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Critical evaluation of global mechanisms of wood devolatilization
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Abstract

Thermogravimetric data on the devolatilization rate of beech wood are re-examined with the aim of incorporating the effects of high heating
rates (up to 108 K min−1) in the global kinetics. The mechanism consisting of three independent parallel reactions, first-order in the amount
of volatiles released from pseudo-components with chief contributions from hemicellulose, cellulose and lignin, is considered first. It is found
that the set of activation energies estimated by Gronli et al. [M.G. Gronli, G. Varhegyi, C. Di Blasi, Ind. Eng. Chem. Res. 41 (2002) 4201–4208]
(100, 236 and 46 kJ mol−1, respectively) for one slow heating rate results in very high deviations between predicted and measured rate curves.
The agreement is significantly improved by a new set of data consisting of activation energies of 147, 193 and 181 kJ mol−1, respectively. In
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his case, the overlap is reduced between the reaction rates of the three pseudo-components whose chemical composition is a
n particular, instead of a slow decomposition rate over a broad range of temperatures, the activity of the third reaction is mainly
long the high-temperature (tail) region of the weight loss curves. The performances of more simplified mechanisms are also
ne-step mechanisms, using literature values for the kinetic constants, produce large errors on either the conversion time (activa
f 103 kJ mol−1) or the maximum devolatilization rate (activation energy of 149 kJ mol−1). On the other hand, these parameters are
redicted by two parallel reactions, with activation energies of 147 and 149 kJ mol−1.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Thermogravimetric curves of wood/biomass pyrolysis,
btained under dynamic conditions and slow heating rates,
how the presence of several reaction zones, resulting from
he composite nature of the fuel. The majority of the kinetic
odels is based on three independent parallel reactions, first-
rder in the amount of volatiles released from hemicellulose,
ellulose and lignin[1–3]. In reality, owing to the difficulty

n separating the effects of the different contributions, these
re pseudo-components. Following previous analyses[1–3],

t is generally assumed that hemicellulose and cellulose de-
ompose independently of one another, the former associ-
ted with the shoulder and the latter with the peak of the rate
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curves. Lignin decomposes slowly over a very broad ra
of temperatures.

Dynamic measurements and the corresponding ki
analyses have been based, for a large part, on the e
nation of one heating rate only, generally below 10 K min−1.
The agreement between the kinetic parameters, estima
means of differential (DTG) curves, is good[1–7]. Activa-
tion energies vary between 80 and 116 kJ mol−1 for hemi-
cellulose, 195 and 286 kJ mol−1 for cellulose, and 18 an
65 kJ mol−1 for lignin. Furthermore, the component con
butions, expressed as percent of the total mass fractio
roughly 20–30% for hemicellulose, 28–38% for cellulose
10–15% for lignin.

The simultaneous evaluation of thermogravimetric cu
obtained for several heating rates has been examined on
few cases, which include 2–25 K min−1 for olive stones an
almond shells[8], 3–100 K min−1 for untreated and wate
washed rice husks[9], 0.5–108 K min−1 for water-washe
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beech wood[10], and 5–20 K min−1 for waste wood and
other residues[11]. Apart from the different fuels and pre-
treatments examined, the comparison between the results is
difficult owing to power law dependences on the mass frac-
tion [8,10,11], the use of integral (TG) data only[9–11]
and the selection of widely different values of the compo-
nent fractions. The overall trend is that the kinetic evaluation
of cellulose remains roughly unchanged (activation energies
of 192–250 kJ mol−1) with respect to single-curve results,
whereas higher activation energies of hemicellulose degra-
dation are reported (154–200 kJ mol−1). As for the reaction
of the third component, activation energies of 36 kJ mol−1

[9], 188 kJ mol−1 [8], or 54–61 kJ mol−1 [11] have been es-
timated (in[10] the degradation of the third component takes
place along the low-temperature region typical of hemicel-
lulose and, therefore, the related kinetic constants cannot
be referred to the lignin component). Hence, it is not clear
whether the three component mechanism, as originally pro-
posed by Antal and Varhegyi[2] and also applied[1] to a
high number of wood species for a heating rate of 5 K min−1,
could also be valid for predicting the devolatilization rates
over a wide range of heating rates and/or how the kinetic
constants should be modified. The inclusion of several heat-
ing rates, especially the higher values, in kinetic analysis of
wood/biomass devolatilization is important from both the
theoretical and the practical side. Indeed, the evaluation of
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2. Thermogravimetric curves and kinetic modeling

The examination of the effects of the heating rate on
the global kinetics of wood devolatilization in inert atmo-
sphere is carried out by means of thermogravimetric curves
already available in the literature for beech wood (Fagus
sylvatica). The first set of thermogravimetric curves is de-
rived from[16], whose authors worked with about 20 mg of
(untreated) wood (particles in the range 0.3–0.85 mm) with
heating rates of 5, 20 and 80 K min−1. It should be noted
that these data were used to propose a two-stage mechanism
(an activation step followed by two competitive reactions for
the formation of char and volatiles, respectively) for each
of the main components of wood. The second set of data is
derived from[10], whose authors examined about 3 mg of
extracted (hot water) wood (particles below 0.5 mm) with
heating rates of 3, 41 and 108 K min−1. Both sets of thermo-
gravimetric curves were measured with commercial systems
(Mettler TA 300[16] and STA 500 Bahr GmbH[10]) and only
weight loss (integral) data were provided. These have been
numerically differentiated to obtain rate curves. In the follow-
ing, the first[16] and second[10] set of thermogravimetric
data will be referred to as untreated and water-washed wood,
respectively.

A kinetic model of wood devolatilization, widely used in
previous literature (for instance,[1–7]), assumes that the to-
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ultiple curves is proposed as a mean to break the
ensation effect[12]. Moreover, the fuel particles in in
ustrial systems usually experience widely variable hea
ates, generally barely touched by the upper limits of the
nalysis.

The three-step mechanism discussed here provides
cription of the global devolatilization rates of the three w
seudo-components. Other mechanisms, which also in

he evaluation of the rates of char formation and, thus
ariation in the ratio between the volatile and char yields,
een discussed in the literature review presented in[13,14].
he most widely used mechanism consists of three p

el reactions[15] for the formation of the main classes
ood pyrolysis products (char, gases and liquids). In
ase it is implicitly assumed that devolatilization is a o
tep process as the activation energies for the reactio

iquid and gas formation are comparable. The inaccura
ntroduced by this simplification in the prediction of the
amics of weight loss and/or their abilities to predict c
ectly at least global parameters, such as the conve
ime and the maximum devolatilization rate, have not b
valuated.

In this study, thermogravimetric curves of beech w
re used to understand the dependence of the devolatili
haracteristics on the heating rate. Then, the performan
evolatilization mechanisms, consisting of one, two or t
arallel reactions are evaluated for the predictions of bot
etails of the weight loss curves and the global devolati

ion parameters. Also, new kinetic constants are estim
here appropriate.
-

al volatiles released consist ofm fractions, whose dynami
re described by first order kinetics. Then, the overall m

oss rate is a linear combination of the single fraction ra
ore specifically, the mechanism consists ofm independen
arallel reactions:

i → Vi, i = 1, m (a1-am)

n the majority of the devolatilization mechanisms, theCi
re assumed to be the volatile contents of the three ps
omponents corresponding mainly to hemicellulose,
ulose and lignin, respectively (Vi are the correspondin
umped volatile species generated). In a few cases,
ional fractions have been introduced, for instance, to
nto account moisture evaporation[9] or the dynamics of ex
ractive decomposition[1]. Three cases will be considered
he following corresponding tom= 3, 2 and 1 (three-, two
nd one-step mechanisms), though the model equations
elow are for the first case.

The reactions rate is assumed to present the usual A
ius dependence (Ai are the pre-exponential factors andEi ,

he activation energies) on temperature and to be propor
o the mass fractions,Yi , of componentsCi :

i = Ai exp

(−Ei

RT

)
Yi, i = 1,3 (1–3)

s the sample temperature,T, is a known function of time,t:

= T0 + ht (4)
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(T0 is the initial temperature andh), the heating rate, the
mathematical model can be expressed as:

∂Yi

∂t
= −Ri, Yi(0) = νi, i = 1,3 (5–7)

whereνi , indicated in the following as stoichiometric coeffi-
cients, are the initial mass fractions of the volatile content of
the three pseudo-components.

The kinetic parameters are estimated through the numer-
ical solution (implicit Euler method) of the mass conserva-
tion equations and the application of a direct method for the
minimization of the objective function, which considers the
differential (DTG) data. The details of the method, already
described elsewhere (see, for instance,[17]), can be sum-
marized as follows. It is a method belonging to the class of
comparison methods, used to find the minimum of a scalar
function ofn independent variables. In contrast to gradient
methods, direct methods do not require the derivatives of the
scalar function. An approach combining the Rosenbrock for-
mulas and the golden section method is used for selecting
the orientation of the axis along which the optimum of the
objective function should be found. The objective function,
F, can be expressed as:

F =
∑

fj

∑ [
(dYij)exp − (dYij)sim

]2

(8)
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The deviation between measured and calculated curves is
defined in accordance with previous analyses[1] as:

Dev (%)=
√

S/N

(−dY/dtk)exp,peak
× 100 (11)

S =
∑

k=1,N

((−dY

dtk

)
exp

−
(−dY

dtk

)
sim

)2

(12)

wherek represents the experimental (exp) or the simulated
(sim) devolatilization rate at timet (N is the number of exper-
imental points (200 for the results discussed below) and the
subscript peak indicates the maximum value). The applica-
tion of the estimation procedure to multiple curves, obtained
for several heating rates, allows the compensation effect to
be avoided. Indeed, only one set of data can predict the be-
havior of the material at several heating rates, consisting of
the displacement of the weight loss curves toward succes-
sively higher temperatures for successively more severe ther-
mal conditions. Finally, it should be noted that, though in
a few cases three consecutive reactions have been proposed
(for instance,[14]), a parallel mechanism has been preferred
here because of its higher flexibility.

3. Results
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herei represents the experimental (exp) or simulated (
ime derivative (dY) the solid mass fraction at timet; j, the
eating rate (Nis the number of experimental points a
, the number of experiments carried out for each sa
y varying the heating rate); and the scale parameter,fj , is
xpressed as

j = 1

maxj[(dYij)exp]
2

(9)

The parameters to be estimated are the activation en
Ei , i = 1, 3), the pre-exponential factors (Ai , i = 1, 3), and the
toichiometric coefficients (νi , i = 1, 2), given the relation∑

=1,3

νi = 1 − YC∞ (10)

hereYC∞ is the final char yield, that can be obtained fr
he measured curves.

The devolatilization mechanism (a1–a3) does not take
ccount the competition between volatile and char for

ion as the reaction temperature is varied. Therefore, w
he pre-exponential factors and activation energies are in
nt, the stoichiometric coefficients (Eqs.(5–7)) can vary with

he heating conditions, to describe the decrease in the
ield of char for increasing reaction temperature. In o
ords, the devolatilization mechanisms can only predic
evolatilization rate, given the total amount of volatiles g
rated from the measured weight loss curves (see Eq.(10)).
The thermogravimetric curves of wood are used firs
valuate the effects of the heating rate on the devolat
ion characteristics and then for a kinetic analysis base
ifferent mechanisms.

.1. Influences of the heating rate on the devolatilizatio
haracteristics

The qualitative dependence of the weight loss curve
ood pyrolysis on the reaction temperature has already
xtensively discussed in the literature (see, for instance[1]).
n order to quantify the effects of the heating rate on the de
ation process, the same parameters introduced by Gro
l. [1] have been evaluated and reported inTables 1 and 2
hey are related to the characteristic temperatures of th

erent zones of the weight loss curves and the correspo
ass fractions and devolatilization rates. The initial degr

ion temperature,Tinitial , corresponds to a solid mass fract
qual to 0.975. The beginning of hemicellulose decom
ition is associated withTonset(hc)defined by extrapolatin
he slope of the devolatilization rate in correspondenc
he first local maximum in−d2Y/dt2 (up to the zero leve
f theY-axis). Given the appearance of a shoulder, the
omposition temperature of the hemicellulose is chara
zed byTshoulder, defined by the point where−d2Y/dt2 attains
he value nearest to zero in this region. For the cases
he hemicellulose and cellulose decomposition is less
apped, the parameterTshouldermarks the peak top of the hem
ellulose decomposition. The corresponding devolatiliza
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Table 1
Degradation characteristics of wood: temperatures (experimental measurements from[10,16])

h (K min−1) Pre-treatment Ti (K) Tonset(hc)(K) Tshoulder(K) Tpeak(K) Toffset(c) (K) Tshoulder− Tonset(hc) Toffset(c)−Tpeak

5 Untreated 523 512 572 619 646 64 27
20 Untreated 538 534 589 639 666 55 27
80 Untreated 548 546 601 668 688 54 20
3 H2O-washed 524 513 561 623 642 48 19

41 H2O-washed 539 565 606 670 693 41 24
108 H2O-washed 562 574 628 689 713 54 24

Table 2
Degradation characteristics of wood: mass fractions and devolatilization rates (experimental measurements from[10,16])

h (K min−1) Pre-treatment Yshoulder Ypeak Yoffset(c) Y∞ Yoffset(c)−Y∞ −(dY/dt)shoulder× 103 (s−1) −(dY/dt)peak× 103 (s−1)

5 Untreated 0.83 0.48 0.32 0.238 0.08 0.37 0.91
20 Untreated 0.84 0.5 0.29 0.22 0.07 1.21 3.48
80 Untreated 0.86 0.42 0.28 0.23 0.05 5 12.7
3 H2O-washed 0.86 0.48 0.28 0.23 0.05 0.19 0.615

41 H2O-washed 0.81 0.42 0.27 0.24 0.03 2.94 7
108 H2O-washed 0.75 0.385 0.215 0.185 0.03 8 17.1

rate, −(dY/dt)shoulder, and mass fraction,Yshoulder, can be
easily evaluated. The temperatureTpeak, where the max-
imum devolatilization rate is attained (associated mainly
with cellulose decomposition), is also introduced with the
corresponding−(dY/dt)peakandYpeak. The beginning of the
final, tailing region dominated by the lignin decomposition,
is identified byToffset(c), which is obtained by extrapolating
the devolatilization rate corresponding to the local minimum
of −d2Y/dt2 in this region (again up to the zero level of theY-
axis). Finally,YC∞ is the char mass fraction for a temperature
of 750 K, when the devolatilization process terminates.

The characteristic temperatures evaluated for the untreated
beech at 5 K min−1 are very close to those reported by Gronli
et al.[1], though mass fractions are slightly different. Indeed,
the degradation rates are slightly slower, as indicated by lower
−(dY/dt)shoulderand higherYpeakandYC∞, plausibly as a con-
sequence of the influences of sample origin or mass (20 mg
versus 5 mg).

As the heating rate is increased, all the characteristic tem-
peratures become successively higher (especiallyTpeak, as
also observed in[9,18]). The displacement of the rate curve
at higher temperatures is clearly shown, for example, by the
DTG curves of untreated wood for 5 and 80 K min−1 re-
ported inFig. 1. The maximum displacement is observed
for Tpeak (49 K) and the minimum forTshoulder(20 K). As a
consequence, the extension of the reaction zone is enlarged
( c-
t Also,
t less
v ones
i

unc-
t lues
f
fi
d ough

Fig. 1. Time derivative of the mass fraction, normalized with respect to
the peak rate, with characteristic temperatures for heating rates of 5 and
80 K min−1 (untreated beech wood[16]).

Fig. 2. Characteristic temperatures as functions of the heating rate for un-
treated (dashed lines[16]) and water-washed (solid lines[10]) beech wood.
Toffset(c)−Tonset(hc)varies from 134 to 142 K) and the rea
ions take place at successively higher temperatures.
he hemicellulose shoulder and the lignin tail become
isible, so that the overlap between adjacent reaction z
s enhanced.

A plot of the characteristic reaction temperatures as f
ions of the heating rate (Fig. 2) clearly shows higher va
or the second set of data (especiallyTpeakandToffset(c)). This
nding is also in agreement with previous literature[2,3]. In-
eed, by reducing the inorganic content of the sample thr
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water (or mild acid) washing, the cellulose peak is shifted at
higher temperatures and a better separation is achieved be-
tween the hemicellulose and the cellulose zone. It is also
worth noting that in this case, as the heating rate is increased,
both the shoulder and the peak of the rate curves are dis-
placed towards higher temperatures (maximum displacement
of about 66 K). This behavior indicates that increases of the
heating rate beyond 100 K min−1 do not introduce further
changes in the reaction temperatures.

Given the high heating rates used in the thermogravimetric
measurements[6,10], an approximate evaluation of possible
heat/mass transfer intrusions has been carried out. Assuming
a simple model based on one-step devolatilization reaction
with activation energyE (that is, only the central zone of
the rate curve, corresponding to the cellulose component, is
responsible for the peak in the wood devolatilization rate),
it can be shown[9] that, for a kinetically controlled process,
the following relation holds:

Z = E

R
h (13)

Z = −(dY/dt)peak

Ypeak/T 2
peak

(14)

In other words, the variableZ, a combination of the char-
a peak
r near
d s
o Eqs.
( hey
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c ined
t ax-
i step
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F for
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sequently in the estimatedEvalue. On the other hand, the use
of thermogravimetric curves of cellulose pyrolysis (heating
rates in the range 0.5–108 K min−1 [10] and 1–65 K min−1

[19]) results in an activation energy of 209.7± 4.6 kJ mol−1

(Fig. 3), which is in the range of those obtained by means of
accurate kinetic analysis.

3.2. Three-step mechanisms

The simultaneous evaluation of the differential curves for
different heating rates, to estimate the kinetic parameters of
the three-step mechanism a1–a3, has been carried out sepa-
rately for the untreated and the water-washed samples. How-
ever, the optimization procedure has always been executed
by requiring the same value of each activation energy,Ei ,
i = 1, 3, for all the curves (untreated and water-washed sam-
ples at different heating rates). The pre-exponential factor,
Ai , is invariant with the heating rate but, as anticipated, the
stoichiometric coefficients are allowed to vary.

In the first place, the activation energies for the three
reactions have been assigned as those reported by Gronli
et al. [1], that is,E1 = 100 kJ mol−1, E2 = 236 kJ mol−1 and
E3 = 46 kJ mol−1, and the other parameters have been esti-
mated. The three-step mechanism a1–a3 and the set of kinetic
parameters estimated in this way are indicated as model A.
Results are summarized inTable 3,Figs. 4 and 5. The agree-
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cteristic parameters evaluated in correspondence of the
ate of the thermogravimetric curve, should present a li
ependence on the heating rate. As shown inFig. 3, both set
f experimental data reproduce the trend described by
13) and(14) with acceptable accuracy, indicating that t
an be used for kinetic evaluation.

The estimated activation energy (about 92± 9.5 kJ mol−1)
s about the half of that reported for the decomposition o
ellulosic component in wood. This result can be expla
aking into account that cellulose may contribute up to a m
mum of about 50% in the wood composition. For a one-
rocess, this appears as a reduction in the peak rate an

ig. 3. ParameterZ (Eqs. (16) and (17)) as a function of the heating rate
ellulose[10,19]and beech[10,16].
-

ent between the measured and predicted global devola
ion rates is not acceptable for both untreated (Fig. 4)
ater-washed (Fig. 5) wood, as also testified by the high
iations reported inTable 3. The stoichiometric coefficien
ν1 = 0.25–0.30,ν2 = 0.38–0.44 andν3 = 0.09–0.13) are com
arable with those previously obtained for slow heating r

1].
Antal et al.[19], in their analysis of cellulose pyrolysis,

ributed variations (by factors of 2–4) in the pre-exponen
actors with the heating rate to uncontrolled systematic e
n the dynamic sample temperature measurements (th
ag). Thus, in the case of model A, evaluations of the we
oss curves have also been made by removing the cons
f invariant pre-exponential factors (results not shown).
greement between predictions and measurements is

able 3
arameters for the three-step devolatilization mechanism with activ
nergies as in Gronli et al.[1]

(K min−1) ν1 ν2 ν3 Dev (%)

ntreated wood
5 0.25 0.38 0.13 21.92

20 0.29 0.38 0.11 9.01
80 0.30 0.38 0.09 11.76

ater-washed wood
3 0.23 0.44 0.10 22.05

41 0.27 0.42 0.06 7.56
08 0.28 0.42 0.11 18.64

1 (kJ mol−1) = 100; E2 (kJ mol−1) = 236; E3 (kJ mol−1) = 46; A1

s−1) = 6.84× 106; A2 (s−1) = 2.91× 1017 (1.41× 1017 for water-washe
ood);A3 (s−1) = 32.95.
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Fig. 4. Comparison between the observed (symbols) and simulated DTG
curves (solid lines) for untreated beech wood[16] (model A, kinetic param-
eters listed inTable 3).

improved but, while the variations for the cellulose com-
ponent are relatively small (diminution ofA1 by factors of
1.5–2.5), those for the hemicellulose and lignin components
are very high (augmentation inA2 andA3 by factors of 4–5
and 11–21, respectively), as also found by Teng and Wei[9]
(in this caseE3 = 34–36 kJ mol−1 andA3 varies by factors of
40–50). From this analysis, it appears that the activation en-
ergies for the three reactions, determined with only one slow
heating rate, should be modified to improve the accuracy of
the predictions when the thermal conditions are varied.

Following previous analyses, carried out for several heat-
ing rates, which list activation energies[8–11] for the hemi-
cellulose and lignin components significantly different from
those of model A, a new set of kinetic data has been esti-
mated. In this case, the evaluation of the thermogravimet-
ric curves has been carried out with no constraint on the
activation energies for the reactions a1 and a3 (hemicel-
lulose and lignin pseudo-components). For the reaction a2
(pseudo-component cellulose), given the huge amount of
work done[2] and the general consensus about a one-step

F DTG
c
p

Table 4
Parameters for the three-step devolatilization mechanism with kinetic pa-
rameters estimated in this study

h (K min−1) ν1 ν2 ν3 Dev (%)

Untreated wood
5 0.18 0.46 0.12 3.20

20 0.18 0.48 0.12 4.31
80 0.20 0.49 0.08 6.61

Water-washed wood
3 0.20 0.48 0.09 8.74

41 0.20 0.47 0.08 5.83
108 0.24 0.47 0.10 7.41

E1 (kJ mol−1) = 147; E2 (kJ mol−1) = 193; E3 (kJ mol−1) = 181; A1

(s−1) = 2.527× 1011; A2 (s−1) = 1.379× 1014 (5.493× 1013 for water-
washed wood);A3 (s−1) 2.202× 1012.

reaction with high activation energy, the range of variation
has been limited to 190–240 kJ mol−1 while applying the op-
timization procedure. The three-step mechanism a1–a3 and
the set of kinetic parameters estimated in this way are in-
dicated as model B. The results, summarized inTable 4,
report the following activation energies:E1 = 147 kJ mol−1,
E2 = 193 kJ mol−1 andE3 = 181 kJ mol−1. A small variation
on the pre-exponential factor of the cellulose component
can take into account the effects of water washing. Fur-
thermore, the stoichiometric coefficients appear to increase
(hemicellulose,ν1 = 0.18–0.24) or slightly decrease (lignin,
ν3 = 0.08–0.12) with the pre-treatment, whereas those for
cellulose (0.46–0.49) are roughly constant. It should be men-
tioned that several combinations of kinetic parameters have
been tested and those associated with the lowest value of the
objective function have been chosen (absolute minimum).
Figs. 6 and 7, and the deviation values (Table 4) show that
the agreement between the predicted and measured global
rates is highly improved with respect to the three-step model
A and the model results are acceptable.

Fig. 8A and B compare the component dynamics for the
models A and B at two heating rates. Both models predict
the same qualitative characteristics for the hemicellulose and

F DTG
c -
e

ig. 5. Comparison between the observed (symbols) and simulated
urves (solid lines) for water-washed beech wood[10] (model A, kinetic
arameters listed inTable 3).
ig. 6. Comparison between the observed (symbols) and simulated
urves (solid lines) for untreated beech wood[16] (model B, kinetic param
ters listed inTable 4).
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Fig. 7. Comparison between the observed (symbols) and simulated DTG
curves (solid lines) for water-washed beech wood[10] (model B, kinetic
parameters listed inTable 4).

Fig. 8. Predicted volatile evolution from the different components for models
A (kinetic parameters listed inTable 3) and B (kinetic parameters listed in
Table 4) for untreated beech wood and a heating rate of 5 K min−1 (A) and
80 K min−1 (B).

cellulose components, which describe the shoulder and peak
of the rate curves, respectively. From the quantitative point
of view, however, the volatile contribution from cellulose is
augmented by the model B (0.47–0.49 versus 0.38–0.44). It
is released over a slightly wider reaction zone, as also in-
dicated by a diminution in the activation energy of this re-
action (193 kJ mol−1 versus 236 kJ mol−1). Conversely, the
amounts of volatiles released from hemicellulose are reduced
(0.17–0.20 of the model B versus 0.23–0.30 of the model
A) together with the size of the reaction zone, as a conse-
quence of the higher activation energy (147 kJ mol−1 versus
100 kJ mol−1). The quantitative contribution from lignin is
almost the same for both models (0.07–0.13 for the model
A versus 0.08–0.12 of the model B) but the dynamics are
highly different. Indeed, for the model B, the activity of this
component is explicated essentially along the tail zone of the
curve, whereas in the other case it slowly decomposes over a
broad range of temperatures.

As a general remark, the overlap between the different
reaction zones is reduced passing from models A to B, as
if shifting from a parallel- to a series-reaction mechanism.
Hence, in the model A, the three pseudo-components try to
mimic the separate degradation rates of hemicellulose, cellu-
lose and lignin over the entire temperature range where wood
degradation takes place. In the model B, they tend to incor-
porate the simultaneous activity of all the wood components
o ding
t (ac-
c s
d , and
l tual
m or-
d nents
w ers.
H pre-
d ates,
t ture
[ upon
a

3

r of
k n or-
d ac-
t
a uld
f and
m ly a
f ap-
p de-
v (for
i or-
m
o ati-
c ts of
ver three adjacent temperature ranges, but still inclu
he maximum degradation rate of the single components
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ecompose over 498–598 K, cellulose over 598–648 K

ignin over 523–773 K). In conclusion, the same concep
echanism of wood devolatilization (three parallel first
er reactions) can be associated with pseudo-compo
ith different chemical composition and kinetic paramet
owever, while in the case of the model B, quantitative
ictions can be obtained at both slow and fast heating r

he model A, as extensively discussed in previous litera
1–7], appears to be accurate only for slow heating rates (
dequate selection of pre-exponential factors).

.3. One- and two-step mechanisms

Although it can be expected that a higher numbe
inetic parameters, such as the introduction of a reactio
er different from unity, an increase in the number of re

ion steps in the devolatilization mechanism(a1-am)or the
pplication of distributed activation energy models, wo

urther improve the agreement between the predicted
easured details of the thermogravimetric curves, on

ew global parameters are often required in practical
lications. Indeed, in the majority of transport models,
olatilization is described by a global one-step reaction
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ation of gases and liquids (for instance,[23,24]). Based
n the analysis of the literature and different mathem
al treatments of isothermal weight loss measuremen



140 C. Branca et al. / Thermochimica Acta 429 (2005) 133–141

Fig. 9. Comparison between the observed (symbols) and simulated DTG
curves (solid lines) for untreated beech wood[16] by means of a
global one-step reaction (a)E= 102.6 kJ mol−1, A= 7.71× 105 s−1; (b)
E= 148.6 kJ mol−1, A= 1.45× 1010 s−1 [13]).

beech wood, it was shown[13] that two set of parame-
ters can be estimated for a one-step devolatilization reac-
tion: (a)E= 102.6 kJ mol−1, A= 7.71× 105 s−1 (low activa-
tion energy) and (b)E= 148.6 kJ mol−1, A= 1.45× 1010 s−1

(high activation energy). An example of the predictions ob-
tained for the dynamic curves is shown inFig. 9for untreated
wood, where measurements are also reported for comparison
purposes (results are qualitatively similar for water-washed
wood). It can be seen that the details of the curves are not pre-
dicted and large deviations (increasing with the heating rate)
also occur for the global parameters, especially the conver-
sion time (or temperature) for the case (a) and the maximum
devolatilization rate for the case (b).

The applicability of a kinetic model, consisting of two par-
allel reactions, has also been evaluated for the prediction of
the global devolatilization characteristics. The kinetic param-
eters of the first step have been assumed to coincide with those
previously determined for the three-step model B. The second
step has been assumed to present the same activation energy
of the global one-step reactionband the stoichiometric coef-
ficient given by the sum of those for cellulose and lignin of the
three-step model B. In this way, the pre-exponential factor for
the second reaction has been estimated. The results are sum-

Table 5
Parameters for the two-step devolatilization mechanism with kinetic param-
e

h

U

W

1

E
(

Fig. 10. Comparison between the observed (symbols) and simulated DTG
curves (solid lines) for untreated beech wood[16] (two-step model, kinetic
parameters listed inTable 5).

Fig. 11. Comparison between the observed (symbols) and simulated DTG
curves (solid lines) for water-washed beech wood[10] (two-step model,
kinetic parameters listed inTable 5).

marized inTable 5,Figs. 10 and 11. As expected, compared
with the three-step model B (Table 4), the deviations between
predictions and measurements are higher (Table 5). However,
conversion times (temperatures), maximum devolatilization
rates and times (temperatures) of maximum devolatilization
rate are quantitatively correct.

4. Conclusions

Two sets of literature data on the devolatilization rate of
beech wood have been re-examined with the aim of incorpo-
rating the effects of high heating rates (up to 108 K min−1)
in kinetic modeling. The model based on three indepen-
dent parallel reactions, first-order in the amount of volatiles
released from three pseudo-components with chief contri-
butions from hemicellulose, cellulose and lignin, has been
evaluated (three-step model).

A first kinetic evaluation has been made using the same
activation energies (100, 236 and 46 kJ mol−1, respectively)
ters estimated in this study

(K min−1) ν1 ν2 Dev (%)

ntreated wood
5 0.18 0.58 11.4

20 0.18 0.58 6.39
80 0.20 0.58 19.32

ater-washed wood
3 0.20 0.57 26.3

41 0.20 0.55 6.31
08 0.24 0.57 11.79

1 (kJ mol−1) = 146.7;A1 (s−1) = 2.57× 1011; E2 (kJ mol−1) = 148.6;A2

s−1) = 1.45× 1010(2.24× 1010 for untreated wood).
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as in the unified model proposed by Gronli et al.[1] for nine
wood species decomposing at a heating rate of 5 K min−1. It
has been found that this constraint does not allow acceptable
predictions of the rate curves to be obtained for both untreated
and water-washed wood. That is, the kinetics determined with
one slow heating rate experiment are not valid when the ther-
mal conditions are modified. A second kinetic evaluation
has resulted in different activation energies (147, 193 and
181 kJ mol−1, respectively) with good agreement between
predictions and measurements. Relatively small variations on
the stoichiometric coefficients and the pre-exponential fac-
tor of the cellulose pseudo-component can take into account
sample pre-treatment effects. Both sets of kinetic data predict
the same qualitative dynamics of the hemicellulose and cellu-
lose pseudo-components, whereas those of the lignin pseudo-
component are highly different. Indeed, the low activation
energy (46 kJ mol−1) of the first set of data results in a slow
decomposition rate over a broad range of temperatures. In the
second case (activation energy of 181 kJ mol−1), the reaction
activity is mainly explicated along the high-temperature (tail)
region of the weight loss curves. From the quantitative point
of view, the overlap between the different reaction zones is
reduced passing from the first to the second kinetic evalua-
tion, in this way resulting in significant changes in the actual
chemical composition of the pseudo-components.

The applicability of more simplified kinetic models has
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heat transfer is controlling even for the small-sized particles
of fast pyrolysis carried out by means of fluidized-bed reac-
tors, so that the actual particle heating rates are always quite
low. Future research, however, should be carried out to fur-
ther extend the range of heating conditions and describe the
behavior of biomasses other than wood by kinetic models.
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