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A B S T R A C T   

The use of renewable energy has increased in the last decades including the consumption of biofuels, so the 
research focused on improving these energetic vectors has increased too, developing techniques that enhance 
energetic properties of these fuels. In this context, torrefaction is a thermal pre-treatment that diminishes the 
main disadvantages present in biomass such as hygroscopicity, low calorific value per unit mass and high sus-
ceptibility to self-ignition. In this study raw and torrefied palm oil wastes samples are tested using thermogra-
vimetric analysis (TGA) in order to study the influence of torrefaction on combustion kinetic parameters using 
Coats-Redfern and Freeman-Carroll methods, showing that torrefaction increases activation energy as it en-
hances thermal stability of the samples. The composition of the samples is also estimated using TGA through 
Fraser-Suzuki deconvolution showing the changes of lignin, cellulose, and hemicellulose due to torrefaction 
process.   

1. Introduction 

Because of global warming, the energy system has been changing 
significantly over the last decade increasing enormously the use of 
renewable fuels and diminishing fossil fuels dependence [1]. This new 
scenario provides a chance for renewable energy resources such as wind, 
solar, geothermal, but also for biofuels that could have an important role 
in the energy system of the next years [2]. More than twenty years ago, 
the use of biomass instead of solid fossil fuels was proposed [3] and 
nowadays is becoming a reality [1]. Biomass can be produced from 
different wastes as agricultural, forestry, sludge, etc., and presents 
important advantages as its combustion does not contribute to the 
greenhouse effect, allows the transition to a low carbon economy, has 
low content of most trace elements, etc. [4]. 

In this context, Malaysia has a great potential generating biomass as 
a renewable energy source because of its oil palm crops. According to 
Malaysian Palm Oil Board (MPOB) statistics [5], Malaysia is the second 
largest producer (after Indonesia [6]) of palm oil, which means that 
palm oil production is a key factor for Malaysian economy but also, 
generates a huge amount of palm wastes. Only 10% of the total palm 
matter is used for oil products, which means that the remaining 90% 
constitutes palm wastes that can be used as biomass [7]. But in order to 
do that, some problems need to be solved as its low calorific value, its 
difficult transportation and its hygroscopicity [8]. Those problems are 

not limited to palm oil wastes but are present in most of the lignocel-
lulosic biomass. Thus, treatment must be carried out to improve the 
efficiency of biomass and lead it to a use increase. 

Within this framework, pre-treating biomass using torrefaction 
process is a possible solution for the main biomass disadvantages as it 
decreases oxygen content and increases bulk density and calorific value 
[9]. Because of that, in the past years, the research on palm oil wastes 
torrefaction has increased [7,10–13]. Dry torrefaction is a mild pyrolysis 
carried out in anoxic atmospheres under atmospheric pressure and 
temperature range from 200 ◦C to 300 ◦C [14]. Previous works showed 
that torrefied biomass improves combustion and pyrolysis efficiency 
[15,16] so, in order to properly develop combustion, it is important to 
know the mechanisms that take place during the process and the kinetic 
parameters [17,18] that define the reactions. Thermogravimetric 
Analysis (TGA) has proved to be a good technique widely used to define 
kinetic reactions for lignocellulosic biomass [19–23], as it records the 
weight loss with high precision when carrying out oxidation at low 
heating rates. The kinetic mechanisms can be approached from TGA 
using two different types of methods: model fitting methods and model 
free methods. Model fitting methods fit different models to the obtained 
data allowing the calculation of the apparent activation energy (Ea) and 
preexponential factor (A). Coats-Redfern [24] and Freeman-Carroll [25] 
are both model fitting methods. On the other hand, model free methods 
do not make any model assumptions and determine the activation 
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energy as a function of the conversion factor or temperature however, 
model free methods are more complex and the calculation of pre-
exponential factor requires the knowledge of reaction mechanism, so 
assumptions need to be done [26]. Model free methods includes Fried-
man [27], Kissinger [28], Kissinger-Akahira-Sonuse (KAS) [29], Flynn- 
Wall-Ozawa (FWO) [30,31], Distributed Activation Energy Model 
(DAEM) [32,33], etc. In the last years, the focus on the kinetics of tor-
refaction process has increased [34–38], in order to optimize and 
improve efficiency of the process. 

In the present study model fitting methods are applied in order to 
define kinetic parameters of combustion of three different samples from 
oil palm wastes before and after torrefaction applying TG analysis. 

2. Materials and methods 

2.1. Materials 

The samples studied in the present work come from palm oil wastes 
(Elaes Oleifera) from Johor (Malaysia) palm fields. The samples come 
from different parts of the tree: empty fruit bunches (EFB), palm kernel 
shell (PKS) and palm mesocarp fibre (PFM). The samples were dry- 
torrefied at two different temperatures: 250 ◦C (T1) and 300 ◦C (T2). 
Fig. 1 shows the samples before and after the process and notices the 
colour change due to torrefaction [7]. 

2.2. Biomass characterization and torrefaction 

Proximate analysis was performed, according to standard proced-
ures, in all samples so values for moisture, ash and volatile content were 

obtained, thus fixed carbon was calculated. Moisture content was ob-
tained using Mettler Toledo HB43 halogen analyser in order to obtain 
more precise values. Moisture content is an important characteristic of 
solid biofuels as it affects the calorific value of the fuel, as fuels with high 
moisture content will require more energy to evaporate the water pre-
sent in the fuel. On the other hand, the volatile content should be high 
for good fuels, as it indicates the ignition easiness, however, it might be 
counterproductive for torrefaction as it might produce tar and smokes 
[5]. Ashes normally increase after torrefaction, as they represent the 
non-combustible matter in the sample. Subtracting ashes, moisture and 
volatile matter, fixed carbon content is obtained. High fixed carbon 
content will contribute to char formation [39]. 

As it has been said, dry torrefaction is a mild pyrolysis process carried 
out under certain conditions of temperature and time. In the present 
work, torrefaction was carried out, after 24 h drying at 105 ◦C, at two 
different temperatures: 250 ◦C and 300 ◦C (before and after hol-
ocellulose decomposition), during a residence time of 30 min in both 
cases as some previous studies showed that temperature has higher 
impact than time, especially regarding palm oil wastes [12,40]. Torre-
faction was carried out in an anoxic atmosphere generated by adding an 
inert gas (nitrogen) until the oxygen inside the reactor was beneath 0.1% 
measured using an oxygen analyser. Time and torrefaction temperatures 
have been established according to literature [12,38,41]. 

All the samples are lignocellulosic biomasses, which means that they 
are composed of lignin, hemicellulose, and cellulose. According to 
Sukiran et al. [5], the thermal degradation of hemicellulose takes place 
between 200 ◦C and 320 ◦C followed by cellulose decomposition be-
tween 300 ◦C and 360 ◦C; while lignin decomposition is a slower process 
due to its complex chemical composition that occurs between 200 ◦C 
and 800 ◦C. Considering these degradation temperatures, after the tor-
refaction processes applied in this study, hemicellulose should decrease 
from feedstock biomass to torrefied biomass, even in a more intense way 
when applying torrefaction at 300 ◦C. 

During torrefaction, three main reactions take place: decomposition, 
devolatilization and depolymerization; that modifies the chemical 
structure of the biomass increasing lignin content while decreasing 
hemicellulose and cellulose content [9]. 

2.3. Thermogravimetric analysis 

Thermogravimetric Analysis (TGA) was performed using a Mettler 
Toledo TG-DSC T50 apparatus. The samples were heated from 30 ◦C to 
800 ◦C, and the heating rate was set up at 5 K/min as it reduces the 
thermal lag [42] and produces slow oxidation so the stages are well 
differentiated and the kinetic analysis can be carried out. The samples 
were ground and sieved in order to obtain particle size lower than 1 mm 
and were inserted in the oven inside alumina crucibles. The analysis 
result is a curve that provides information regarding kinetics, compo-
sition, and thermal behaviour, as the onset temperature, which is the 
temperature at which the reaction accelerates. 

2.4. Kinetic models 

As it has been said before, in this work two different kinetic model 
fitting methods are considered: Coats-Redfern (CR) and Freeman-Carroll 
(FC). Both methods present a different approach to the general rate 
equation used in non-isothermal kinetics, which can be written as: 

dα
dt

= k(T)⋅f (α) (1) 

Where t is time, T temperature, k(T) is the constant rate, f(α) is the 
reaction model depending on the reaction mechanism and α is the 
conversion factor defined as α = (m0-mt)/(mf-m0), where m0 is the initial 
mass before the reaction, mf is the final mass after the reaction and mt is 
the mass at time t. The constant rate is defined according to Arrhenius 
law, so the equation can be rewritten as: Fig. 1. Palm oil wastes samples (feedstock and torrefied)  
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dα
dt

= A⋅e− Ea
RT ⋅f (α) (2) 

Where Ea is the apparent activation energy, R is the ideal gas con-
stant and A is the preexponential factor. And considering that TGA is a 
non-isothermal method but the heating rate is constant, the equation can 
be modified considering the heating rate β as dT = β⋅dt: 

dα
dT

=
A
β

⋅e− Ea
RT ⋅f (α) (3) 

Regarding the reaction model f(α), the most commonly used model is 
the power-law kinetics or n-order kinetics reaction proportional to the 
concentration of nondegraded material and it is defined as: 

f (α) = (1 − α)n (4) 

Where n is the reaction order. However, many authors consider other 
reaction models [43,44] such as phase boundary controlled reaction, 
diffusion, random nucleation, etc. Table 1 shows the models used in this 
work besides the n-order kinetics mentioned above. 

The main difference between CR and FC methods lies in the approach 
of eq. 3, as CR is an integral method (the weight loss versus temperature 
data is used directly) and FC is a differential method (it uses the rate of 
weight loss versus temperature). Rearranging eq. 3 and applying in-
tegrals, the following expression is obtained, which is the basis of the 
Coats-Redfern method: 
∫

1
f (α) dα =

A
β

∫

e− Ea
RT dT (5) 

If the first term is called g(α) and the second term is approximated as 
it does not have an exact integral, Eq. (5) becomes: 

g(α) = A R T2

β Ea

(

1 −
2RT
Ea

)

e− Ea
RT (6) 

Taking logarithms at both sides, Eq. (5) becomes: 

ln
g(α)
T2 = ln

[
A R
β Ea

(

1 −
2RT
Ea

)]

−
Ea
RT

(7) 

If the first term of Eq. (7) is plotted versus 1/T, a line is obtained 
whose slope corresponds to -Ea/R so the apparent activation energy is 
obtained. It is also possible to calculate the preexponential factor using 
the y-intercept of the line. If the model reaction f(α) considered is the 
one expressed in Eq. (4), the first term of Eq. (7) has two values 
depending on the order reaction n: 

for n ∕= 1 ln
g(α)
T2 = ln

[
1 − (1 − α)1− n

T2(1 − n)

]

(8)  

for n = 1 ln
g(α)
T2 = ln

[
− ln(1 − α)

T2

]

(9) 

As it has been mentioned, Coats-Redfern is an integral method while 
Freeman-Carroll is a differential method which considers a degradation 
reaction whose order is unknown but can be obtained at the same time 
as activation energy. The main advantage of the method is that there is 
no presumption of the reaction order (activation energy and reaction 

order are obtained simultaneously), however, it only considers degra-
dation reaction mechanism. The FC method considers the rate equation 
(eq. 3) where f(α) mechanism is the one expressed in eq. 4. If the 
equation is considered for two different moments at two different tem-
peratures, applying logarithms at both sides, and subtracting one to the 
other, the following equation is obtained: 

∆ln
(

dα
dT

)

= n∆ln(1 − α) − Ea
R
∆T − 1 (10) 

And dividing by Δ ln(1-α) and rearranging terms, the Eq. (10) 
becomes: 

∆ln
(

dα
dT

)

∆ln(1 − α) = n − Ea
∆T − 1

R∆ln(1 − α) (11) 

Which is indeed a regression line, where the slope represents the 
activation energy Ea and the y-intercept is the reaction order. Pre-
exponential factor A can be obtained from eq. 10 after defining Ea and n. 

2.5. Fraser-Suzuki deconvolution 

During TGA the decomposition can be divided into parallel reactions 
that correspond to the decomposition of pseudo-components. For 
lignocellulosic biomass, the number of pseudo-components is three that 
correspond to hemicellulose, cellulose and lignin [45]. In order to obtain 
the TG curves of each pseudo-component, a deconvolution process is 
applied to DTG (first derivative of TG curve) signal. Among the possible 
deconvolution functions, Fraser-Suzuki deconvolution has been selected 
as it provides more accurate values [46,47]. The Fraser-Suzuki proced-
ure for the i-th pseudo-component can be written as: 
(

dα
dT

)

i
= hiexp

[

−
ln2
s2

i
ln
(

1 + 2si
T − pi

wi

)2
]

(12) 

Where h denotes height, s represents skewness or asymmetry, w is the 
width of the curve and p represents the position (which will correspond 
to the peak temperature). Th fitting accuracy will be defined by the 
coefficient of determination R2 value and the F-test. Fig. 2 shows an 
example of Fraser-Suzuki deconvolution for three pseudo-components, 
named PS1, PS2 and PS3. 

3. Results & discussion 

3.1. Proximate analysis and torrefaction 

As it can be seen in Fig. 1, torrefied samples present a darker colour 
than feedstock: the higher torrefaction temperature, the darker the 
sample. Between both torrefaction temperatures, the most significant 
change can be seen after 250 ◦C torrefaction, compared to feedstock; 
nevertheless, there is a change of colour after 300 ◦C torrefaction even if 
the difference between torrefied samples is not so prominent. This 
change of colour is due to the loss of surface and bound moisture and the 
release of light volatiles [9]. 

Indeed, the moisture content significantly decreases after torre-
faction in every sample as can be seen in Table 2. Volatile content in-
creases after torrefaction, which means that the thermal treatment 
modifies the structure of the samples breaking bonds and increasing 
volatile release in a substantial proportion for torrefaction at 250 ◦C but 
not that much after 300 ◦C torrefaction. As volatile content increases, 
fixed carbon decreases, even to 19%. Nevertheless, fixed carbon content 
remains high enough to contribute to char formation. Ash contents 
present the higher values for PKS samples, followed by PMF samples in 
which the ash content slightly increases after torrefaction. 

Table 1 
Most common used kinetic models.  

Kinetic Model f(α) 

Phase boundary-controlled reaction (contracting area) (R2) 2(1 − α)1/2 

Phase boundary-controlled reaction (contracting volume) (R3) 3(1 − α)2/3 

2D diffusion (D2) 1
− ln(1 − α)

3D diffusion (Jander) (D3J) 3(1 − α)2/3

2(1 − (1 − α)1/3  

3D diffusion (Ginstling-Brounshtein) (D3GB) 
3
2

(

(1 − α)
1
3 − 1

)
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3.2. Thermal analysis 

Fig. 3 shows the results for TGA and DTG of each sample. The first 
mass loss corresponds to moisture evaporation. The process is followed 
by devolatilization and char oxidation. The first peak in the DTG cor-
responds to the release of light volatiles, mainly hemicellulose; and the 
second one to the heavy volatile release (cellulose and lignin at the end). 
The EFB samples do not show those peaks, probably because of low 
hemicellulose content whose decomposition takes place at the same 
time as cellulose. 

After 300 ◦C torrefaction, hemicellulose content should decrease, 
and a release of volatiles should take place, which means that the first 
peak is smaller than the second one or even disappears (as it happens in 
EFB samples). 

The onset temperatures obtained for empty fruit bunches EFB sam-
ples are 236.8 ◦C, 239.7 ◦C and 246.3 ◦C for feedstock, T1 torrefaction 
and T2 torrefaction, respectively. It can be noticed that torrefaction 
slightly increases onset temperature as the light volatiles are released 
and the reaction requires more energy. Onset temperature increase also 
takes place in kernel shell PKS samples that increases from 218.4 ◦C for 
feedstock, to 250.0 ◦C for T1 torrefaction and 251 ◦C for T2 torrefaction; 
and mesocarp fibre PMF samples whose values for feedstock, T1 and T2 
torrefaction are 222.7 ◦C, 244.2 ◦C and 241.2 ◦C respectively. 

3.3. Biomass composition 

Palm oil wastes composition in terms of hemicellulose, cellulose and 
lignin vary between studies [48–50], and because of that, the results 
obtained in the present work have been compared to literature data and 
proved to fit in the ranges defined by previous works. Table 3 shows the 
results of each pseudo-component obtained from Fraser-Suzuki decon-
volution, the remaining percentage corresponds to extractives and 
ashes. Palm kernel shell samples present higher content of lignin and 
lower cellulose contents than EFB and PMF samples. 

According to Sukiran and co-workers [5] the thermal degradation of 
hemicellulose takes place between 200 ◦C and 320 ◦C due to its amor-
phous structure, which means that torrefied samples will present lower 
contents of hemicellulose than feedstock. However, it can be noticed 
that some samples present higher hemicellulose content after torre-
faction than raw material. As torrefaction not only volatilizes part of the 
hemicellulose but modifies the chemical bonds from the other compo-
nents, it is possible that the hemicellulose content reported includes part 
of those components with weaker bonds besides hemicellulose. After 
hemicellulose, cellulose is decomposed between 300 ◦C and 360 ◦C, 
while lignin presents a higher temperature range of decomposition 
(from 200 ◦C to 800 ◦C) due to the aromatic rings of its structure. 

3.4. Kinetic results 

As has been shown, torrefaction modifies the biomass composition in 
terms of cellulose, hemicellulose, and lignin; thus, the kinetic parame-
ters of combustion will be modified too. The results from the kinetic 
parameters (activation energy, preexponential factor and order reac-
tion) and the coefficient of determination (R2) are shown in Table 4, but 
also the results of two-sample F-test including the value of the test sta-
tistic (F-test), hypothesis tested (h), p-value and confidence interval (ci1, 
ci2). Those results correspond to the best fitting (highest R2) for both 
methods (Coats-Redfern and Freeman-Carroll). 

According to the obtained R2 and p-values, the samples present good 
fitting results for both methods however, Coats Redfern results have 
better determination coefficient in all samples but one: EFB T1 where 
the best fitting was obtained for Freeman-Carroll with a reaction order of 
4.23. Indeed, EFB samples present a different thermal behaviour (Fig. 3) 
than the other samples, which may explain that in two of the three 

Fig. 2. Three component Fraser-Suzuki deconvolution.  

Table 2 
Proximate analysis.  

Proximate analysis 

Sample Moisture 
(%) 

Ash (%) d. 
b. 

Volatile (%) d. 
b. 

Fixed Carbon (%) d. 
b. 

EFB 6.46% 2.88% 72.71% 24.40% 
EFB T1 2.52% 1.98% 77.91% 20.12% 
EFB T2 1.84% 2.42% 78.58% 19.00% 
PKS 7.01% 9.54% 66.81% 23.65% 
PKS T1 0.47% 5.44% 72.08% 22.48% 
PKS T2 0.87% 4.41% 73.02% 22.57% 
PMF 8.79% 5.75% 62.73% 31.52% 
PMF T1 1.40% 6.28% 73.75% 19.97% 
PMF T2 1.12% 6.59% 72.61% 20.80%  
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samples, the reaction model is a diffusion instead of degradation. 

Besides that, it can be noticed that activation energy increases after low 
temperature torrefaction as the thermal resistance is increased [51,52]. 
However, Ea slightly decreases for high temperature torrefaction (in all 
samples but EFB T2) as it was already pointed out by other authors [15]. 
Fig. 4 compares the obtained results for activation energy where the 
differences between CR and FC methods can be seen. Most of the sam-
ples present a slight difference comparing both methods, however, EFB 
shows the greatest differences due to the diffusion-controlled model. 

If the preexponential factors are considered, it can be noticed that 
EFB T1 presents an unusual value. This can be explained due to fact that 
Freeman Carroll method makes assumptions that may introduce an error 
when calculating other kinetic parameters than activation energy [53]. 
Besides that, preexponential factor does not seem to be affected by the 
torrefaction process. 

Some studies [54] concluded that palm shell and mesocarp fibre 

Fig. 3. TGA and DTG plots.  

Table 3 
Fraser Suzuki Deconvolution.  

Fraser Suzuki deconvolution 

Sample Hemicellulose (%) Cellulose (%) Lignin (%) R2 

EFB 20.53 38.70 18.16 0.99679 
EFB T1 14.49 31.20 19.86 0.99752 
EFB T2 12.46 35.22 19.49 0.99870 
PKS 26.45 30.96 33.06 0.99354 
PKS T1 26.72 26.94 40.91 0.98885 
PKS T2 22.78 28.36 44.45 0.99155 
PMF 32.09 39.44 17.15 0.99655 
PMF T1 29.22 31.12 12.35 0.99680 
PMF T2 32.91 44.07 12.05 0.98612  

Table 4 
Kinetic parameters.  

Kinetic parameters 

Sample n Ea (kJ/mol) A (1/min) R2 F-test h p-value ci1 ci2 

EFB D3J 109.52 9.90E+10 0.99702 1.0030 0 0.99271 0.52595 1.91270 
EFB T1 4.23 FC 124.55 1.32E+19 0.99833 1.0017 0 0.99698 0.41588 2.41262 
EFB T2 D3J 138.00 4.23E+13 0.99990 1.0001 0 0.99979 0.46281 2.16116 
PKS 6.5 114.05 3.74E+13 0.99894 1.0011 0 0.99783 0.46325 2.16323 
PKS T1 7 122.26 8.24E+13 0.99807 1.0019 0 0.99660 0.40655 2.46925 
PKS T2 6 114.05 9.13E+12 0.99452 1.0055 0 0.98893 0.45824 2.20639 
PMF 4 84.69 1.76E+10 0.99582 1.0042 0 0.98949 0.53552 1.88308 
PMF T1 3 91.78 4.08E+10 0.99462 1.0054 0 0.98518 0.56713 1.78240 
PMF T2 3 90.20 2.75E+10 0.99941 1.0006 0 0.99875 0.47624 2.10223  
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present lower activation energies as they have lower lignin content that 
starts decomposing at lower rates. However, Poudel and co-workers 
[11] obtained higher activation energies for EFB than PKS. This differ-
ence could be explained by the kinetic approach used in different 
studies. In the present work, the obtained values for the activation en-
ergy for PMF samples show the lowest activation energy (84–90 kJ/mol) 
followed EFB samples (109–138 kJ/mol) and PKS (114–122 kJ/mol). 
PMF lower activation energies could be explained by the lignin content, 
as it is the more thermally stable component. However, for EFB and PKS 
samples, lignin content is not as relevant as the reaction mechanisms. As 
shown in Fig. 3, EFB samples do not show a second peak in DTG curve, 
which means that there are not two differentiated volatilization stages. 
It can explain the higher activation energies required to release those 
volatiles, as heavy and light volatiles are more mixed up together than 
PKS, where two different stages are properly differentiated. 

As it was mentioned when the TGA results were discussed, samples 
PKS and PMF present a different thermal behaviour than EFB, which 
produces an inflection point in the conversion function as shown in 
Fig. 5, where the curvature changes. Thus, a deeper kinetic analysis was 
performed in these samples using the CR method, considering two 

different step reactions: before and after inflection point. As it can be 
seen in Table 5, degradation is followed by a diffusion reaction during 
combustion, being the degradation reaction the main mechanism ac-
cording to the previous results. 

According to Barzegar and co-workers [38], Ea increases due to 
hemicellulose degradation and decrease for lignin decomposition, which 
explains the lower Ea values in the second step reaction. As it seems that 
more than one reaction mechanism takes place during the process, 
further studies should consider using DAEM or multicomponent models 
in order to properly define the reactions that occur. 

4. Conclusions 

Torrefaction pre-treatment significantly enhances palm oil wastes 
properties to be used as biomass, modifying the composition, and 
increasing thermal stability which leads to higher activation energies. 
Torrefaction reduces hemicellulose content, as its decomposition takes 
place in the first place (between 200 ◦C and 320 ◦C) which also produces 
an increase on the onset temperature. EFB samples presented lower 
hemicellulose content than PKS and PMF samples, causing a different 

Fig. 4. Coats-Redfern and Freeman-Carroll Activation Energy values.  

Fig. 5. TGA inflection points for PKS and PMF samples.  
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thermal behaviour during TGA. 
This study provides information regarding the influence of palm oil 

wastes torrefaction not only on its composition but also on the kinetic 
reactions for energy conversion. A deep understanding of torrefaction 
process in terms of composition and combustion, helps increase palm oil 
wastes energetic efficiency by defining the best requirements for its use. 
Even if these compositions must be treated as estimations, the method 
proved to be accurate considering R2 values and the literature data. This 
can be explained by the skewness parameter integrated in the Fraser- 
Suzuki deconvolution, as it considers the possible asymmetry pre-
sented in the deconvoluted curves, which provides better fitting than 
classic methods such as Gaussian deconvolution. However, further 
research could focus on determining the accuracy of the Fraser-Suzuki 
estimations. 

Regarding the kinetic methods used, the results show that Coats- 
Redfern method gives better fitting than Freeman-Carroll. However, 
both methods are non-isothermal model-fitting methods, so further 
studies should focus on model-free methods in order to compare them. 
More precisely DAEM method could provide very interesting results as it 
has been noticed that more than one reaction takes place during the 
process, which means that the process is found to be complex. 

Although this fact, the results showed that each sample type behaves 
in a particular way: while EFB samples showed better fitting to diffusion 
reaction, PKS and PMF samples results appear to be n-order reactions, 
specifically, PKS showed higher order reactions (between 6 and 7) than 
PMF (between 3 and 4). This means that the present study provides a 
preliminary view of the reaction mechanisms. 
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