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Abstract. A comparison of the thermal behaviours of different Mediterranean biomasses, based on
the evaluation of their pyrolysis characteristic temperatures, their reactivity and kinetic parameters
is presented. Parameters such as the activation energy and the pre-exponential factor of the py-
rolysis reactions are determined by different methods (Kissinger, Kissinger–Akahira–Sunose [KAS],
Coats–Redfern, nonlinear least-squares minimization [NLSM] and model distributed activation en-
ergy model [DAEM]). Furthermore, a sensitivity analysis of the kinetic parameters based on different
methods is conducted. The comparison of this work with the literature, showed that thermal charac-
teristic parameters determined using the thermogravimetric analysis (TGA) are often neglected and
not used in biomass pyrolysis at laboratory scale. The kinetic parameters seem to be highly sensitive
to the used kinetic methods. For a given biomass, such as the Aleppo pine husk residue, for example,
the activation energy can vary from 65.80 to 197.08 kJ·mol−1 depending on the used method. For this
biomass, the highest average activation energy (190 kJ·mol−1) was estimated by the KAS and DAEM
methods. The Kissinger method yields to an activation energy close to that of cellulose calculated by
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the NLSM method. For all biomasses, the activation energy remains between 150 and 200 kJ·mol−1

except for the Coats–Redfern method, where this value is in the range of 50–100 kJ·mol−1. Therefore,
it is important to have a means of recommending the most appropriate method for the determination
of kinetic parameters.

Keywords. Biomass, Pyrolysis, Thermogravimetric analysis, Kinetic parameters, Bio-oil.

1. Introduction

The incessant increase for energy demand and the
important widespread of environmental pollution in
relation with the depletion of fossil fuels has stressed
the need for a green transition to renewable energy
resources [1]. Green energy sources are considered
as the best alternative to fossil fuels use. Green en-
ergy can meet the world’s energy demands and re-
duce greenhouse gas emissions and air pollution. As
regards the utilization of alternative energy sources,
the use of agricultural residues and organic wastes
as biomass is a major challenge for the future and
has attracted much attention. Biomass is an inex-
haustible source and can exist over wide geograph-
ical regions in contrast to fossil fuels. Biomass has
also a low impact on the environment due to its
low sulphur and nitrogen contents [2,3]. By the year
2050, the the use of biofuel and green electricity from
biomass is expected to be approximately 38% and
17%, respectively [4].

Various agricultural residues are essentially com-
posed of holocellulose (cellulose and hemicellulose)
and lignin. These residues have high heating values
(HHV) [5–7]. The thermochemical conversion pro-
cess is one of the best and favoured methods for
the turning of biomass into biofuels due to their
high energy values under acceptable thermal condi-
tions [8,9]. Among these thermochemical conversion
processes, pyrolysis has received special attention
since it produces solid, liquid and gaseous products
that could be recovered by different techniques [10].
The selection of a suitable recovery strategy depends
strongly on the physical and chemical characteristics
of the feedstock [10].

The climate conditions in the Mediterranean
basin contribute to its diverse forests and natural
and agricultural resources and consequently affect
the variety of agricultural residues. Olive trees, palm
trees and wheat fields are the major agricultural
products in this region. Cistus monspeliensis and
Aleppo pine trees are two of the most abundant nat-
ural species in the Mediterranean basin. The olive

trees are essentially cultivated in the Mediterranean
region. They are present in all the regions border-
ing the Mediterranean area from Madeira and the
Canaries to Arabia and Mesopotamia. Spain is the
world’s leading producer and exporter of olive oil
and table olives. It also has the largest area of olive
groves and the largest number of olive trees. More-
over, it is estimated that the number of date palm
trees worldwide is about 105 million [11]. This num-
ber explains the global production of dates, which
has undergone considerable expansion over the
past decade, increasing from 6 million in 2004 to
approximately 7.5 million tons in 2009 [12]. Egypt
is the leading producer and Tunisia is the leading
exporter of dates [13]. Regarding Aleppo pine trees,
palaeogeography studies show that it is indeed North
Mediterranean. It remains mainly native to semi-arid
Mediterranean climate, and it is considered as a typ-
ical fruit in the French Mediterranean basin [14].
C. monspeliensis is mainly native to Spain and the
Mediterranean Rim; it has the characteristics of easy
regeneration and multiplying even after fires.

Several investigations have examined the char-
acterization and the pyrolysis of various lignocel-
lulosic materials such as palm kernel shells, corn
cob, peanut shell, coffee husk [15], spent coffee
grounds [16], Posidonia oceanica [17], kenaf stems
[18] and grape marc [19]. Although the energy val-
orization values of olive [20,21], date waste [4,22,23],
wheat straw [24,25] and Aleppo pine husks [26–28]
are found in the literature, no information is avail-
able about the determination of reaction kinetics of
C. monspeliensis using thermogravimetric analysis
(TGA).

The biomass reactivity is often dependent on the
content of holocellulose and lignin, the average size
of the pellet and the presence of minerals [13].

It is well known that the distribution of the prod-
uct of biomass pyrolysis varies according to operat-
ing conditions [29–33] and the nature of the biomass.
Imam and Capered [34] examined the effect of tem-
perature from 400 to 600 °C on the yield of pyrolytic
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products of switchgrass and found that an increase
in the pyrolysis temperature led to an increase in
the bio-oil and gas yields and a decrease in the the
biochar yield. The optimization of this process there-
fore requires a better knowledge of the thermal and
kinetic behaviour of biomass pyrolysis on the one
hand and the characteristics of pyrolysis products
on the other [22,35–37]. The chemical valorization
of bio-oil as a source of acids and sugars has been
applied in the chemical industry. Acetic acid can be
used in various industrial applications for the pro-
duction of drugs, dyes and textures, while levoglu-
cosan finds application in the pharmaceutical field
such as in the synthesis of antibiotics. Phenol has
various useful applications as an important chemi-
cal compound. Phenolic resins and caprolactam, for
example, are used in nylon and synthetic fibres, and
in the production of adhesives [38].

Several methods of biomass valorization can be
found in the literature. The present work aims to
study the production of a second-generation biofuel
that can replace a conventional fuel such as gasoline
or diesel by the pyrolysis of different biomasses.

The main objective of this study is to present a de-
tailed characterization of some important parame-
ters of pyrolysis reaction such as temperature, kinet-
ics and product composition, which are required for
the design of processes for thermochemical valoriza-
tion. The pyrolysis of five biomasses of different ori-
gin (C. monspeliensis, olive and date kernels, Aleppo
pine husks and wheat straw) was carried out in a ther-
mogravimetric analyser.

2. Materials and methods

2.1. Biomasses

Five different biomasses were used in this work:

• C. monspeliensis (CM): This wild shrub is of-
ten found in Mediterranean forests and espe-
cially in southern Europe and North Africa.
This plant can be a potential source of energy
in mountainous and remote areas.

• Olive and date kernels (OK and DK, respec-
tively): Olives are a typical Mediterranean
product. They grow especially in the south of
Europe and the north of Africa.

• Aleppo pine husks (APH) or Pinus halepensis:
This is a type of woody biomass available in

mountainous areas of Mediterranean coun-
tries.

• Wheat straw (WS): This is one of the
most abundant agricultural residues in the
Mediterranean region.

2.2. Sample preparation and characterization

After drying and crushing, the samples were sieved
to an average size of 200 µm to avoid any con-
straints in heat and mass transfer according to the
recommendations of Van de Velden et al. [39]. The
characterization of the different biomass samples
based on proximate and ultimate composition. For
all of the samples, humidity was evaluated to 4%. The
TGA was also used to conduct the proximate analy-
sis following the process given by Garcia et al. [40].
This process involved carrying out pyrolysis and then
a combustion of the sample (see Supporting Infor-
mation for protocol details). The ultimate analysis
was conducted using a CHNS analyser. A Parr bomb
calorimeter (model 1356) was used for the determi-
nation of the calorific values of biomasses (HHV).

2.3. Experimental methods and modelling

The TGA is a useful tool for a wide variety of studies,
including kinetic and thermal degradation of com-
plex chemicals [41,42]. An SDT/Q6000-TA analyser
was used for thermogravimetric experiments, which
were carried out at different heating rates ranging
from 2 to 40 °C·min−1 under a nitrogen flowrate of
50 mL·min−1 and at atmospheric pressure. This gas
flowrate allows a similar residence time of vapour py-
rolysis in the laboratory-scale reactor (approximately
10 min). The weight of the initial samples was in the
range of 5±0.5 mg. The samples were introduced into
the analyser at ambient temperature and then heated
to 600 °C.

2.4. Thermal and kinetic study

The thermal pyrolysis of the biomass is usually ex-
pressed by the general equation

dα

dt
= k(t ) f (α), (1)

where k is the kinetic rate constant and f is the kinetic
model function.
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Table 1. Ultimate and proximate analysis and HHV of the studied biomasses

Sample C (%) H (%) O (%)(1) VM (%)(2) FC (%)(3) Ash (%) HHV (MJ·kg−1)(4)

CM 46.46 5.87 47.67 72.38 26.17 1.45 19.20

OK 45.56 5.8 48.64 75.42 23.79 0.79 20.86

APH 47.6 5.75 46.65 72.10 26.90 1.00 20.34

WS 47.35 5.74 46.91 70.44 28.83 0.74 19.10

DK 45.22 6.47 48.31 70.22 28.64 1.13 20.64

(1) Oxygen content was calculated by difference; (2) volatile matter fraction; (3) fixed
carbon; (4) high heating value.

The conversion rate α is calculated based on the
mass loss of the sample:

α= 1− mT −m f

m0 −m f
, (2)

where m0 and m f are the weights of the sample at the
beginning and the end of the experiments, respec-
tively, and mT is the mass at temperature T.

The Arrhenius equation shows the dependence of
the temperature and the rate constant as follows:

k(T ) = A·exp

(
− Ea

RT

)
, (3)

where A is the pre-exponential factor, Ea represents
the activation energy, and R denotes the ideal gas
constant.

The kinetic model function mostly used [43] for
biomass pyrolysis is

f (α) = (1−α)n , (4)

where n denotes the reaction kinetic order.
Combining Equations (1), (3) and (4), leads to

dα

dt
= A·exp

(
− Ea

RT

)
(1−α)n . (5)

It should be noted that the first order is usually
considered for the pyrolysis of biomass [44,45]. The
first order was considered in the present work, and
several methods were used to determine the pre-
exponential constants and the activation energies of
the pyrolysis of five biomasses.

2.4.1. Kissinger method

The Kissinger relation [46] is widely used for solid
and liquid decomposition under nonisothermal con-
ditions. For biomass decomposition, the pyrolysis re-
action is considered as a single reaction that pro-
duces bio-oil, gas and char. The Kissinger relation
can be simplified as follows:

ln

(
β

T 2
m

)
=− Ea

RTm
+ ln

(
AR

Ea

)
, (6)

whereβ represents the heating rate and Tmax denotes
the maximum temperature of the dα/dt curve re-
lated to the maximum reaction rate.

2.4.2. Kissinger–Akahira–Sunose method (KAS)

Isoconversional methods are widely used for
studying kinetic parameters [47] and are recognized
as the most appropriate approach for calculating
the activation energy of reactions. These methods
assume that the mechanism of biomass pyrolysis in-
volves infinitely independent and parallel reactions
with different kinetic rate constants and activation
energies [48]. The KAS method is the most widely
used approach for studying biomass pyrolysis kinet-
ics in the literature [49]. After rearrangement and
integration of (5), the KAS process can be written as:

ln

[
β

T 2
α

]
= ln

[
AαR

Eαg (α)

]
− Eα

RTα
, (7)

where Aα and Eα are the pre-exponential factor and
activation energy, respectively, for a given conversion
rate, R is the gas constant and g is a complex integral
function.

The plot of ln[βi /T 2
α,i ] versus 1/T for a given value

of the conversion rate (α) yields a straight line. The
slope of this line is used for determining the activa-
tion energy. Due to the complexity of the function g
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(relation (7)), the Kissinger relation is combined with
the KAS method to determine the pre-exponential
factor Aα.

2.4.3. Coats–Redfern method

This is a fitting method that is based on opti-
mization of the order of the reaction, pre-exponential
factor and activation energy. This method is well
described in the literature [50,51]. However, in the
present case, the first order was already assumed
for biomass pyrolysis as discussed above. The Coats–
Redfern relation [52] is:

ln

∣∣∣∣ ln(1−α)

T 2

∣∣∣∣= ln

[
AR

βEa

(
1− 2RT

Ea

)]
− Ea

RTa
. (8)

The ln | ln(1−α)/T 2| plot of (8) versus the inverse
of temperature gives a straight line whose slope is
−Ea/R. Equation (8) is applied in the temperature
range [Ti , T f ] for different heating rates. In the liter-
ature, the term 2RT /Ea is usually neglected in rela-
tion (8) [53]. The parameters Ea and A are calculated
as average values based on different heating rates.

2.4.4. Distributed activation energy model (DAEM)

DAEM is the most recent method. It is based on
the same principle as the KAS method: the distribu-
tion of activation energies. In general, a Gaussian-
type distribution function is considered. Miura [54]
developed a derivative equation that is simple to use
and gives the same results as the real DAEM. The re-
lation used by Miura is the following:

ln

∣∣∣∣ βT 2

∣∣∣∣= ln

(
AR

Ea

)
+0.6075− Ea

RTa
. (9)

As described for the KAS method, this method re-
quires plotting a straight line and then calculating the
kinetic parameters.

2.4.5. Fitting method based on nonlinear least-
squares minimization (NLSM)

This method is based on the minimization of er-
ror between the differential thermogravimetry (DTG)
curves from the experiment and the curves estimated
and optimized from the kinetic parameters (Ea and
A). This method has also been compared to a method
based on genetic algorithms [55], which in turn is

based on the optimization of the following numeri-
cal system:

dα j

dt
= A j ·exp

(
−

Eα j

RT

)
(1−α j )n j , j = 1,2 and 3

dαtot

dt
=

3∑
j=1

x j
dα j

dt
,

t = 0, αtot = 0, α j = 0,
3∑

j=1
x j = 1.

(10)
Here, x j represents the evolution of the mass fraction
of three biopolymers.

The convergence criterion is defined as

S =
T f∑

T=T0

((
dαtot

dt

)
exp

−
(

dαtot

dt

)
sim

)2

. (11)

3. Results and discussion

3.1. Characterization of biomass products

Despite the different origins of biomasses, their ulti-
mate and proximate analyses and HHVs show close
values (Table 1). The analysis of mineral content in
each sample is carried out using inductively coupled
plasma atomic emission spectroscopy. According to
these analyses, the major minerals in biomasses are
K, Ca, Al, Na and Mg in different amounts (see Table
S.1, Supporting Information).

3.2. Evaluation of thermal degradation and ki-
netic parameters

3.2.1. Evaluation of thermal degradation parameters

The kinetic derivative (dα/dt ) for the five samples,
at a heating rate of 10 °C·min−1 is shown in Figure 1.
During pyrolysis, the weight loss associated with
moisture evaporation occurs between room temper-
ature and approximately 150 °C [56]. Above this tem-
perature, the thermal degradation of the biomass
samples shows three successive stages representing
the decomposition of three biopolymers: hemicellu-
lose, cellulose and lignin [57]. The temperature and
the intensity of each of these steps (the shoulder or
peak of the dα/dt curve) depend on the biomass and
its biopolymer composition.

At a medium heating rate of 10 °C·min−1, the de-
volatilization of CM, DK, APH, WS and OK starts at

C. R. Chimie, 2020, 23, n 11-12, 623-634
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approximately 210 °C, 174 °C, 200 °C, 171 °C and
215 °C (Ti or Tonset) and ends at 395 °C, 463 °C,
405 °C, 375 °C and 400 °C (T f ), respectively. These
temperatures correspond to the initial temperature
(Ti or Tonset) and the final temperature (T f ) of the
pyrolysis reaction, respectively. The observed differ-
ences between these temperatures can be attributed
to the biomasses composition in terms of holocellu-
lose and lignin fractions as well as their mineral con-
tents [8,45].

The lowest initial temperature for biomass py-
rolysis is 160 °C, which is exhibited for the WS py-
rolysis at a heating rate of 2 °C·min−1. The highest
final temperature (T f ) is approximately 495 °C and
observed for the DK pyrolysis at a heating rate of
40 °C·min−1 (see Table S.2). It should be noted that
Ti and T f increase with the increase of the used
heating rate. The major phenomenon that occurs
at this temperature range is the pyrolysis of hemi-
cellulose, cellulose and lignin [58]. It can be ob-
served from the dα/dt curves in Figure 1 that in
this range, the thermal degradation of biomasses
consists of several overlapping steps. The first
overlapping shoulder in the dα/dt curve repre-
sents the devolatilization of hemicellulose, whereas
the second shoulder corresponds to cellulose de-
volatilization at Tmax [55]. The last shoulder, which
also overlaps, corresponds to the decomposition
of lignin at high temperatures. The temperature at
which the decomposition rate of biomass is max-
imum is denoted by Tmax. At a heating rate of
10 °C·min−1, it was determined to 359, 296, 344,
322 and 330 °C for the CM, DK, APH, WS and OK
samples, respectively, (see Table 2). The maximum
rates Rmax (expressed in %·min−1) of weight loss are
as follows—DK: 1.58 > APH: 1.42 > OK: 1.26 > CM:
0.98 > WS: 0.73. The differences in the maximum
rate and Tmax are usually due to the reactivity of the
biomass; the more volatile the matter, the more re-
active the biomass. The evolution of the above-cited
temperatures (Ti , T f and Tmax) and the maximum
pyrolysis rates with heating rate for the different sam-
ples based on principal component analysis (PCA) is
shown in Figure 2 [59].

As shown in Figure 2(a), a strong linear correlation
can be observed between the maximum rate Rmax

and the heating rate β on the one hand and between
Tmax and Ti on the other. Figure 2(b) shows a global
comparison of the different thermal parameters (Ti ,

Figure 1. Kinetic rate curves of the studied
biomasses (β= 10 °C·min−1).

T f and Tmax and Rmax) for the different biomasses.
This figure provides information about the similar-
ity of biomass behaviour with respect to the differ-
ent parameters depicted in Figure 2(a). The index be-
hind each biomass name in Figure 2(a) represents the
value of the heating rate (°C·min−1).

The parallel profiles show that globally the heat-
ing rate has the same influence on the behaviour
of all biomasses. By combining Figures 2(a) and (b),
a different behaviour can be observed between CM
and DK. This can be confirmed by a comparative
analysis of the different characteristics listed in Ta-
ble S.2 and more particularly in relation to Tmax and
Ti . On the other hand, the profiles of the APH and
OK biomasses almost overlie each other and their be-
haviours are almost similar. Finally, the WS biomass
exhibits an average behaviour between the different
biomasses. This difference in behaviour can signifi-
cantly influence the design of the pyrolysis process.

3.2.2. Evaluation of kinetic parameters

The Kissinger, KAS and Coats–Redfern methods
are used in this work in order to determine the kinetic
parameters. The linear correlation coefficients are
high for all the methods used. In fact, in the Kissinger
method, the coefficient of correlation varies between
0.995 and 0.999, confirming the existence of a strong
linearization of the experimental points as shown in
Figure 3.

Figure 4 shows a plot of the CM sample accord-
ing to the Coats–Redfern method at different heat-
ing rates. The correlation coefficient for the Coats–
Redfern method also remains high; it varies between

C. R. Chimie, 2020, 23, n 11-12, 623-634
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Table 2. Temperatures and maximum pyrolysis conversion rates of the studied biomasses at a heating
rate of 10 °C·min−1

Biomass materials Ti (°C) Tmax (°C) T f (°C) Rmax (%·min−1)

CM 210 359 395 0.98

DK 174 296 463 1.58

APH 200 344 395 1.42

WS 171 322 375 0.73

OK 215 330 400 1.26

Rmax is the maximum rate of pyrolysis.

Figure 2. Behaviours of different characteristic temperatures and the maximum conversion rates of the
studied biomasses according to PCA.

0.926 and 0.990.

For the KAS method, the coefficient of correlation
varies between 0.955 and 0.986 for conversion rates
between 0.05 and 0.8. Above this conversion rate, lin-
earization cannot be ensured in the KAS method, and
the correlation coefficient drops to values between
0.4 and 0.8. Figure 5(a) shows a plot of the CM sample
according to the KAS relation.

The plot of the different biomass samples accord-
ing to the Coats–Redfern and KAS methods for differ-
ent heating rates are given in Supporting Information
(Figures S.1 and S.2 and Table S.4).

As reported in previous works, the Flynn–Wall–
Ozawa (FWO) approach, which is another isoconver-

sional method, can yield almost the same results as
the KAS method. Table 4 summarizes all kinetic pa-
rameters for the different biomasses using the four
methods mentioned above.

For the DAEM method, the biomasses have a close
distribution. Furthermore, the curve trend of this dis-
tribution is very similar to that of the one estimated
by the KAS method (Figure 6). However, the values of
the corresponding activation energies were different.
Moreover, at a high conversion rate, this method gen-
erates aberrant activation energy values similarly to
those calculated by the KAS method.

For the NLSM method, the determination of the
kinetics of the pyrolysis reaction is based on the eval-

C. R. Chimie, 2020, 23, n 11-12, 623-634
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Table 3. Cellulose, hemicellulose and lignin kinetic parameters for the studied biomasses according to
the NLSM method

Cellulose Hemicellulose Lignin

OK
ln(A) (s−1) 15.15 10.46 1.84

Ea (kJ/mol) 195.98 132.96 60.34

CM
ln(A) (s−1) 11.25 10.14 2.16

Ea (kJ/mol) 165.20 135.69 65.65

APH
ln(A) (s−1) 10.99 8.79 2.31

Ea (kJ/mol) 154.50 118.60 68.15

WS
ln(A) (s−1) 10.99 7.73 1.90

Ea (kJ/mol) 148.10 101.48 60.86

DK
ln(A) (s−1) 11.02 15.89 1.06

Ea (kJ/mol) 154.85 193.85 53.87

Figure 3. Kinetic plots of the studied
biomasses by the Kissinger method.

Figure 4. Kinetic plots of the studied
biomasses by the Coats–Redfern method.

Figure 5. (a) Kinetic plots and (b) activation
energy evolution versus the conversion rates of
the studied biomasses according to the KAS
method.

C. R. Chimie, 2020, 23, n 11-12, 623-634
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Figure 6. Activation energy evolution versus
the conversion rates of the studied biomasses
according to the DAEM method.

uation and optimization of the kinetic parameters of
the three biopolymers that constitute the biomass:
cellulose, hemicellulose and lignin. From the kinet-
ics of these three polymers, the overall biomass DTG
curve can be reconstructed, which represents the py-
rolysis reaction rate. The kinetic parameters are cal-
culated from the DTG curves of the different heating
rates and are presented in Table 3. Figure 7 shows ex-
perimental and modelled DTG curves superposed for
a heating rate of 2 °C/min. As shown in this figure, the
algorithm is able to reconstruct the DGT curve but
only with a certain gap especially at the level of tran-
sition from one biopolymer to another (particularly
for the biomasses CM and DK).

3.2.3. Discussion

Generally, the optimum temperature used for
biomass pyrolysis is in the range 450–550 °C for in-
creasing the bio-oil yield. As it can be seen from
Table 2, this temperature range is higher than the
characteristic temperatures estimated through TGA
measurements (Ti , T f and Tmax). Theoretically, the
Tmax obtained by TGA is useful and essential for the
design of pyrolysers. In fact, at this temperature (be-
tween 296 and 359 °C according to this work), the
kinetic rate of pyrolysis is the highest. This allows
better optimization of both the residence time of
the biomasses’ particles in the reactor and its energy
consumption. Nevertheless, this parameter is often
neglected in the biomass pyrolysis for the reasons
mentioned above (bio-oil yield). In the literature,
thermal characteristics are often used to compare

the reactivity of different biomasses or their chars.
Some authors have even defined new parameters
based on these temperatures to compare the reactiv-
ity of biomasses [8]. Besides this advantage, Ti and
T f are usually used to limit the temperature interval
for kinetic studies.

As shown in Table 4, the kinetic methods, espe-
cially the Coats–Redfern method, generate some dif-
ferences in the values of the activation energy and
the pre-exponential factor. According to the litera-
ture, the Kissinger method is the oldest and the most
widely used approach for kinetic determination by
TGA. It was initially developed for monomolecular
substances. However, as the biomass is composed of
three complex biopolymers (cellulose, hemicellulose
and lignin), the use of the Kissinger relation might
lead to errors.

The KAS and DAEM methods are very useful
methods for kinetic determination using TGA curves,
but they have some limitations particularly at high
temperatures, where the accuracy of the weight no-
tably decreases due to the low mass present in the
thermobalance. Above a conversion rate of 0.75, the
activation energy is either very high or very low, and
it has no physical significance (Table S.3). The aver-
age activation energy is therefore calculated based
on conversion rates between 0.05 and 0.75. Despite
the differences in the origins of the biomass samples
and their varying values of Ti , Tmax and T f , the KAS,
Kissinger and DAEM methods provide close activa-
tion energies for the different samples.

The Coats–Redfern method provides activation
energies in the range of 54.81–76.77 kJ·mol−1. They
are much lower than those ones given in the litera-
ture (Table 4).

Contrary to the NLSM method, it is difficult to
compare the kinetic parameters of the different
biopolymers directly with the estimated values ob-
tained when using the other four methods men-
tioned above. The advantage of this method is repro-
duction accuracy of the DTG curves and hence of the
conversion rates as a function of temperature.

Figure 8 shows the evolution of activation energies
calculated by different methods for the APH biomass.
The KAS and DAEM methods exhibit an activation
energy distribution almost overlying each other. The
average activation energy estimated by these two
methods is the highest (approximately 190 kJ·mol−1).
The Kissinger method produces an activation energy
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Figure 7. Experimental and modelling DTG curves of the studied biomasses according to the NLSM
method at heating rate of 2 °C·min−1.

Table 4. Comparison of the assessed kinetic parameters of the studied biomasses with the literature
(Ea in kJ·mol−1and A in s−1)

This work Literature

Biomass
Kissinger KAS (α= 0.05–0.75) Coats–Redfern DAEM Kinetic parameters

Method Ref.
Ea A Ea A Ea A Ea A Ea A

CM 169.62 7.37×108 194.16 1.02×1021 73.39 1.27×104 252.04 9.00×20 No data available (N.A.) for this biomass

OK 163.19 1.18×109 193.56 7.09×1020 74.08 1.43×104 184.85 2.68×1015 135.48 2.59×1014 FWO
[20]

130.03

(α= 0.1–0.6)

1.18×1010 KAS

APH 168.74 1.61×109 197.08 6.67×20 65.80 3.23×102 186.63 2.59×1016 253

(α= 0.3–0.9)

N.A. DAEM [60]

WS 159.10 8.64×108 197.27 1.03×1021 54.81 4.57×103 213.89 7.71×1023 130–175

(α= 0.15–0.85)

N.A. FWO [24]

DK 180.41 3.79×1011 190.17 3.48×1021 76.77 1.27×104 208.32 4.66×1019 20.24 1.64×103 Coats–Redfern [22]

192.12 1.12×1014 Kissinger [4]

close to that of cellulose by the NLSM method.
This may be reasonable because the Kissinger
method is dependent on the Tmax of the DTG curve.

In general, this temperature corresponds to cellulose
because it is the major component and the most re-
active biopolymer of the biomass. Moreover, this fig-
ure shows that at a global scale, the activation energy

remains essentially between 150 and 200 kJ·mol−1 ex-
cept for the Coats–Redfern method, where a value of
70 kJ·mol−1 is obtained. This value is close to that
of lignin determined by the NLSM method. Further-
more, hemicellulose generates an average activation
energy of 118 kJ·mol−1.
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Figure 8. Activation energy distribution versus
the conversion rate of the studied biomasses
according to the methods used in this work.

4. Conclusion

Thermal and kinetic studies are carried out for five
different biomasses of Mediterranean origin. Results
highlight the crucial problem of choosing the most
appropriate method for the determination of the cor-
responding kinetic parameters. In addition, differ-
ent temperatures from the TGA curves are usually
neglected in the case of biomass pyrolysis at labora-
tory scale. Despite the different origins of biomasses,
the initial and final ranges of pyrolysis temperatures
are globally 171–215 °C and 375–463 °C, respectively.

Except for the Coats–Redfern method, the esti-
mated values of the activation energy and the pre-
exponential factor are relatively close. It would be
better to validate all these methods by means of a
pilot-scale reactor. The idea is to design a device that
applies the same conditions in the TGA devices (con-
trolled heating rate, controlled residence time of solid
and vapours, etc.). In addition to the kinetic analy-
sis, extensive heat and mass transfer studies are also
required to better understand the biomass pyrolysis
reaction particularly when using biomass pellets. In
further work, a comparison study between the results
from a TGA and a laboratory-scale reactor will be at-
tempted in order to better understand the kinetics of
solid pyrolysis and the possible complementarity be-
tween the two devices.

Greek symbols

α conversion rate (–)

β heating rate (°C·min−1)

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crchim.56 or from the author.

Nomenclature

A pre-exponential factor (s−1)

APH Aleppo pine husk biomass

Aα pre-exponential factor at a given con-
version rate (s−1)

CM Ciste of Montpellier biomass

DAEM distributed activation energy model

DK date kernel biomass

DTG differential thermogravimetry

Ea activation energy (kJ·mol−1)

Eα activation energy at a given conver-
sion (kJ·mol−1)

f kinetic model function

FID flame ionization detector

FWO Flynn–Wall–Ozawa

g complex integral function

HHV high heating value (MJ·kg−1)

k rate constant (s−1)

KAS Kissinger–Akahira–Sunose model

m0 initial mass (kg)

m f final mass (kg)

mT mass at temperature T (kg)

n reaction order (–)

NLSM nonlinear least-squares minimization

OK olive kernel biomass

R gas constant (8.314 J·K−1·mol−1)

Rmax maximum reactivity (%·min−1)

T temperature (°C)

T f final temperature (°C)

TGA thermogravimetry analysis

Ti initial temperature (°C)

Tmax maximum temperature (°C)

Tα temperature at a given conversion

WS wheat straw biomass

References

[1] C. Quan, N. Gao, Q. Song, J. Anal. Appl. Pyrol., 2016, 121, 84-
92.

C. R. Chimie, 2020, 23, n 11-12, 623-634

https://doi.org/10.5802/crchim.56
https://doi.org/10.5802/crchim.56


634 Nourelhouda Boukaous et al.

[2] A. V. Bridgwater, G. Grassi, Biomass Pyrolysis Liquids Up-
grading and Utilization, Springer Science & Business Media,
Switzerland GA, 2012.

[3] R. F. Probstein, R. E. Hicks, Synthetic Fuels, Courier Corpora-
tion, Mineola, New York, USA, 2006.

[4] S. S. Idris, N. A. Rahman, K. Ismail, A. B. Alias, Z. A. Rashid,
M. J. Aris, Bioresour. Technol., 2010, 101, 4584-4592.

[5] I. Boumanchar, K. Charafeddine, Y. Chhiti, F. E. M. Alaoui,
A. Sahibed-dine, F. Bentiss, C. Jama, M. Bensitel, Biomass
Convers. Biorefin., 2019, 1-11.

[6] J. K. Odusote, A. A. Adeleke, O. A. Lasode, M. Malathi,
D. Paswan, Biomass Convers. Biorefin., 2019, 1-9.

[7] N. Worasuwannarak, T. Sonobe, W. Tanthapanichakoon,
J. Anal. Appl. Pyrol., 2007, 78, 265-271.

[8] S. Munir, S. Daood, W. Nimmo, A. Cunliffe, B. Gibbs, Bioresour.
Technol., 2009, 100, 1413-1418.

[9] X. Zhang, M. Xu, R. Sun, L. Sun, J. Eng. Gas Turb. Power, 2006,
128, 493-496.

[10] I. Ghouma, M. Jeguirim, C. Guizani, A. Ouederni, L. Limousy,
Waste Biomass Valor., 2017, 8, 1689-1697.

[11] B. Agoudjil, A. Benchabane, A. Boudenne, L. Ibos, M. Fois,
Energy Build., 2011, 43, 491-497.

[12] Y. El may, M. Jeguirim, S. Dorge, G. Trouvé, R. Said, Energy,
2012, 44, 702-709.

[13] A. Rhouma, Le palmier dattier en Tunisie, le patrimoine géné-
tique, vol. II, Rome, Italie, IPGRI, 2005.

[14] V. Mure, “Qui est vraiment ce pin d’Alep qui
barbouille nos paysages méditerranéens ”,
https://www.botanique-jardins-paysages.com/
ce-pin-dalep-qui-barbouille-nos-paysages-mediterraneens/,
2020.

[15] M. Jeguirim, J. Bikai, Y. Elmay, L. Limousy, E. Njeugna, Energy
Sustain. Dev., 2014, 23, 188-193.

[16] M. Jeguirim, L. Limousy, P. Dutournie, Chem. Eng. Res. Des.,
2014, 92, 1876-1882.

[17] M. Jeguirim, Y. Elmay, L. Limousy, M. Lajili, R. Said, Environ.
Prog. Sustain. Energy, 2014, 33, 1452-1458.

[18] B. Khiari, I. Ghouma, A. I. Ferjani, A. A. Azzaz, S. Jellali,
L. Limousy, M. Jeguirim, Fuel, 2020, 262, article no. 116654.

[19] B. Khiari, M. Jeguirim, Energies, 2018„ 11, article no. 730.
[20] K. A. B. Alrawashdeh, K. Slopiecka, A. A. Alshorman, P. Bar-

tocci, F. Fantozzi, JEPE, 2017, 11, 497-510.
[21] M. Jeguirim, A. Chouchène, A. F. Réguillon, G. Trouvé,

G. Le Buzit, Resour. Conserv. Recycl., 2012, 59, 4-8.
[22] H. H. Sait, A. Hussain, A. A. Salema, F. N. Ani, Bioresour. Tech-

nol., 2012, 118, 382-389.
[23] Y. Elmay, G. Trouvé, M. Jeguirim, R. Said, Fuel Process. Tech-

nol., 2013, 112, 12-18.
[24] J. Cai, L. Bi, J. Therm. Anal. Calorim., 2009, 98, 325-330.
[25] S. C. Peterson, M. A. Jackson, Ind. Crops Prod., 2014, 53, 228-

235.
[26] M. Statheropoulos, S. Liodakis, N. Tzamtzis, A. Pappa, S. Kyri-

akou, J. Anal. Appl. Pyrol., 1997, 43, 115-123.
[27] A. P. Dimitrakopoulos, J. Anal. Appl. Pyrol., 2001, 60, 123-130.
[28] S. Liodakis, D. Bakirtzis, A. P. Dimitrakopoulos, Thermochim.

Acta, 2003, 399, 31-42.
[29] A. Galadima, O. Muraza, Energy Convers. Manage., 2015, 105,

338-354.

[30] T. Kan, V. Strezov, T. J. Evans, Renew. Sust. Energ. Rev, 2016, 57,
1126-1140.

[31] S. W. Kim, J. Anal. Appl. Pyrol., 2016, 117, 220-227.
[32] M. Morin, S. Pécate, M. Hémati, Y. Kara, J. Anal. Appl. Pyrol.,

2016, 122, 511-523.
[33] A. M. Zmiewski, N. L. Hammer, R. A. Garrido, T. G. Misera,

C. G. Coe, J. A. Satrio, Energy & Fuels, 2015, 29, 5857-5864.
[34] T. Imam, S. Capareda, J. Anal. Appl. Pyrol., 2012, 93, 170-177.
[35] S. Daneshvar, F. Salak, K. Otsuka, Int. J. Chem. Eng. Appl., 2012,

3, no. 4, 256-263.
[36] M. Jeguirim, S. Dorge, G. Trouvé, R. Said, Energy, 2012, 44,

702-709.
[37] K. Lazdovica, V. Kampars, L. Liepina, M. Vilka, J. Anal. Appl.

Pyrol., 2017, 124, 1-15.
[38] E. Lazzari, T. Schena, C. T. Primaz, G. P. da Silva Maciel, M. E.

Machado, C. A. L. Cardoso, R. A. Jacques, E. B. Caramão, Ind.
Crops Prod., 2016, 83, 529-536.

[39] M. Van de Velden, J. Baeyens, A. Brems, B. Janssens, R. Dewil,
Renew. Energy, 2010, 35, 232-242.

[40] R. García, C. Pizarro, A. G. Lavín, J. L. Bueno, Bioresour. Tech-
nol., 2013, 139, 1-4.

[41] S. Dorge, M. Jeguirim, G. Trouvé, Waste Biomass Valorizat.,
2011, 2, 149-155.

[42] J. J. M. Orfão, F. J. A. Antunes, J. L. Figueiredo, Fuel, 1999, 78,
349-358.

[43] M. V. Gil, D. Casal, C. Pevida, J. J. Pis, F. Rubiera, Bioresour.
Technol., 2010, 101, 5601-5608.

[44] A. Anca-Couce, A. Berger, N. Zobel, Fuel, 2014, 123, 230-240.
[45] M. G. Grønli, G. Várhegyi, C. Di Blasi, Ind. Eng. Chem. Res.,

2002, 41, 4201-4208.
[46] H. E. Kissinger, Anal. Chem., 1957, 29, 1702-1706.
[47] N. E. Gordina, V. Y. Prokof’ev, N. N. Smirnov, A. P. Khramtsova,

J. Phys. Chem. Solids, 2017, 110, 297-306.
[48] K. Mansaray, A. Ghaly, Energy Sources, 1999, 21, 773-784.
[49] A. Chandrasekaran, S. Ramachandran, S. Subbiah, Bioresour.

Technol., 2017, 233, 413-422.
[50] A. Álvarez, C. Pizarro, R. García, J. L. Bueno, A. G. Lavín, Biore-

sour. Technol., 2016, 216, 36-43.
[51] S. Y. Yorulmaz, A. Atimtay, “Investigation of combustion ki-

netics of five waste wood samples with thermogravimetric
analysis”, in Survival and Sustainability: Environmental Con-
cerns in the 21st Century (H. Gökçekus, U. Türker, J. W. LaM-
oreaux, eds.), Springer, Berlin, Heidelberg, 2011, 511-520.

[52] A. W. Coats, J. P. Redfern, Nature, 1964, 201, 68-69.
[53] M. A. Islam, M. Auta, G. Kabir, B. H. Hameed, Bioresour. Tech-

nol., 2016, 200, 335-341.
[54] K. Miura, T. Maki, Energy Fuels, 1998, 12, 864-869.
[55] L. Abdelouahed, S. Leveneur, L. Vernieres-Hassimi, L. Balland,

B. Taouk, J. Therm. Anal. Calorim., 2017, 129, 1201-1213.
[56] S.-S. Kim, J. Kim, Y.-H. Park, Y.-K. Park, Bioresour. Technol.,

2010, 101, 9797-9802.
[57] L. Wilson, W. Yang, W. Blasiak, G. R. John, C. F. Mhilu, Energy

Convers. Manage., 2011, 52, 191-198.
[58] H. Yang, R. Yan, H. Chen, D. H. Lee, C. Zheng, Fuel, 2007, 86,

1781-1788.
[59] N. Boukaous, L. Abdelouahed, M. Chikhi, A.-H. Meniai,

C. Mohabeer, T. Bechara, Energies, 2018, 11, article no. 2146.
[60] M. Navarro, R. Murillo, A. Mastral, N. Puy, J. Bartroli, AIChE J.,

2009, 55, 2700-2715.

C. R. Chimie, 2020, 23, n 11-12, 623-634

https://www.botanique-jardins-paysages.com/ce-pin-dalep-qui-barbouille-nos-paysages-mediterraneens/
https://www.botanique-jardins-paysages.com/ce-pin-dalep-qui-barbouille-nos-paysages-mediterraneens/

	1. Introduction
	2. Materials and methods
	2.1. Biomasses
	2.2. Sample preparation and characterization
	2.3. Experimental methods and modelling
	2.4. Thermal and kinetic study
	2.4.1. Kissinger method
	2.4.2. Kissinger–Akahira–Sunose method (KAS)
	2.4.3. Coats–Redfern method
	2.4.4. Distributed activation energy model (DAEM)
	2.4.5. Fitting method based on nonlinear least-squares minimization (NLSM)


	3. Results and discussion
	3.1. Characterization of biomass products
	3.2. Evaluation of thermal degradation and kinetic parameters
	3.2.1. Evaluation of thermal degradation parameters
	3.2.2. Evaluation of kinetic parameters
	3.2.3. Discussion


	4. Conclusion
	Greek symbols
	Supplementary data
	Nomenclature
	References



