods shows
that the activation energies for KAS method
(82.35 kJ mol�1) and FWO method (88.50
kJ mol�1) were higher than the activation energy
for K method (74.27 kJ mol�1). This is due to
the fact that the K method accounts for only the
Tmax of the MSS, whereas KAS and FWO meth-
ods account for wider temperature range on the
basis of different degree of conversions (isocon-
versional). According to Abdelouahed et al.
(2017), the application of K method for evalu-
ation of the kinetics of heterogenous compounds

such as biomass could result into erroneous
deductions. Generally, the activation energy val-
ues of MSS were within the range of the values
reported for biomass materials by Sun et al.
(2012). It was noticed that the average activation
energy value increases as the particle sizes
increase from 150 to 500 mm for all the three
methods, that is from 74.27 (K method), 82.35
(KAS method), and 88.50 kJ mol�1 (FWO
method) to 96.74 (K method), 108.46 (KAS
method), and 113.05 kJ mol�1 (FWO method),
which is in conformity with the study of Niu
et al. (2013). The activation energy obtained in
this study is significantly lower than the activa-
tion energy of 296 kJ/mol and 161.26 kJ/mol

Table 2. Values of E, A, and R2 using K, KAS, and FWO methods for 150 mm particle size.

150 mm
KAS method FWO method

A E (kJ mol–1) A (min–1) R2 E (kJ mol–1) A (min–1) R2

0.1 59.77 1.14� 105 0.9912 65.38 9.07 � 104 0.9921
0.2 70.35 1.22 � 105 0.9780 77.29 1.04 � 106 0.9831
0.3 74.27 3.45 � 105 0.9775 80.35 2.32 � 106 0.9807
0.4 74.27 2.95 � 105 0.9775 80.35 1.99 � 105 0.9807
0.5 82.69 1.47 � 106 0.9940 89.52 1.01 � 107 0.9941
0.6 83.65 1.06 � 106 0.9929 89.52 6.05 � 106 0.9941
0.7 99.46 1.03 � 107 0.9974 105.10 4.69 � 107 0.9976
0.8 114.32 8.96 � 107 0.9809 120.52 3.87 � 107 0.9807
Average 82.35 1.29 � 107 0.9862 88.50 1.32 � 107 0.9879
K method E ¼ 74.27 kJ mol–1 A ¼ 3.84 � 105 min–1 R2 ¼ 0.9775

Table 3. Values of E, A, and R2 using K, KAS and FWO methods for 500 mm particle size.

500 mm
KAS method FWO method

A E (kJ mol–1) A (min–1) R2 E (kJ mol–1) A (min–1) R2

0.1 100.86 5.71 � 107 0.9973 105.10 1.94 � 108 0.9976
0.2 96.89 3.29 � 107 0.9381 102.30 1.47 � 108 0.9450
0.3 95.47 2.58 � 107 0.9688 99.60 9.07 � 107 0.9713
0.4 95.47 2.85 � 107 0.9688 99.60 1.01 � 107 0.9713
0.5 115.56 1.59 � 109 0.9790 120.52 5.55 � 109 0.9807
0.6 114.73 9.82 � 108 0.9791 120.52 3.99 � 109 0.9807
0.7 115.56 1.30 � 109 0.9790 120.52 4.50 � 109 0.9807
0.8 133.17 2.11 � 1010 0.9281 136.22 4.59 � 1010 09241
Average 108.46 3.14 � 109 0.9673 113.05 7.56 � 109 0.9689
K method E ¼ 97.12 kJ mol–1 A ¼ 3.74 � 107 min–1 R2 ¼ 0.9339

Table 4. Energy of activation of biomasses calculated by
other authors.
Authors Biomass E (kJ mol–1)

Nassar et al. (1996) Bagasse 88
Zhang et al. (2006) Wheat straw 70.516

Wood chip 85.393
Peanut shell 84.470

Li et al. (2008) Corn stalks 66.518
Cotton stalk 71.055
poplar wood

Zhang et al. (2016) Douglas fir sawdust 71.70
Garba et al. (2017b) Iroko wood 24.59
Islam et al. (2016) Karanj fruit hulls 70.489
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reported for FWO and KAS method, respectively,
during thermal decomposition of melon shell
husk by Nyakuma (2016). The discrepancies
observed can be attributed to difference in melon
varieties, climatic conditions, and storage stabil-
ity. The frequency factors calculated from KAS
(3.14 � 109 min�1) and FWO (113.05 min�1)
methods were higher than the value (3.74 � 107

min�1) calculated from K method. From the
trend of the results, it can be deduced that con-
version increases as the frequency factors
increases which, in turn, led to an increase in
activation energy. The E values obtained vary
with the particle size, method, and approach
used. However, the value obtained in this study
is close agreement with literature data as shown
in Table 4.

The effect of activation on particle sizes is
shown in Figure 7. Considering KAS and FWO
methods (isoconversional), for a particle sizes of
150 mm. Lower activation energy of 59.77 and
65.38 kJ mol�1 was initially observed after which
the value begins to increase with corresponding
increase in conversion up to an activation energy
of 114.32 and 120.52 kJ mol�1. However, for a
particle size of 500 mm, higher activation energy
of 100.86 and 105.10 kJ mol�1 were initially
deduced which decreases with increase in conver-
sion until a value of 95.47 and 99.60 kJ mol�1

was obtained at a conversion of 0.4 and then it
remains approximately constant at 0.5–0.7 and
finally it increases at 0.8 to 133.17 and 136.22
kJ mol�1, respectively. From the above character-
istics, it can be noticed that MSS with 150 mm
particle sizes will required lower energy input as
fuel in a devolatilization process than 500 mm
particle sizes. This is because MSS with particle
sizes of 150 mm starts at lower activation energy
(KAS and FWO methods) than 500 mm, and it
increases with increases in conversion.
Additionally, because 150 mm particle sizes have
lower average activation energy values by isocon-
versional method than 500 mm particle sizes.
Lower activation energy of 150 mm particle sizes
at the beginning of the devolatilization process
than 500 mm particle sizes indicates the ease of
ignition of former over the latter that begins at
much higher value.

Conclusion

MSS have been analyzed with the aid of TGA to
study the effects of particle size on thermal
behavior and devolatilization kinetics. The
resulting TGA data were applied to the K, KAS,
and FWO methods and kinetic parameters (E
and A) were determined. It was observed that E
and A calculated obtained from FWO and KAS
methods were higher than that obtained by K
method due to fact that K method only accounts
for maximum peak temperature. Kinetic plots of
activation energy against conversion for both
FWO and KAS method show that the higher the
particle size, the greater the peak temperature
and activation energy.
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