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bstract

Vyazovkin’s model-free kinetic algorithms were applied to determine conversion, isoconversion and apparent activation energy to both dehy-
ration and combustion of sugarcane bagasse. Three different steps were detected with apparent activation energies of 76.1 ± 1.7, 333.3 ± 15.0 and

20.1 ± 4.0 kJ/mol in the conversion range of 2–5%, 15–60% and 70–90%, respectively. The first step is associated with the endothermic process
f drying and release of water. The others correspond to the combustion (and carbonization) of organic matter (mainly cellulose, hemicellulose
nd lignin) and the combustion of the products of pyrolysis.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In the tropics, sugarcane constitutes a major raw material for
he production of sugar and alcohol. Brazil is one of the world’s
argest producers of sugarcane. During processing, however, a
umber of by-products are generated. These substrates include
olasses, filter mud and sugarcane bagasse. Vinasse is regarded

s a secondary by-product [1]. Sugarcane bagasse, the residual
bre, is obtained after the pressing of the sugarcane. Bagasse

s usually burned to supply electric energy and steam for the
rocess. However, 10% surplus bagasse still remains. Due to
ts high content in xylose, it can be used for the production
f furfural. Furthermore, a few results about the production of
ctive carbon from bagasse have also been reported [2].

The characterization of the properties of bagasse allows both
heir appropriate use as well as their increased use as an energy
ource. Thermal analysis methods are widely employed in the
haracterization of many materials. Among the methods of

hermal analysis, differential scanning calorimetry (DSC) and
hermogravimetry (TG) are significantly prominent, the com-

on advantage of both techniques being the simplicity of sam-
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le preparation. Thermogravimetric analysis (TGA) techniques
ave a number of advantages that are relevant to the study of
ny reaction in which there is a weight loss or gain, the tempera-
ure can be controlled more accurately than by almost any other
echnique and, most importantly for rate studies, the chosen
eaction temperature may be reached very quickly [3]. Kinetic
nvestigations are nowadays one of the most important appli-
ations of thermal analysis. Knowledge of kinetic parameters,
uch as the reaction rate and activation energy, is one of the
eys to determining reaction mechanisms in solid phases. Solid-
tate kinetic data are of major and growing interest in many
echnological processes. These processes include, for instance,
hermal decomposition of crystalline solids and energetic mate-
ials, thermal oxidation and decomposition of polymers and coal,
rystallization of glasses and polymers, and pyrolysis and com-
ustion of biomass resources. There are numerous papers in the
iterature that include these kinetic studies in which these tech-
iques are applied [3–19]. The aim of the present study is to
etermine the kinetic parameters for bagasse oxidation using
yazovkin’s model-free kinetics methodology.
. Experimental

The cane bagasse sample used in this study was obtained
rom the Cruz Alta mill in Olimpia, São Paulo State, Brazil. It
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Nomenclature

A pre-exponential factor
E activation energy
f(α) reaction model
g(α) integrated reaction model
k(T) temperature-dependent constant
R gas constant
t time
T temperature

Greek symbols
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α extent of reaction
β heating rate

as placed in a sealed sample box to avoid contamination and
hen dried in an oven at a temperature of 105 ◦C for 3 h, close
o the moisture equilibrium value of bagasse in contact with
mbient air. The bagasse sample was subsequently classified
nto two fractions: fibres and powder [20,21]; the sample was
creened for 30 min, after which it was separated into fibres and
owder bagasse types. The sample used in the analyses was the
owder-type cane bagasse. Its elemental chemical composition,
btained via three repetitions in a C–H–N Perkin-Elmer model
400B elemental analyzer was: C, 45.4%; H, 5.3%; N, 1.5%.

A Mettler-Toledo TGA/SDTA851e and a DSC822e were
sed for the thermal analyses in oxygen (or nitrogen) dynamic
tmosphere (50 ml/min) at a heating rate of 10 ◦C/min. For the
inetics measurements, the TG experiments were carried out in
n oxygen atmosphere at heating rates of 5, 10 and 20 ◦C/min.
n all cases, 1–2 mg of powder sugarcane bagasse sample was
hermally treated. In TGA tests under oxygen, a Pfeiffer Vacuum
hermoStarTM GSD301T mass spectrometer was used to deter-
ine the evacuated vapours. The masses 18 (H2O), 44 (CO2)

nd 46 (NO2) were tested by using a detector C-SEM, operating
t 1400 V, with a time constant of 0.5 s.

.1. Determination of kinetic parameters and modelling

The rate of heterogeneous solid-state reactions can generally
e described by:

dα

dt
= k(T )f (α) (1)

here t is time, k(T) the temperature-dependent constant and
(α) a function called the reaction model, which describes the
ependence of the reaction rate on the extent of reaction, α.

The temperature dependence of the rate constant is described
y the Arrhenius equation. Thus, the rate of a solid-state reaction
an generally be described by:

dα

dt
= A e−E/RT f (α) (2)
here A is the pre-exponential factor, E the activation energy
nd R the gas constant.

The above rate expression can be transformed into non-
sothermal rate expressions describing reaction rates as a func-

o
b
m
a
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ion of temperature at a constant heating rate, β:

dα

dT
= A

β
e−E/RT f (α) (3)

inetics analysis is traditionally expected to produce an ade-
uate kinetic description of the process in terms of the reaction
odel and the Arrhenius parameters. These three components

f(α), E, and A) are sometimes called the “kinetic triplet”.
There are many methods for analysing solid-state kinetic

ata [22]. These methods may be classified according to the
xperimental conditions selected and the mathematical analysis
erformed. Experimentally, either isothermal or non-isothermal
ethods are employed. The mathematical approaches employed

an be divided into model-fitting and isoconversional (free
odel) methods.
The earliest kinetics studies were performed under isother-

al conditions [22,23] the concepts of solid-state kinetics being
stablished on the basis of these experiments. A major problem
f the isothermal experiment is that a sample requires some time
o reach the experimental temperature. The situation is espe-
ially aggravated by the fact that, under isothermal conditions, a
ypical solid-state process has its maximum reaction rate at the
eginning of the transformation. However, the advantages of the
on-thermal experimental technique are at least partially com-
ensated by serious computational difficulties associated with
he kinetic analysis.

In the model-fitting method, the f(α) term is determined by fit-
ing various reaction models to experimental data. Subsequently,
he k(T) can be evaluated by the chosen form of f(α). Historically
peaking, model-fitting methods were the first and most popu-
ar methods, especially for isothermal experiments. They were
idely used because of their capacity to directly determine the
inetic triplet. However, these methods suffer from several prob-
ems, among which two are of particular importance. The first
s that non-isothermal experiments provide information on both
(T) and f(α), but not in a separate form. Thus, almost any f(α) can
atisfactorily fit data at the cost of drastic variations in the Arrhe-
ius parameters that compensate for the difference between the
ssumed form f(α) and the true, but unknown kinetic model.
hat is to say, the method is unable to provide a unique reaction
odel. The second problem is that only a single pair of Arrhenius

arameters results from each application of the model-fitting
ethod. The majority of solid-state reactions are not simple

ne-step processes, and thus a combination of serial and par-
llel elementary steps should result in an activation energy that
hanges during the course of the reaction. Consequently, the
opularity of these methods has recently declined in favour of
soconversional methods, which can compute kinetic parameters
ithout modelling assumptions [24–26].
Model-free isoconversional methods allow the activation

nergy to be estimated as a function of α without choosing the
eaction model. The basic assumption of these methods is that
he reaction rate for a constant extent of conversion, α, depends

nly on the temperature [27–30]. Hence, constant E values may
e expected in the case of single-state decomposition, while a
ulti-step process E varies with α due to the variation in the rel-

tive contributions of the single step to the overall reaction rate.
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n non-isothermal kinetics, several isoconversional methods are
sed. To use these methods, a series of experiments has to be
onducted at different heating rates [31,32].

Vyazovkin et al. developed an isoconversional method that
llows both simple and complex reactions to be evaluated [33].
ntegrating up to conversion, α, Eq. (3) gives:

α

0

dα

f (α)
= g(α) = A

β

∫ T

T0

e−E/RT dT (4)

ince E/2RT » 1, the temperature integral can be approximated
y:

T

T0

e−E/RT dT ≈ R

E
T 2 e−E/RT (5)

ubstituting the temperature integral and taking the logarithm,
e have that:

n
β

T 2
α

= ln

[
RA

Eαg(α)

]
− Eα

R

1

Tα

(6)

o apply the method, it is necessary to obtain at least three dif-
erent heating rates (β), the respective conversion curves being
valuated from the measured TG curves [34]. For each conver-
ion value (α), ln(β/T 2

α ) plotted versus 1/Tα, gives a straight line
ith slope −Eα/R, and thus the activation energy is obtained as a

unction of the conversion. The sole evaluation of Eα dependence
s enough to predict the isothermal kinetics from non-isothermal
ata, as in Eq. (7) [29,35]:

α =
∫ Tα

0 e(−Eα/RT0) dT

β e(−Eα/RT0) (7)

he time (tα) at with a given conversion (α) will be reached at
n arbitrary temperature (T0) is computed by Eq. (7).

. Results and discussions

The TG and DTG curves of powder-type sugarcane bagasse,
nder both nitrogen and oxygen atmospheres, are presented in
ig. 1. The drying process takes place in the initial stage at a
emperature below 100 ◦C. Subsequently, at T = 210 ◦C for nitro-
en and 200 ◦C for oxygen, the sample starts to loss mass. In
he case of the nitrogen atmosphere, the maximum mass loss
ate occurs at approximately T = 350 ◦C. Finally, at T = 600 ◦C,

m
c
I
w

Fig. 1. TG (—) and DTG (. . .) curves for sugarcane bagasse i
imica Acta 448 (2006) 111–116 113

black residue of approximately 35% full mass is obtained
hich is related to graphitic carbon. These results are in good

greement with those obtained by Garcı́a-Pérez et al. [36]. In
G–DTG analysis of lingocellulosic materials, two or three
eaks appear. These peaks can be assigned to cellulose, hemicel-
ulose and lignin, indicating that, although there are interactions
etween fractions, their basic identity is maintained [37–39].
he TG in an oxygen atmosphere presents a maximum mass loss

ate at 320 ◦C followed by a second step at T > 350 ◦C (DTG-
urve relative minimum at 440 ◦C). In a reactive atmosphere,
he residue at 600 ◦C is less (about 15%) than that obtained in
n inert atmosphere, because total combustion of the organic
atter takes place.
The DSC curves are presented in Fig. 2. The curve in an

nert atmosphere, under nitrogen, is similar to the reactive-
tmosphere curve, under oxygen, at T < 100 ◦C, although this
ehaviour changes at higher temperatures. Under nitrogen, rel-
tive to endothermic band, the first one, at T < 100 ◦C indicates
he water desorption process, the other, between 200 and 400 ◦C,
hould be due to hemicellulose and cellulose desorption. In addi-
ion, a new, very narrow endothermic band appears at approx-
mately 573 ◦C that can be associated with the quartz � → �
hase transition. The endothermic process due to organic mat-
er desorption, observed when an inert atmosphere is employed,
ransforms into two exothermic bands in an oxygen atmosphere
a similar profile to the invested DTG-curve) due to the combus-
ion reactions taking place.

In this study, in an oxygen atmosphere, the activation energy
E), the conversion and the degradation decomposition time were
stimated as a function of temperature using both TG experimen-
al data and Vyazovkin’s model-free kinetics.

Model-free kinetics requires at least three dynamic curves
ith different heating rates. In the present study, these were
, 10 and 20 ◦C/min. The total interval of temperatures of the
urve (25–1000 ◦C) was chosen for model-free kinetics calcu-
ations. The respective conversion curves were calculated from
G experimental data. Fig. 3 shows the conversion curves ver-
us temperature. Fig. 4 shows the apparent activation energy
ersus thermal process conversion, obtained by Vyazovkin’s

odel-free kinetics methodology. There are three steps, which

orrespond to the TG curve carried out in the presence of oxygen.
n the first, the activation energy is low and should be associated
ith water loss. The other two steps should be associated with

n a dynamic atmosphere of (a) nitrogen and (b) oxygen.
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confirms that the first step (2–5% conversion) is solely related
to the release of water. Subsequently, at 15–60% conversion
(T = 200–350 ◦C), both combustion and carbonization of organic
Fig. 2. DSC curves for sugarcane bagasse in a

he combustion of the organic compounds presents in the bagasse
ample. The apparent activation energies in the 2–5% conver-
ion range have a value of 76.1 ± 1.7 kJ/mol. In the 15–60%
onversion range, this value increases to 333.3 ± 15.0 kJ/mol,

nd, finally, when the conversion is 70–95%, it has a value of
20.1 ± 4.0 kJ/mol.

Mass spectrometry analysis is used to determine the H2O,
O2 and NO2 concentration from a sample of the expelled

ig. 3. Conversion curves as a function of temperature (in ◦C/min): 5 (solid
ine), 10 (dotted line), and 20 (dashed line).

Fig. 4. Apparent activation energy as a function of conversion.
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ic atmosphere of (a) nitrogen and (b) oxygen.

apour (Fig. 5). The conjunction of experimental results (Fig. 6)
atter takes place, with the formation of water and carbon (and

ig. 5. Mass spectrometry analysis of evacuated vapours as a function of tem-
erature: H2O (solid line), CO2 (dotted line) and NO2 (dashed line).

ig. 6. Mass spectrometry analysis of evacuated vapours as a function of con-
ersion: H2O (solid line), CO2 (dotted line) and NO2 (dashed line).
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Fig. 7. Experimental (dashed line), simulated (dotted line), and differe

itrogen) oxide. Finally, in the third stage (70–95% conversion,
= 400–600 ◦C), the combustion of the pyrolysis products is
bserved, and the formation of appreciable quantities of water
ot being detected in the evacuated gases.

Vyazovkin’s method allowed us to plot simulated TG-curves
rom the apparent energy activation data shown in Fig. 4. Pre-

iously, it is necessary to know the pre-exponential factor, A.
his parameter can be calculated via artificial isokinetic rela-

ionship [35,40]. Next, knowing the values of E and A, it is easy

ig. 8. Estimated conversion curves at different temperatures as a function of
ime.

able 1
soconversion kinetic parameters for sugarcane bagasse sample: temperature (in
C) to which each conversion percentage is reached in the selected time

onversion (%) Time (min)

10 15 30

5 43.2 37.0 26.9
10 223.8 220.5 215.0
20 259.8 257.0 252.2
30 276.8 273.9 269.0
40 291.3 288.1 282.9
50 300.2 296.8 291.8
60 308.6 304.9 298.5
70 337.9 332.4 323.3
80 381.7 375.1 364.1
90 416.4 408.0 394.2
00 910.5 805.6 663.6
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olid line) profiles at 20 ◦C/min heating rate: (a) TG and (b) DTG data.

o reconstruct the reaction model by using the Eq. (3). Thus, in
ig. 7a, we simulate the curve with a heating rate of 20 ◦C/min.
ig. 7b shows the calculated data in their derived form. In both
ases (TG and DTG) the differences between experimental and
alculated curves are negligible. Furthermore, by using Eq. (7),
ith non-isothermal kinetic data, is possible the prediction of

ample behaviour in isothermal conditions (Fig. 8 and Table 1).

. Conclusions

The present study shows that under non-isothermal condi-
ions, in which the sample was heated at three different constant
eating rates, model-free kinetics analysis is a good alternative
or estimating the apparent activation energy to combustion of
ugarcane bagasse. The apparent activation energy was ca. 76,
33 and 220 kJ/mol in the conversion range of 2–5% (dehy-
ration), 15–60% (combustion and carbonization) and 70–95%
combustion), respectively.
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