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ABSTRACT ARTICLE HISTORY

Cuyo Region generates a significant quantity of agro-industrial wastes. To exploit this waste for Received 23 March 2016
energy production, a combustor was installed in this region. To improve its design and Accepted 6 June 2016
operation, a kinetic study of six agro-industrial wastes combustion, using thermogravimetric KEYWORDS
analy5|s.,.wa_s made. The result.s show that. this phenomgnon occurs in fou_r stages: drying, Agro-industrial waste;
devolatilization, char combustion and residual combustion. Maximum weight loss occurs combustion; kinetic model;
during the devolatilization stage, followed by the char combustion. thermogravimetric analysis
The contraction geometry’s model describes the devolatilization, indicating that the

degradation rate is controlled by the resulting reaction interface progress toward the solid

center. Moreover, the first order reaction model describes the char combustion stages, showing

that the reaction rate is proportional to remaining reactant(s) fraction. The highest energy

activation values were obtained for sawdust at heating rate equal to 10 K/min and plum pits at

heating rate equal to 15 K/min for devolatilization and char combustion, respectively,

presenting slower reaction rate and more difficulty of a reaction starting.

For both analyzed stages, the activation energy values vary slightly with the heating rate. This

variation can be due to the kinetic rate being controlled by the occurrence of physical

transformation. It does not depend on mass but it depends on temperature.

Introduction 79,800 tn/year. A quantity of marc and stalk equal to
51,9283 tn/year is generated by the wine industry.
About 150,000 tn/year of olive oil is produced, generat-
ing 70,000 tn/year of olive pits. Finally, the wood industry
produces approximately 7000 tn/year of sawdust.[5] In
order to exploit this waste to obtain energy, a combustor
was installed in this region. Nevertheless, much of this
potential is unused in spite of the environmental advan-
tages and the economic benefits of this source of energy
because some problems in current biomass combustion
furnaces still exit. These problems, like low thermal effi-
ciency, instability of heat load, and slagging, have to be
improved to avoid the irrational use of biomass.

Thermographs elucidate the complexities in the
thermal degradation of fuel substrates and their pre-
cursors. Consequently, the combustion kinetics can be
deduced from the provided information by the ther-
mographs for use in the design and control of combus-
tion furnaces.

Kinetic parameters obtained in most of the studies
are dependent not only on such factors such as atmo-
sphere, sample mass, sample shape, flow rate, and
heating rate, but also upon the mathematical treat-
ment used to evaluate the data. The derivation of
kinetic parameters including the activation energy and
pre-exponential factor from the chemical reaction data
has permeated much of the scientific literature.[6]

Constant growth in mankind’'s energy requirements
over the last century in addition to the high depen-
dence on fossil fuels has resulted in important environ-
mental challenges. In this scenario, renewable energy
sources appear to be a sustainable tool to complement
and gradually substitute fossil fuels in energy produc-
tion. Among them, biomass, regarded as a feedstock
for thermal conversion, presents some advantages
such as its neutrality concerning CO, emissions during
its life cycle [1] or its low N and S content that entails
low NO, and SO, emissions.[2]

Additionally, biomass is considered as an autono-
mous resource which partially avoids foreign energy
dependence.[3] Because of the advantages when using
biomass for energy production, it has experienced a
huge surge in development in recent years. Neverthe-
less, it also presents some disadvantages, one of the
most important being the generation of solid waste.[4]

In Cuyo Region, Argentina, one of the most important
economic activities is the agro-industry, highlighting the
wine, olive, wood and seasonal fruits industries such as
peaches and plums. This sector produces a significant
environmental impact in specific geographical areas. In
this country, approximately 140,000 tons of peaches and
plums are processed in the canning and jam industries,
generating a solid biomass waste quantity of
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Various methods of kinetic analysis using different
mathematical and methodological models have been
discovered and developed. Generally, the kinetic
parameters can be determined by three kinds of con-
ventional methods [6] such as differential, integral, and
maximum-reaction-rate ones that primarily originated
by Friedman,[7] Coats and Redfern [8] and Kissinger.[9]

Knowledge of the chemical composition, the ther-
mal behavior and the reactivity of these biomass fuels
during combustion is very important for the effective
design and operation of the thermochemical conver-
sion units. Thermoanalytical techniques, in particular
thermogravimetric analysis (TGA) and derivative ther-
mogravimetry (DTG), allow us to obtain this informa-
tion in a simple and straight forward manner. TGA is
one of the commonly used techniques to study ther-
mal events during the pyrolysis process of fuel.[10—15]

The combustion of waste biomass is a chemically
complex process in which several reactions occur simul-
taneously. Because of this complexity, a large number
of papers from the literature follow different approaches
to describe the thermal degradation.[16—18]

Several kinetic equations for the description of
solid-state reactions such as random nucleation, nucle-
ation, geometry contraction and growth, diffusion and
phase boundary controlled have been proposed and
used during the last decades.[19]

Under oxidative atmosphere, the decomposition
starts at a lower temperature and the degradation is
faster than in an inert atmosphere. DTG curves of bio-
mass combustion showed two separate peaks versus
one peak in inert conditions: the first peak is attributed
to simultaneous pyrolysis and oxidation of the raw
material and the second peak logically to weight loss
during oxidation of the char. Shen et al. [20] reported
that the DTG curves were separated into two stages,
with the first stage (low temperature region) in the
range of 473—643 K and the second stage (high tem-
perature region) in the range of 643—763 K. According
to Branca and DiBlasi,[21] for the low temperature
region, degradation characteristics were qualitatively
similar to those observed in pure nitrogen. From a
quantitative point of view, the presence of oxygen has
been reported to predict and increase the

devolatilization peaks: the DTG peaks were about
1.5 times higher than without oxygen. These results
have been confirmed by other authors.[22,23]

In order to improve the combustor design and oper-
ation, the objective of this work is to study the kinetics
of the oxidative decomposition of six agro-industrial
wastes when heating at three different rates (5, 10 and
15 K/min) via thermogravimetrical measurements in an
oxygen atmosphere to simulate combustion condi-
tions. From the obtained thermogravimetric data,
the kinetic parameters were calculated using the
Coats—Redfern and Sharp isoconversional methods.

Materials and methods
Materials

This behavior during combustion of six lignocellulosic
biomasses was studied: peach, plum and olive pits
from canneries and jam industries, marc and stalk from
wineries, and sawdust from the timber industry. All of
these industries are located in the San Juan province,
Argentina.

Proximate and ultimate analysis

Before the thermogravimetric analysis, the lignocellu-
losic biomass 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 378 K, ash
and organic matter content were determined accord-
ing to ASTM standards (ASTM D3173-87, ASTM D3172-
89 (02)).[24,25] Elemental analysis of the samples was
performed using elemental analyzer (EuroEA3000,
EuroVector S.p.A., Germany). In order to calculate the
high heating value, the correlation proposed by Chan-
niwala and Parikh [26] was used (Table 1):

HHV [MJ/kg] = 0.3491C+ 1.1783H+0.10055
—0.10340 — 0.0151N — 0.0211A (1)

where C, H, S, O, N and A are the content of carbon,
hydrogen, sulfur, oxygen, nitrogen and ash in the bio-
mass (expressed as weight percentage), respectively.

Table 1. Ultimate and proximate analyses of six agro-industrial wastes.

Peach pits Stalk Marc Plum pits Olive pits Sawdust

Ultimate analysis

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 (%) 232 6.37 5.41 0.99 1.39 4.20
S (%) 1.88 4.21 534 0.27 0.50 0.28
0 (%)* 36.89 37.54 3041 48.41 4275 4933
Proximate analysis

Ash (%, dry basis) 1.30 10.16 8.81 0.73 233 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 378 K (%, total weight) 5.70 7.70 8.38 5.86 4.55 6.85
HHV (MJ/kg) 2139 12.03 13.31 13.71 17.02 12.19

*By difference
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Figure 1. TGA equipment.

Methods

Thermogravimetric analysis

Thermogravimetric (TG) and DTG experiments of the
powdered sample wastes were carried out using a
microbalance (TGA-50, Shimadzu, North America), under
oxidative atmosphere, heated from room temperature
to 1173 K. A graphic of equipment usedis shown in the
Figure 1 and its technical characteristics are given in
Table 2. The experiments were performed at three differ-
ent heating rates of 5, 10 and 15 K/min for each sample.
To mitigate the difference of heat and mass transfer, all
sample weights were kept at 12 mg approximately. In
order to simulate the combustion, the composition of
the atmosphere was 79% nitrogen and 21% oxygen.
The flow rate was equal to 100 mL/min. The correction
for TG data was done using a blank experiment. The
reproducibility of the experiments was acceptable.

Kinetics analysis

Solid state kinetics can be studied with thermal
methods by measuring the sample property as it is

Table 2. Equipment used in thermogravimetric analysis.

Maximum temperature 1373 K

Balance type TOP PLAN differential
parallel guide

Heating rate 0.1t0 99.9 K/min

Minimum reading 0.001 mg

Measuring accuracy +1%

Measurable range (TG) 4500 mg
Measurable range (DTA) 41000 pv
Mass sample 1 g max.
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heated or held at a constant temperature. In this
study, reaction kinetics was applied to thermal data
obtained under non-isothermal conditions with a
constant heating rate. The kinetics of biomass
decomposition are routinely based on a single reac-
tion and can be expressed by the following equa-
tion:

da

where t, o, da/dt, f(e) and K are time, conversion
degree or extent of reaction, the process rate, conver-
sion function and rate constant, respectively. The con-
version function represents the reaction model used
and depends on the controlling mechanism. The
extent of reaction, «, can be defined as the mass frac-
tion of biomass substrate that has decomposed and
can be expressed as:

mo —m
o= —- (3)
mo — mf

where m is the mass of the sample at a given time
t; mg and m¢ refer to values at the initial and final
mass of samples remaining after the reaction,
respectively.

K is the temperature function. The temperature
dependence of the rate constant K for the process is
described by the Arrhenius equation:

K=A er 4)

where A is the pre-exponential factor, T is the absolute
temperature, R is the universal gas constant and E is
the apparent activation energy of the process. Substi-
tuting Equation (4) in Equation (2):

% =A e f(a) (5)

If the temperature of the sample is changed by a
controlled and constant heating rate, 8 = dT/dt, the
variation in the conversion can be analyzed as a func-
tion of temperature, this temperature being depen-
dent on the heating time. This variation can be
expressed through a superficial transformation:

da da dt
dT = dt dr ©
where dt/dT describes the inverse of the heating
rate in the case of nonisothermal conditions, 1/5,
da/dt represents the isothermal reaction rate, and
da/dT denotes the nonisothermal reaction rate. An
expression of the rate law for nonisothermal condi-
tions can be obtained by substituting Equation (6)
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in Equation (5):

B j% =A e f(a) 7)
where A (the pre-exponential factor) and E (the activa-
tion energy) are the Arrhenius parameters and R is the
gas constant. Arrhenius parameters (A, E), together
with the reaction model, f(«) are called the kinetic trip-
let. By separation of variable and integration, the fol-
lowing equation is obtained:

o

dOl A /T _E
= _— = RT T
9 () o f(@) /ﬁ To etd ®

For nonisothermal conditions, there are several rela-
tionships used to compute Arrhenius parameters, each
of which is based on an approximate form of the tem-
perature integral.[27] Equation (8) can be rewritten by
taking x = E/RT:

where p(x) is the exponential integral.[27] Senum and
Yang [27] developed an accurate nonlinear approxima-
tion of the temperature integral.

Several methods of performing kinetic analysis of
solid state reactions are known. Generally, they can be
grouped into: (1) Integral methods: If data used directly
in weight loss versus temperature; (2) Differential
methods: Using weight loss rate. The Coats—Redfern
integral method is used more by the first group is
based on the Arrhenius integral approximation. The
Sharp differential method is used more by the second
group and is based on reaction rate or its transformed
mathematics.

The expression p(x) is
Coats—Redfern approximation:

expressed using the

p(x)= e (10)

Replacing p(x) in Equation (9) and applying loga-
rithm to both members:

@) _,, AR E

Sharp [28] used the logarithm form of Equation (2):

Inf (@)= - +n (d“,(dt) (12

The kinetic parameters are calculated following a
similar method. Some of the more important rate
equations used to describe the kinetic behavior of solid
state reactions are listed in Table 3. These expressions
are used to solve Equations (11) and (12).

Results and discussion
Characterization

Ultimate and proximate analyses of the six agro-indus-
trial wastes are shown in Table 1. Considering the first
analysis, the peach pits have the highest carbon
(53.01%) content and the marc the highest hydrogen
(5.93%) content. Stalk has the highest nitrogen (6.37%)
content among the six materials. It is important to note
that the biomass shows a higher O and H contents
than the fossil fuels, producing smaller high heating
values due to the smaller energy contained in C-O and
C-H bonds than the C-C bonds.[29] The results shown
in Table 1 are in agreement with those of other investi-
gators: 48.30% C, 5.86% H, 0.21% N, 0% S and 45% O in
sawdust reported by Biney et al. [30]; 49.87% C, 5.11%
H, 1.38% N, 0.12% S and 42.07% O, in stalk reported by
Valente et al. [31]; 46.88% C, 4.83% H, 0.93% N, 0.36%

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

Reaction model flc) g(w)
Reaction order

Zero order (1-a)" o

First order (1-a)" -In (1-a)

nth order (1-o)" -7 (1-)™"
Diffusional

One dimensional diffusion 1/Q2a) o?

Two dimensional diffusion
Three dimensional diffusion (Jander)
Three dimensional diffusion (Ginstling-Brounstein)

Nucleation

Power law

Exponential law Ln ()
Avrami-Erofeev

Contracting geometry ha

Contracting area
Contracting volume

-1/1In (1-a) (
3(1-)? /2 [1- (1-0) "] -
3/2[(1-)" 117" (1

n(e) """:n=2/3,1,23,4
n(1—a)[—In (1—a)]"""™:n=1,2,3,4 [—In (1

(1—a)' ™" n =2
0 _a)(1—1/n); n=3

-o) In (1-o0) +
1—0{)1/3]2
-20/3) — (1-0)??
a"n=3/2,1,"%,1/3,1/4

o
—a)]":n=1,23,4

(1—a)";n =2
(1 _a)(vn); n=3




S, and 41% O in cotton husk reported by Bhavanam
et al.[32]

Taking into account the immediate analysis results,
marc shows the highest weight loss at 378 K. It is nec-
essary to consider that a high water content increases
the energy requirements to carry out the thermal treat-
ment, increases the residence time for drying and
reduces the temperature, resulting in incomplete con-
version of the hydrocarbons. These aspects decrease
the process efficiency. Regarding the ash content of
the agro-industrial wastes, a low percentage of it will
minimize the production of fly and bottom ash and
affect positively the high heating value (HHV).[26]
Accordingly, plum pits show the smallest ash content,
affecting positively its combustion process.

Demirbas and Arin [33] determined HHV for 16 dif-
ferent biomass fuels and reported similar values, Quir-
ino et al. [34] reported similar values for wood. Peach
pits show the highest HHV.

Concerning to the volatile contents, the obtained
values (55.84—80.90 wt%) are comparative to the
results reported by Jeguirim and Trouvé [35] (68.4
wt%) in arundo donax, Daouk et al. [36] (83.3 wt%,
approximately) in pine wood and Crnkovic et al. [37]
(79.7—98.6 wt%) in crude glycerin and beef tallow.
Regarding fixed carbon, it was observed that the
results of Jeguirim and Trouvé (18.4 wt%) and Daouk
et al. (154 wt%, approximately) are similar to the
obtained values in this work (11.06—23.07%, dry basis).
The higher volatile matter/fixed carbon ratio improved
the contact of reactants and reduced the residence
time for the combustion process. Stalk shows the low-
est value of this ratio.[38]

Thermogravimetric analysis

Thermogravimetric curves provide all information nec-
essary to apply the kinetic models to oxidative degra-
dation. Mass loss of all studied agro-industrial wastes
with respect to the temperature during the TG analysis
at heating rates of 5, 10 and 15 K/min are given in Fig-
ures 2, 3 and 4. TG and DTG curves (Figures 5, 6 and 7)

120

100
80 ——Sawdust
ic, ——Plum pits
é 60 Peach pits
5 Stalk
® 40 :
= —Olive pits
20 ——Marc
0
300 518.25 736.5 954.75 1173
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Figure 2. TG curves for the studied biomass samples at 5 K/min.
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Figure 3. TG curves for the studied biomass samples at 10 K/
min.
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Figure 4. TG curves for the studied biomass samples at 15 K/
min.
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Figure 5. DTG curves for the studied biomass samples at 5 K/
min.
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Figure 6. DTG curves for the studied biomass samples at 10 K/
min.
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Figure 7. DTG curves for the studied biomass samples at 15 K/
min.

show the physical and chemical structural changes
occurring during thermal conversion. Four stages of
oxidative decomposition can be observed in these
curves: (a) drying and light volatile release (T < 473 K),
(b) devolatilization (473 K < T < 623 K), (c) char com-
bustion (623 K < T < 773 K) and (d) residual combus-
tion (773 K < T < 1173 K). These stages are associated
with the peaks in the DTG curves and thus with the
changes of the slopes of the TG curves. The analyzed
wastes show small differences regarding temperature
ranges. The initial and last temperatures of different
stages for the six biomasses are different from each
other. The differences for all agro-industrial wastes
samples can be attributed to variations of hemicellu-
lose, lignin and cellulose contents.[39]

Most weight loss occurs in the devolatilization stage,
giving average values equal to 56, 55, 54, 42, 45 and
43% for peach pits, olive pits, plum pits, stalk, marc and
sawdust, respectively. Comparing the weight loss rate
for the studied wastes during this stage, the sawdust
showed the highest value of this parameter at all heat-
ing rates, and marc the lowest value. The temperature
for the maximum decomposition rate in this stage
depends on the agro-industrial waste composition.

Another step in which high weight loss occurs is the
char combustion: 25, 29, 27, 31, 38, and 23% for peach
pits, olive pits, plum pits, stalk, marc and sawdust,
respectively (average values).

At temperatures higher than 773 K, almost no
weight loss was observed. When the temperature
increases during heat-up, the evolution of different
products or groups of products occurs in segmented
(but overlapping) phases. During the first stage (T <
393 K), the moisture evolution is produced, then (393 K
< T < 723 K) gases release occurs, primarily CO, and
CH,, and later (723 K < T < 873 K) the release of chem-
ically bonded CO, and chemically formed H,0.[33] At
temperatures higher than 873 K, species such as car-
bon oxides, tars and hydrocarbon gases (heavy hydro-
carbons such as fluorene, phenanthrene, fluoranthene,
and benzo (a) pyrene) were identified in the gas phase.
At higher temperatures, carbon oxides are the primary
products.[40]

0.005
0

—-0.005

s)

mg

= -0.01 B= 5K/min
<] .
s B= 10K/min
= -0.015 :
. B= 15K/min
-0.02
-0.025
300 474.6 649.2 823.8 998.4 1173

T(°K)

Figure 8. Comparison of the weight loss rates for plum pits.

The obtained curves have the typical appearance of
degradation of lignocellulosic biomass. Cellulose,
hemicellulose and lignin are the main components of
lignocellulosic biomass.[41] The thermal stability of
three components are hemicellulose < cellulose < lig-
nin. Hemicellulose degradation begins about 453 K
and ends about 623 K. Cellulose is comparatively sta-
ble, hemicellulose is decomposed in the following tem-
perature range: 473—648 K. Lignin has a different
behavior, the decomposition initiation temperature is
similar to hemicellulose, but its decomposition process
lasts until the heating program ends and the mass loss
rate is almost constant during the reaction.[42]

Figure 8 demonstrates an example of a set of DTG
curves (plum pits), obtained at 5 K/min, 10 K/min and
15 K/min heating rates in an air atmosphere. It can be
observed that there is a shift in the weight loss curves
caused by various heating rates. At higher heating
rates, the weight loss rate is higher too. The maximum
weight loss rate of different agro-industrial wastes for
devolatilization stage reached at 546—586 K at a heat-
ing rate of 5 K/min; it is 565—612 K and 580—633 K at
10 and 15 K/min. The combustion char stage reached
at 681—738 K at a heating rate of 5 K/min; it is
691—765 K and 707—779 K at 10 and 15 K/min.

This is related to the heat transfer limitation. At
higher heating rates, this limitation is higher because
stronger thermal shock is being acquired over a short
time and there is greater temperature gradient
between the inside and outside; this aspect does not
favor the release of volatile matter.[43]

Kinetic model

The kinetic models proposed in this study describe the
devolatilization and the char combustion stages
because, during these phenomena, the maximum
weight loss is produced. These processes have mecha-
nisms very often unknown or too complex to be char-
acterized by a simple kinetic model. They generally
occur in multiple steps and, in order to describe their
kinetics, isoconversional methods are often used.[44]
These methods have the ability to reveal the



complexity of the process in the form of a functional
dependence of the activation energy on the extent of
conversion. Application of a model-free method was
recommended in order to obtain a reliable kinetic
description of the investigated process. The basic
assumption of these models is that the reaction rate
for a constant extent of conversion depends only on
the temperature.

The fitting of the experimental data of g («) and f (@)
versus temperature to all proposed models (Table 3)
was performed by means of the Marquardt-Levenberg
[45] algorithm, using Data Fit 9.1 software. In order to
estimate the E and A parameters, least squares nonlin-
ear regression was used. With the purpose of evaluat-
ing each model, an estimation of the parameter values
is needed. The statistical parameters determined apart
from the determination coefficient, R%, were the
reduced chi-square, x°, defined by:

)(2 _ 2'1\‘ (Xexp, i Xpra,i)2

N—z (12

where Xy, is the experimental value, X is the pre-
dicted value, N is the number of experimental data
points, and z is the number of parameters in the
model.

The highest R? values and the smallest x” values are
presented for the devolatilization stage, the contrac-
tion geometry’s model, and for the char combustion,
the first order reaction model. These models are
applied for all agro-industrial wastes using the integral
Coats—Redfern method.

The contraction geometry’s model describes the
devolatilization stage characteristics under oxidative
atmosphere for all biomass wastes obtained by noniso-
thermal TGA and it assumes that nucleation occurs rap-
idly on the surface of the crystal. The rate of
degradation is controlled by the resulting reaction
interface progress toward the center of the solid.[46]

Order-based models are the simplest models as
they are similar to those used in homogeneous kinet-
ics. In these models, the reaction rate is proportional to
amount or fraction remaining of reactant(s) raised to a
particular power (integral or fractional) which is the
reaction order.

It is important to note that the best results were
obtained using the Coats—Redfern method, due to the
numerical differentiation of experimental data being
highly susceptive to data noise [47] which can result in
significant scatter in the resulting derivative curves.
Widespread use of the Sharp method has also been
inhibited because of the daunting calculations.[48]

In order to calculate the activation energy and pre-
exponential factor, the contracting volume, first order
reaction models (for the devolatilization and the char
combustion steps, respectively) and the Coats—Red-
fern method were used. Table 4 shows the obtained
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kinetic parameters and the statistical parameters val-
ues for different studied agro-industrial wastes in the
devolatilization stage. Table 5 shows the same parame-
ters for the char combustion stage. For the first model,
the R? and x? values were between 0.98—0.99 and
1.15*10™* and 1.33*1073, respectively. For the second
model, the R? and x? values were between 0.97—0.99
and 1.15*107" and 3.23"107 '3, respectively. The
higher values of R? and the lower values of x?, the bet-
ter is the goodness of fit. Figures 9 and 10 show the
comparison of experimental data and the predicted
values for peach pits at different heating rates during
both studied stages.

The obtained values of activation energy vary
between 68.89 and 114.36 kJ/mol and 74.94 and
195.36 kJ/mol for the devolatilization and char com-
bustion stage respectively for all studied agro-indus-
trial wastes. The calculated values of E vary slightly
with the heating rate. The increasing of heating rate
leads to a simultaneous increase of the heat effect.
[49,50] Increasing the heating rate signifies that a
higher temperature is required to set off the oxidative
pyrolysis process. The highest value of the energy acti-
vation for the devolatilization stage was predicted for
sawdust at a heating rate equal to 10 K/min and the
smallest value of this parameter was calculated for
stalk at 5 K/min. The highest value of the energy activa-
tion for the char combustion stage was predicted for
plum pits at a heating rate equal to 15 K/min and the
smallest value of this parameter was calculated for
sawdust at 15 K/min. Activation energy represents the
minimum energy requirement for a reaction to get
started, in other words, a higher value of activation
energy means slower reaction rate and more difficulty
of a reaction starting. The found activation energy val-
ues are similar to obtained values by Shanchao et al.
[51] The calculated values of pre-exponential factor
were between 8.68"10° and 2.08"10'*s™" and between
5.82°10° and 1.45*10"3s™" for the devolatilization and
char combustion stage, respectively. This parameter
also augments with the heating rate increase.

Figure 11 shows the plots of In (/T vs. 1/T for the
several conversion degrees («) corresponding to the
plum pits during the char combustion stage. The coef-
ficient of correlation (R?) for all the lines drawn at vari-
ous conversions (0.1—0.7) is greater than 0.97, which
indicates the best fit. The activation energy is constant
at different heating rates. However, for the olive pits,
this coefficient of correlation is 0.94, indicating that the
energy activation values may be different. This also
implies the possibility of a simultaneous reaction
mechanism.

Conclusions

In order to improve the design and operation of the
combustor, a kinetic study of six regional
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Table 4. Pre-exponential factor and activation energy obtained and statistical parameter values in the devolatilization stage.

Heating Temperature Temperature Mass loss Kinetics Statistical
rate range peak rate maximum parameters parameters
Agro-industrial wastes B (K/min) (K) K (mg/s) E (kJ/mol) AT R? x>
Sawdust 5 517 586 0.013 84.83 5.63"10" 0.98 1.07°1073
10 ggg 601 0.032 11436 2.08"10™ 0.98 1041073
15 ?;Z 618 0.049 109.38 6.47710" 0.98 429*10~*
Plum pits 5 2(3)3 584 0.008 84.81 5.43*10" 0.99 428*107*
10 2(2)2 612 0.015 103.27 1.94*10" 0.98 6.70"10~*
15 g?g 633 0.023 98.22 6.82°10" 0.99 458*10~*
Peach pits 5 gg; 585 0.013 81.17 2.61710" 0.99 7.09%107*
10 glg 603 0.024 99.83 2.12°10" 0.99 233107
15 §§§ 618 0.028 107.13 8.43*10" 0.99 4.94*107*
Stalk 5 Zg? 552 0.006 64.89 8.68"10° 0.98 1191073
10 461% 565 0.012 71.86 3.75"10"° 0.98 1061073
15 Zgg 580 0.018 80.69 2.26*10" 0.99 4.89*107*
Olive pits 5 46121;; 577 0.009 74.73 6.84°10™ 0.99 7.047107*
10 ggg 598 0.023 96.51 5.9210" 0.98 9.27*10~*
15 ?18471 600 0.034 103.50 412°10" 0.98 1331073
Marc 5 ?éz 561 0.005 7775 1.23*10" 0.99 4.78"10~*
10 gg} 587 0.012 97.89 7.43"10" 0.99 1.15107*
15 46132 610 0.017 102.73 1.69%10" 0.98 6.07°10~*
642

Table 5. Pre-exponential factor and activation energy obtained and statistical parameter values in the char combustion stage.

Heating Temperature Temperature Mass loss

rate range peak rate maximum Kinetics parameters Statistical parameters

Agro-industrial wastes S (K/min) (K) (K) (mg/s) E (kJ/mol) A R? x>
Sawdust 5 662 708 0.005 93.45 1.14*10° 0.98 199107
10 Zg 720 0.009 88.37 5.82°10° 0.98 1.15%107™
15 ggg 744 0.022 74.94 7.607107 0.99 124107
Plum pits 5 22 719 0.006 146.01 7.41°10° 0.99 3.23"107 "
10 Zgg 737 0.010 186.93 6.65"10" 0.99 1.19"107™
15 égg 748 0.012 195.36 1.67*10" 0.99 3.08*10° "
Peach pits 5 g?g 738 0.005 192.35 1.45%10" 0.99 1.15%107 "3
10 ;?2 765 0.009 174.85 5.91*10" 0.96 7.95" 107"
15 ;gg 779 0.011 143.87 6.39°10° 0.98 344107
Stalk 5 231; 694 0.005 106.22 11510’ 0.99 59710~ "
10 Z,?g 729 0.005 103.45 1.03*10’ 0.98 1477107
15 Zgg 742 0.009 16131 1.78*10" 0.98 15271071
Olive pits 5 g; 681 0.003 106.93 1.25%107 0.98 21771071
10 225 691 0.006 170.42 6.31°10" 0.98 1357107
15 Zg 707 0.010 174.01 1.38%10' 0.98 1.55%107 "
Marc 5 222 697 0.005 14831 9.55"10° 0.99 8667107
10 égg 725 0.010 187.38 5.63"10" 0.97 9.79*10~ "
15 233 759 0.020 118.81 3.63°107 0.99 3.09"107"

795




[1-(1-0)7(1/3)]A(T*2)

-------- Experimental
(B = 5K/min)

Predicted value
(B = 5K/min)
-------- Experimental
(B = 10K/min)
Predicted value
(B = 10K/min)
........ Experimental
(B = 15K/min)
Predicted value
(B = 15K/min)

523 543 563 583 603 623
T (°K)

Figure 9. Comparison of experimental and predicted values of
g («) for peach pits under an oxidative atmosphere in the
devolatilization stage at different heating rates.
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Figure 10. Comparison of experimental and predicted values
of g («) for peach pits under an oxidative atmosphere in the
char combustion stage at different heating rates.

lignocellulosic wastes (sawdust, marc, stalks, and
peach, plum and olive pits) was carried out using TGA
analysis. The following conclusions are obtained:

Log (B/T"2)

e Peach pits show the highest C content and HHV.
e The moisture content of all studied agro-industrial

wastes is smaller than 8.38%, indicating that the
energy for their drying is low.

® Plum pits show the smallest ash content, minimiz-

ing the production of fly and bottom ash during
its combustion.
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Figure 11. Typical Coats—Redfern plot of plum pits.
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TG and DTG curves show that the combustion
process occurs in four stages: drying, devolatiliza-
tion, combustion char and residual combustion.
The contraction geometry’s model describes the
devolatilization stage. The highest value of the
energy activation was obtained for sawdust at a
heating rate equal to 10 K/min, presenting slower
reaction rate and more difficulty of a reaction
starting.

The first order reaction model describes the char
combustion step. The highest value of the energy
activation was predicted for plum pits at a heating
rate equal to 15 K/min.

For both analyzed stages, the obtained values of
activation energy vary slightly with the heating
rate for all studied agro-industrial wastes. This var-
iation can be due to the kinetic rate of these
stages is controlled by the physical transforma-
tion caused by the temperature, which does not
depend on the mass.
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