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� The pyrolysis of regional agro-industrial wastes were studied using TGA analysis.
� The contraction geometry’s model describe the active pyrolysis stage.
� The calculated activation energy values are between 38.96 and 68.99 kJ/mol.
� The kinetic rate is controlled by the physical transformation.
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a b s t r a c t

Pyrolysis characteristics and kinetic study of six regional lignocellulosic wastes (sawdust, marcs, stalks,
peach plum and olive pits) at different heating rates was investigated using thermogravimetric analysis.
The pyrolysis could be divided into three stages, drying, active and passive pyrolysis. The specific location
where the thermal degradation reaction are occurring is called active pyrolysis zone. The samples have
the highest residual weight equal to 35–40% at 603 K, approximately during this stage.
To describe the active pyrolysis behavior, the Coats Redfern and Sharp methods were used. The con-

traction geometry’s model describe this phenomenon, indicating that the degradation rate is controlled
by the resulting reaction interface progress toward the center of the solid.
The activation energy values for the active pyrolysis stage are between 38.96 and 68.99 kJ/mol for all

studied agro-industrial wastes. This parameter increases with the heating rate. This variation can be due
to the kinetic rate of active pyrolysis is controlled by the occurrence of physical transformation the
temperature-dependent which is not mass dependent. The calculated values of pre-exponential factor
were about 2.01 ⁄ 107 and 2.51 ⁄ 1010 s�1. These parameters indicate that the pyrolysis of the studied
wastes similar to other lignocellulosic materials, proving the feasibility of their valorization by pyrolysis.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Most of the world’s energy resources are based on non-
renewable and depleting fossil fuels. This has resulted in increasing
worldwide interest in exploring alternative and renewable fuels,
out of long - term economic, environmental and national security
concerns [1].

From all available energy sources, biomass is gaining impor-
tance due to its abundance and low price. One of the most promis-
ing alternatives for energy from biomass is by conversion to useful
fuels, which can be done either through pyrolysis or gasification
processes [2].

Considering the Cuyo Region, Argentina, one of the most impor-
tant economic activities is the agro-industry, highlighting the wine,
olive, wood and seasonal fruits industries such as peaches and
plum. This sector produces a significant environmental impact in
specific geographical areas because these residues are totally
wasted.

The energy production from biomass can contribute to the
reduction of CO2 emissions, because the same amount of CO2 is
extracted from the atmosphere during the growth period of the
plants as is released by combustion (CO2 balance). On the other
hand, generally, the biomass contents lower nitrogen and sulfur
concentrations comparing with the fossil fuels, contributing to
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smaller pollutant emissions, products of these elements reactions
during the thermal conversion.

Pyrolysis is a fundamental thermochemical conversion process
that can be used to transform biomass directly into gaseous and
liquid fuels. This phenomenon is also an important step in combus-
tion and gasification processes. Thereby, a thorough understanding
of pyrolysis kinetics is vital to the assessment of items including
the feasibility, design, and scaling of industrial biomass conversion
applications [3,4].

In addition, this process can be source of various chemical prod-
ucts [5]. Therefore, research on the pyrolysis process of a ligno-
cellulosic waste, would be beneficial for a better understanding
of the pyrolytic-cracking mechanism and to improve its transfor-
mation and application as bio-fuels, chemical products and bio-
materials. Pyrolysis technologies represents an excellent way of
utilizing lignocellulosic biomass which makes them highly attrac-
tive especially when concerning environmental issues during
energy production. There are various studies on pyrolysis analysis
of different biomass but their properties can significantly influence
both heat transfer and reaction rates such that the optimal operat-
ing conditions are highly variable [6].

Knowledge of the chemical composition, the thermal behavior
and the reactivity of these biomass fuels during pyrolysis, is very
important for the effective design and operation of the thermo-
chemical conversion units, given that solid devolatilization is
always a fundamental step. Thermoanalytical techniques, in partic-
ular thermogravimetric analysis (TGA) and derivative thermo-
gravimetry (DTG), allow to obtain this information in a simple
and straight forward manner. Thermogravimetric analysis (TGA)
is one of the commonly used techniques to study thermal events
during the pyrolysis process of fuel [7–12]. Detailed weight loss
profile during biomass thermal decomposition can be obtained
from this analysis. Non-isothermal methods are generally used
due to it is less difficult to keep a constant heating rate than to
keep an environment at a constant temperature, particularly when
exothermic reactions are involved [6,7].

The pyrolysis of wastes biomass is a chemically complex
process. Because of this complexity, a large number of papers from
the literature assume different approaches to describe the thermal
degradation using TGA analysis and non-isothermal methods
[10–13].

The isoconversional integral and differential models are equa-
tions widely used because they are able to estimate the activation
energy requiring only a mathematical approximation for the tem-
perature dependency [13]. However, when the pre-exponential
factor and reaction order are to be estimated, it is mandatory to
use an approximation for the composition dependency [14]. These
methods have the ability to reveal complexity of the process in the
form of a functional dependence of the activation energy on the
extent of conversion. Application of model-free methods was
highly recommended in order to obtain a reliable kinetic descrip-
tion of the investigated process. The basic assumption of these
models are that the reaction rate for a constant extent of conversion
depends only on the temperature [15]. These models do not require
previous knowledge of the reaction mechanism for biomass ther-
mal degradation. Another advantage of isoconversional approaches
is that the systematic error resulting from the kinetic analysis dur-
ing the estimation of the Arrhenius parameters is eliminated [16].
They can follow either a differential or an integral approach to
the treatment of TGA data [17,18]. Coast Redfern, FWO, Vyazovkin
and Kissinger–Akahira–Sunose (KAS) methods are classified like
integral isoconversional methods. Friedman, Sharp and Friedman-
Reich-Levi models are differential methods [19]. Differential iso-
conversional methods are extremely susceptive to data noise and
can result in important scatter in the resulting derivative curves.
Extensive use of differential techniques has been inhibited because
of the discouraging calculations involved [20,21]. Vyazovkin and
Lesnikovich [22] proposed a methodology wherein a linear relation
that exists between the Arrhenius parameters is used to extract the
frequency factor for a given isoconversional value of Ea [23]. When
Ea depends on a, however, it was found that the integral isoconver-
sional methods use leads to systematic errors [22]. Ea is overesti-
mated, generally, due to error introduced by the truncation of the
additional higher-order terms in Doyle’s approximations [24]. Vya-
zovkin [25] proposed amodification for his isoconversional method
that accounts for the variation in apparent activation energy with
increasing the conversion. However, this modification is an artifact
that in reality conceals the true differential character of the method
[26]. Isoconversional methods are unsuitable for those reaction
schemes containing competing reactions, where the net rate of
reaction depends on changes in temperature, or concurrent reac-
tions that switch which reaction is rate-limiting over the experi-
mental temperature range [27]. Thereby, in heterogeneous
reactions, it is possible that the kinetic rate-controlling event may
be the occurrence of the temperature-dependent physical transfor-
mation which is not mass dependent [28], explaining the variation
of Ea with the heating rate and according the phenomena described
by Tahmasebi et al. [29].

In order to establish a picture of the energy application of these
regional agro-industrial solid wastes (sawdust, marcs, stalks, peach
plum and olive pits), TGA and DTG pyrolysis profiles were deter-
mined under inert atmosphere at different heating rate. To
describe the pyrolysis behavior, the Coats Redfern and Sharp iso-
conversional methods were used [17,30]. The experimental data
were fitted with several model and each one was evaluated with
different statistical parameters. Using the model with the best fit,
the activation energy and pre-exponential factor were calculated
and their variation with the heating rate was evaluated. This study
would be helpful in effective design and operation of thermochem-
ical conversion units fed by different biomass.

2. Experimental

2.1. Materials

This study focused on the pyrolytic behavior of six kinds of lig-
nocellulosic biomasses: peach, plum and olive pits from canneries
and jam -industries, marc and stalk from wineries, and sawdust
from the timber industry. All these industries are located in the
San Juan province, Argentine.

Before the thermogravimetric analysis, the lignocellulosic bio-
mass wastes were milled and sieved and the resulting 0.1–
0.21 mm size fraction was used for the thermogravimetric tests.

The weight loss at 105 �C, ash and organic matter content were
determined according to ASTM standards (ASTM D3173-87, ASTM
D3172-89 (02)) [31,32]. Elemental analysis of the samples was per-
formed using EuroEA3000 elemental analyzer. The results of ele-
mental and ultimate analysis are shown in Table 1. In order to
calculate the high heating value, the correlation proposed by Chan-
niwala and Parikh [33] was used (Table 1):

HHV ½MJ=kg� ¼ 0:3491Cþ 1:1783Hþ 0:1005S� 0:1034O

� 0:0151N� 0:0211A ð1Þ
where C, H, S, O, N and A are the content of carbon, hydrogen, sulfur,
oxygen, nitrogen and ash in the biomass, respectively.

2.2. Thermogravimetric analysis

Thermogravimetric (TG) and derivative thermogravimetric
(DTG) experiments of the powdered samples wastes were carried
out using a TGA-50 Shimadzu microbalance, under nitrogen atmo-



Fig. 1. Scheme of thermogravimetric analyzer.

Table 2
Characteristics of the used equipment in the thermogravimetric analyzer.

Speciation

Maximum temperature 1373 K
Balance type TOP PLAN differential parallel guide
Heating rate ±0.1 a 99.9 K/min
Minimum reading 0.001 mg
Measuring accuracy ±1%
Measurable range (TG) ±500 mg
Measurable range (DTA) ±1000 lv
Mass sample 1 g Max.

Table 1
Results of proximate and elemental analysis (dry basis, weight percentage). Predicted values of high heating values (HHV).

Peach pits Stalk Marc Plum pits Olive pits Sawdust

C (%) 53.01 46.14 52.91 48.95 52.79 44.71
H (%) 5.90 5.74 5.93 1.38 2.57 1.48
N (%) 2.32 6.37 5.41 0.99 1.39 4.20
S (%) 1.88 4.21 5.34 0.27 0.50 0.28
O (%)a 36.89 37.54 30.41 48.41 42.75 49.33
Ash (%, dry basis) 1.30 10.16 8.81 0.73 2.33 1.19
Volatile matter (%, total weight) 79.10 55.84 68.60 77.86 77.25 80.90
Fixed carbon (%, dry basis) 13.90 23.07 21.98 15.55 15.87 11.06
Weight loss at 105 �C (%, total weight) 5.70 7.70 8.38 5.86 4.55 6.85
HHV (MJ/kg) 21.39 12.03 13.31 13.71 17.02 12.19

a By difference.
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sphere. Fig. 1 and Table 2 show a scheme of the used equipment
and its characteristics, respectively. The temperature increases
from ambient temperature (298 K approximately) to 1173 K. This
last temperature guarantees the highest decomposition. The exper-
iments were performed at three different heating rates of 5, 10 and
15 �C/min for each sample. To mitigate the difference of heat and
mass transfer, all samples weight were kept at 12 mg approxi-
mately. The inert gas used for pyrolysis was nitrogen with a flow
rate of 100 mL/min. For each agro-industrial waste and heating
rate, three replications were performed. The correction for the TG
data was done using a blank experiment. The reproducibility of
the experiments was acceptable.

3. Kinetics analysis

For the kinetic analysis, the experimental conversion, a, and
experimental conversion rate (da/dt) were determined through
Eqs. (2) and (3), respectively.
a ¼ mo�m
mo�mf

ð2Þ

da
dt

¼ A exp � E
RT

� �
fðaÞ ð3Þ

where m is the mass of the sample at a given time t; m0 and mf refer
to values at the initial and final mass of samples, A is the pre-
exponential factor, E is the activation energy, R is the universal gas
constant, T is a temperature in Kelvin and f(a) represents function
commonly used for description of biomass thermal decomposition.

For non-isothermal conditions, when the temperature varies
with time with a constant heating rate defined by:

b ¼ dT
dt

ð4Þ

Considering the expression of heating rate, Eq. (3) can be
rewritten as follows:

b
da
dT

¼ Ae
�E
RT fðaÞ ð5Þ

Integrating Eq. (5), the following expression can be obtained:

gðaÞ ¼
Z a

0

da
fðaÞ ¼

A
b

Z T/

0
e�

Ea
RT dT ð6Þ

Eq. (6) can be integrated when the right had side is expanded
into an asymptotic series and higher order terms are ignored:

Ln
gðaÞ
T2 ¼ Ln

AR
Eab

AEa
Eab

� 1� 2RT
Ea

� �� �
� Ea
RT

ð7Þ

The term 2RT/Ea can be neglected since it is much less than
unity for the thermal decomposition of lignocellulosic materials.
Plotting the left hand side of Eq. (7), which includes Ln gðaÞ

T2
versus

1/T, gives E and A from the slope and intercept respectively.
Coast Redfern, and Sharp methods are applied [17,30]. Table 3

lists several reaction models (f(a) and g(a)) used in this work to
describe biomass thermal decomposition.

3.1. Model validation

In order to predict the active pyrolysis behavior, the second
peak of DTG curves was considered in all cases. The fitting of the
experimental data of g(a) and f(a) versus temperature for to the
proposed models (Table 3) was performed by means of the
Marquardt-Levenberg [34] algorithm, using Data Fit 9.1 software.
To estimate the E and A parameters, least squares nonlinear regres-
sion was used.

The reaction model determination is a fundamental step in
kinetic studies, since it is a theoretical function that helps to
describe and improve the understanding of the reaction. For that,
with the purpose of evaluate each models, an estimation of the



Table 3
Expressions for the most common reaction mechanisms in solid state reactions.

Reaction model Symbol f(a) g(a)

Reaction order
Zero order R1 (1 � a)n a
First order R2 (1 � a)n �ln (1 � a)
nth order R3 (1 � a)n (n � 1)�1 (1 � a)1�n

Diffusional
One dimensional diffusion D1 1/(2a) a2

Two dimensional diffusion D2 �1/ln (1 � a) (1 � a) ln (1 � a) + a
Three dimensional diffusion (Jander) D3 3(1 � a)2/3/2 [1 � (1 � a)1/3] [1 � (1 � a)1/3]2

Three dimensional diffusion (Ginstling - Brounstein) D4 3/2 [(1 � a)�1/3 � 1]�1 (1 � 2a/3) � (1 � a)2/3

Nucleation
Power law n(a) (1 � 1/n);

n = 2/3, 1, 2, 3, 4
an

n = 3/2, 1, 1/2, 1/3, 1/4
Exponential law ln (a) a
Avrami - Erofeev AE n(1 � a)[�ln (1 � a)](1�1/n);

n = 1, 2, 3, 4
[�ln (1 � a)](1/n);
n = 1, 2, 3, 4

Contracting geometry 1/2 a
Contracting area (1 � a)(1�1/n);

n = 2
1 � (1 � a)(1/n);
n = 2

Contracting volume (1 � a)(1�1/n);
n = 3

1 � (1 � a)(1/n);
n = 3
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parameter values is needed. The statistical parameter determined
apart from the determination coefficient, R2, were the reduced
chi-square, v2, defined by:

v2 ¼
PN

1 ðXexp;i � Xpre;iÞ2
N� z

ð8Þ

where Xexp,i is the experimental value, Xpre,i is the predicted value, N
is the number of experimental data points, and z is the number of
parameters in the model.
Fig. 2. TG curves for the studied biomass samples at 5 �C/min.
4. Results and discussion

4.1. Characterization of the raw material

Ultimate and proximate analysis of the six agro-industrial
wastes from San Juan province are shown in Table 1. Considering
the first analysis, the olive pits has the highest carbon (52.79%)
and hydrogen (2.56%) contents. Furthermore, the sawdust has
the highest nitrogen content (4.19%) among the six materials.
The results shown in Table 1 are in agreement with those of other
investigators: 52.30% C, 5.20% H, 0.50% N, 0% S and 42% O in wood
reported by Prasad et al. [35]; 49.87% C, 5.11% H, 1.38% N, 0.12% S
and 42.07% O, in stalk reported by Valente et al. [36]; 46.88% C,
4.83% H, 0.93% N, 0.36% S, and 41% O in cotton husk reported by
Bhavanam and Sastry [37].

Taking into account the immediate analysis results, the weight
loss at 105 �C of all analyzed biomass wastes varies between 4.55
and 8.38%. It is necessary to consider that a high water content
increases the energy requirements to carry out the thermal treat-
ment, rises the residence time for drying and reduces the temper-
ature, resulting in incomplete conversion of the hydrocarbons.
These aspects decrease the process efficiency.

Regarding the ash content of the agro-industrial wastes, it pre-
sents a great variation, between 0.73%, for plum pits, and 10.16%
for stalk (dry basis). A low percentage of it ash content will mini-
mize the production of fly and the bottom ash and affect positively
the high heating value (HHV) [33]. Dermibas and Arin [38] deter-
mined the HHV for 16 different biomass fuel and reported similar
values, Quirino et al. [39] reported similar values for wood, too.

Concerning to the volatile contents, the obtained values (55.84–
80.90 wt%) are comparative to the results reported by Jeguirim and
Trouvé [40] (68.4 wt%), Daouk et al. [41] (83.3 wt%, approximately)
and Crnkovic et al. [42] (79.7–98.6 wt%).
About fixed carbon, it was observed that the results of Jeguirim
and Trouvé (18.4 wt%) and Daouk et al. (15.4 wt%, approximately)
are similar to the obtained values in this work (between 11.06 and
23.07%, dry basis).

In general, these solids contain significant amounts of un-
reacted carbon and sulfur [43], but the studied agro-industrial
wastes contain very small amounts of this last element in their
compositions. The high content of organic matter makes these
wastes very suitable for thermal treatment [44].
4.2. Thermogravimetric analysis

Considering the TGA results, the agro-industrial wastes pyroly-
sis could be divided into three stages according to the weight loss
rate. The initial decrease in weight is due to water release, princi-
pally. This phenomenon is produced below 473 K, and it occurs in
all studied lignocellulosic biomass. The second stage, called active
pyrolysis, corresponding to the maximum weight loss about 35–
40%, is produced between 473 and 823 K. The temperature corre-
sponding to the maximum weight loss rate of all studied biomass
wastes is similar for all cases, about 603 K. A large amount of gas
species such as CO2, CO, CH4 and H2O are released in this stage,
indicating that they mainly come from this stage [45].

The last stage, called passive pyrolysis, is produced at high tem-
perature, the weight loss is very smaller. Still, there remained little
residue at 1223 K, i.e., about 20% of original weight. It can also be
seen from Figs. 2–4 that the pyrolysis process has similar charac-



Fig. 3. TG curves for the studied biomass samples at 10 �C/min.

Fig. 4. TG curves for the studied biomass samples at 15 �C/min.

Fig. 6. DTG curves for the studied biomass samples at 10 �C/min.

Fig. 7. DTG curves for the studied biomass samples at 15 �C/min.

Fig. 8. Comparison of the weight loss rates for sawdust.
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teristics: the temperature ranges at three pyrolysis stages, the tem-
perature of start and finish pyrolysis, and maximum pyrolysis rate.

The greatest weight loss is produced during the active pyrolysis,
for that the second peaks are considered in all cases in order to
carry out the kinetic study. At this stage, the biomass is completely
dried, and its main components (hemicellulose, cellulose and lig-
nin) are decomposed with the temperature increasing. During this
stage, gaseous compounds are released, a fraction of them are con-
densable and they form the liquid fraction produced during this
phenomenon [46]. These peaks are produced between 423 and
823 K (Fig. 5–7).

When the heating rate increased, weight loss rates also
increased (Fig. 8) because this phenomenon is mainly affected by
mass transfer. So, it would take a longer time of the heat conduc-
tion from the particle external to the interior as the heating rate
increased. So that, at the same temperature, the pyrolysis in higher
heating rate was less efficient, especially for the biomass contain-
Fig. 5. DTG curves for the studied biomass samples at 5 �C/min.
ing high volatile component. This conclusion was agreed well with
Lah [47]. When the heating rate increased, the peaks of maximum
decomposition have no displacement whit respect to temperature.
This was because the reaction time is the same in all the cases,
indicating that no more energy is required to achieve the same
conversion.

For the active pyrolysis of stalk and peach pits wastes, two dis-
tinct peaks following a long tail were observed in the DTG curves.
According to the literatures, the hemicellulose decomposition
mainly occur in the temperature range from 493 K to 588 K with
the maximum decomposition rate at about 533 K [48–50]. There-
fore, the first peak is mainly linked to it decomposition. The tem-
perature range and the peak temperature of the second DTG
peak are very close to cellulose pyrolysis [50–57]. This indicates
that the second DTG peak is mainly linked to the cellulose decom-
position. The lignin reacts between 473 K and 873 K, which means
that when hemicellulose and cellulose react, the lignin also is



Fig. 9. Comparison of experimental and predicted values of g(a) for plum pits
under inert atmosphere at different heating rates.
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decomposing, but not governing the overall reaction [58]. Accord-
ing to the literature [59], the temperature characteristics of lignin
pyrolysis and char formation is similar to that of the DTG tail (pas-
sive pyrolysis). Senneca et al. [60] and Cao et al. [61,62] pointed out
that in the temperature range of the DTG tail there would be also
the aromatization of the residual char.

4.3. The results of the kinetic models

The kinetic modeling trough isoconversional equations was per-
formed in order to estimate the activation energy (E), pre-
exponential factor (A), and reaction order (n), using non-
isothermal thermogravimetry experiments data. The highest R2

values and the smallest v2 values are presented for the contraction
geometry’s model, contracting volume, for all agro-industrial
wastes using differential and integral isoconversional methods.
This model describe the pyrolysis characteristics of biomass wastes
obtained by nonisothermal TGA and it assumes that nucleation
occurs rapidly on the surface of the particle. The rate of degrada-
tion is controlled by the resulting reaction interface progress
toward the center of the solid [63]. The Coast Redfern isoconver-
sional method showed better results.

From a kinetic point of view, it is important to consider that the
approximation of the thermal decomposition reaction as a one-
step reaction is discussed because it is governed by multiple com-
plex reactions affected by the interactions between biomass
components.
Table 4
Pre-exponential factor and activation energy obtained and the statistical parameters valu

Agro-industrial
wastes

Heating rate Temp range active
pyrolysis

Peak temp

b (�C/min) (�C) (�C)

Sawdust 5 218
379

332

10 200
383

347

15 169
429

355

Plum pits 5 179
398

346

10 190
432

359

15 179
465

367

Peach pits 5 228
381

354

10 232
398

364

15 223
400

373

Stalk 5 186
365

300

10 193
382

305

15 182
384

315

Olive pits 5 186
471

308

10 185
485

321

15 194
498

331

Marc 5 196
481

335

10 209
495

348

15 206
514

350
In order to calculate the activation energy and pre-exponential
factor, the contraction geometry model and the Coats Redfern iso-
conversional method were used. Table 4 shows the obtained kinet-
ics parameters and the statistical parameters values for different
studied agro-industrial wastes. For this model, the R2 and v2 val-
ues were between 0.97–0.99 and 3.87 ⁄ 10�5 and 1.00 ⁄ 10�4,
respectively. The higher values of R2, and the lower values of v2,
the better is the goodness of fit. Fig. 9 shows the comparison of
experimental data and the predicted values for plump pits at dif-
ferent heating rates.
es.

Mass loss rate
maximum

Kinetics parameters Statistical parameters

(mg/s) E (kJ/mol) A (s�1) R2 v2

0.008 52.82 3.87 ⁄ 108 0.97 2.30 ⁄ 10�3

0.016 63.68 6.41 ⁄ 109 0.99 9.00 ⁄ 10�4

0.023 68.93 2.51 ⁄ 1010 0.99 3.59 ⁄ 10�4

0.005 58.04 9.31 ⁄ 108 0.99 3.87 ⁄ 10�5

0.011 61.73 3.53 ⁄ 109 0.99 1.74 ⁄ 10�4

0.015 62.60 5.96 ⁄ 109 0.99 1.77 ⁄ 10�4

0.008 58.79 1.20 ⁄ 109 0.99 6.11 ⁄ 10�4

0.013 66.46 9.75 ⁄ 109 0.99 1.99 ⁄ 10�4

0.019 68.99 2.28 ⁄ 1010 0.99 3.42 ⁄ 10�4

0.004 38.96 2.01 ⁄ 107 0.99 1.08 ⁄ 10�3

0.008 42.60 8.54 ⁄ 107 0.99 8.97 ⁄ 10�4

0.012 44.94 2.04 ⁄ 108 0.99 6.76 ⁄ 10�4

0.006 46.75 9.56 ⁄ 107 0.99 7.80 ⁄ 10�4

0.012 53.20 6.09 ⁄ 108 0.99 8.46 ⁄ 10�4

0.017 56.40 1.95 ⁄ 109 0.99 3.37 ⁄ 10�4

0.009 52.03 2.67 ⁄ 108 0.99 1.43 ⁄ 10�4

0.007 57.16 1.44 ⁄ 109 0.99 1.41 ⁄ 10�4

0.011 56.62 3.39 ⁄ 109 0.99 2.15 ⁄ 10�4



Fig. 10. The typical Coats Redfern plot of peach pits.

A. Fernandez et al. / Applied Thermal Engineering 106 (2016) 1157–1164 1163
The obtained values of activation energy vary between 38.96
and 68.99 kJ/mol for all studied agro-industrial wastes. The calcu-
lated values of Ea vary slightly with the heating rate for each bio-
mass. The increasing of heating rate leads to a simultaneous
increase of the heat effect [64,65]. Increasing the heating rate sig-
nifies that higher temperature is required to set off the pyrolysis
process. The highest value of the energy activation was predicted
for peach pits at heating rate equal to 15 �C/min and the smallest
value of this parameter was calculated for stalk at 5 �C/min. It is
necessary to note that activation energy represent the minimum
energy requirement for a reaction started, in other words, higher
value of activation energy means slower reaction rate and more
difficulty of starting a reaction. The found activation energy values
are similar to obtained values by Jaroenkhasemmeesuk and Tip-
payawong [66]. The calculated values of pre-exponential factor
were about 2.01 ⁄ 107 and 2.51 ⁄ 1010 s�1. This parameter also aug-
ments with the heating rate increase. In this point, it is important
to consider that the frequency factor obtained from standard iso-
conversional techniques is tainted by association with the reaction
model that must be assumed to permit its calculation [23]. Accord-
ing to Tahmasebi et al. [29], the kinetic rate is controlled by the
occurrence of the temperature-dependent physical transformation.

Fig. 10 showed the typical Coats Redfern plots, where the Log
(b/T2) versus 1/T is plotted. It can be seen that the fitted lines are
almost parallel with a conversion rate increase from 10 to 70%,
indicating that the energy activation values may be a few different.
This also implied the possibility of a simultaneous reactions mech-
anism (Table 4) [67].
5. Conclusions

The Cuyo Region, particularly San Juan Province, Argentine, con-
tains readily available biomass waste materials that can be used as
feedstock to produce fuels and chemicals, thus improving the
economy of the area and contributing to the technological develop-
ment of renewable energy sources. The study of thermal degrada-
tion and kinetics in a thermobalance provided useful information
to assess the feasibility of the valorization of six lignocellulosic
wastes (sawdust, marcs, stalks, peach, plum and olive pits) by
pyrolysis.

The thermogravimetric curves indicate that although the mate-
rials are highly heterogeneous due to their content of wood, bark
and leaves, their pyrolytic behavior is similar. The analysis of the
TG curves of these wastes showed that their pyrolysis decomposi-
tion is divided into three stages according to the weight loss rate:
the first stage is due to water release, the second stage, called
active pyrolysis and the last stage, called passive pyrolysis. It was
also possible to observe a heat transfer limitation when the heating
rates increased, making the influence of the heating rate in the TG
curves evident.

In order to describe the kinetic behavior during the active pyrol-
ysis, different models were selected. The contraction geometry’s
model showed the best fitting for all experiments, assuming that
the contracting volume is the controlling step of the pyrolysis rate.
The kinetic parameters were calculated using this model.

The Ea variation with the heating rate can be due to the kinetic
rate of active pyrolysis is controlled by the occurrence of physical
transformation the temperature-dependent which is not mass
dependent.

The kinetic parameters indicate that the pyrolysis pathways of
the six agro-industrial wastes similar to other lignocellulosic mate-
rials, proving the feasibility of their valorization by pyrolysis.

Even though, a variation of kinetic parameters values with heat-
ing rate exists, the isoconversional methods application to biomass
pyrolysis suitably describe the degradation of these wastes, con-
firming that this simple model is adequate for studying different
kinds of lignocellulosic materials.

In order to use these agro-industrial solid wastes for the energy
production, the thermal decomposition under different atmo-
sphere must be studied. These researcher works are important to
evaluate other thermal process like the combustion and the gasifi-
cation of these wastes.
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