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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 Kmint) 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 mot, 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 18] tepettively. In
this case, the overlap is reduced between the reaction rates of the three pseudo-components whose chemical composition is also modified
In particular, instead of a slow decomposition rate over a broad range of temperatures, the activity of the third reaction is mainly explicated
along the high-temperature (tail) region of the weight loss curves. The performances of more simplified mechanisms are also evaluated.
One-step mechanisms, using literature values for the kinetic constants, produce large errors on either the conversion time (activation energy
of 103 kImot?) or the maximum devolatilization rate (activation energy of 149 kJ#)olOn the other hand, these parameters are well
predicted by two parallel reactions, with activation energies of 147 and 149 k3.mol
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction curves. Lignin decomposes slowly over a very broad range
of temperatures.

Thermogravimetric curves of wood/biomass pyrolysis, Dynamic measurements and the corresponding kinetic
obtained under dynamic conditions and slow heating rates,analyses have been based, for a large part, on the exami-
show the presence of several reaction zones, resulting fromnation of one heating rate only, generally below 10 K in
the composite nature of the fuel. The majority of the kinetic The agreement between the kinetic parameters, estimated by
models is based on three independent parallel reactions, firstmeans of differential (DTG) curves, is go¢tl-7]. Activa-
order in the amount of volatiles released from hemicellulose, tion energies vary between 80 and 116 kJmdor hemi-
cellulose and lignirf1-3]. In reality, owing to the difficulty cellulose, 195 and 286 kJ mdi for cellulose, and 18 and
in separating the effects of the different contributions, these 65 kJ mot™* for lignin. Furthermore, the component contri-
are pseudo-components. Following previous analjise3], butions, expressed as percent of the total mass fraction, are
it is generally assumed that hemicellulose and cellulose de-roughly 20—-30% for hemicellulose, 28—38% for cellulose and
compose independently of one another, the former associ-10-15% for lignin.
ated with the shoulder and the latter with the peak of therate  The simultaneous evaluation of thermogravimetric curves

obtained for several heating rates has been examined only in a
few cases, which include 2—25 K mih for olive stones and
* Corresponding author. Tel.: +39 081 7682232; fax: +39 081 2391800, almond shellg8], 3-100 K min™* for untreated and water-
E-mail addressdiblasi@unina.it (C. Di Blasi). washed rice huskf9], 0.5-108 Kmin® for water-washed
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beech wood10], and 5-20 Kmin! for waste wood and 2. Thermogravimetric curves and kinetic modeling

other residue$ll1]. Apart from the different fuels and pre-

treatments examined, the comparison between the results is The examination of the effects of the heating rate on
difficult owing to power law dependences on the mass frac- the global kinetics of wood devolatilization in inert atmo-
tion [8,10,11], the use of integral (TG) data on9-11] sphere is carried out by means of thermogravimetric curves
and the selection of widely different values of the compo- already available in the literature for beech wood (Fagus
nent fractions. The overall trend is that the kinetic evaluation sylvatica). The first set of thermogravimetric curves is de-
of cellulose remains roughly unchanged (activation energiesrived from[16], whose authors worked with about 20 mg of
of 192-250 kJ motl) with respect to single-curve results, (untreated) wood (particles in the range 0.3—0.85 mm) with
whereas higher activation energies of hemicellulose degra-heating rates of 5, 20 and 80 K mih It should be noted
dation are reported (154-200 kJ md). As for the reaction  that these data were used to propose a two-stage mechanism
of the third component, activation energies of 36 kJmol  (an activation step followed by two competitive reactions for
[9], 188 kI mot ! [8], or 54—-61 kJ mot! [11] have been es-  the formation of char and volatiles, respectively) for each
timated (in[10] the degradation of the third component takes of the main components of wood. The second set of data is
place along the low-temperature region typical of hemicel- derived from[10], whose authors examined about 3 mg of
lulose and, therefore, the related kinetic constants cannotextracted (hot water) wood (particles below 0.5mm) with
be referred to the lignin component). Hence, it is not clear heating rates of 3, 41 and 108 K mih Both sets of thermo-
whether the three component mechanism, as originally pro- gravimetric curves were measured with commercial systems
posed by Antal and Varhegy2] and also appliedl] to a (Mettler TA 300[16] and STA 500 Bahr GmbH.0]) and only
high number of wood species for a heating rate of 5 Kmhjn weight loss (integral) data were provided. These have been
could also be valid for predicting the devolatilization rates numerically differentiated to obtain rate curves. In the follow-
over a wide range of heating rates and/or how the kinetic ing, the first[16] and second10] set of thermogravimetric
constants should be modified. The inclusion of several heat-data will be referred to as untreated and water-washed wood,
ing rates, especially the higher values, in kinetic analysis of respectively.

wood/biomass devolatilization is important from both the A kinetic model of wood devolatilization, widely used in
theoretical and the practical side. Indeed, the evaluation of previous literature (for instancfl,—7]), assumes that the to-
multiple curves is proposed as a mean to break the com-tal volatiles released consistwffractions, whose dynamics
pensation effec{12]. Moreover, the fuel particles in in- are described by first order kinetics. Then, the overall mass
dustrial systems usually experience widely variable heating loss rate is a linear combination of the single fraction rates.
rates, generally barely touched by the upper limits of thermal More specifically, the mechanism consistswindependent

analysis. parallel reactions:
The three-step mechanism discussed here provides a de-
scription of the global devolatilization rates of the threewood C; — V;, i=1,m (al-am)

pseudo-components. Other mechanisms, which also include

the evaluation of the rates of char formation and, thus, the In the majority of the devolatilization mechanisms, Be

variation in the ratio between the volatile and char yields, have are assumed to be the volatile contents of the three pseudo-

been discussed in the literature review presentddi3ri 4]. components corresponding mainly to hemicellulose, cel-

The most widely used mechanism consists of three paral-lulose and lignin, respectively (Mare the corresponding

lel reactions[15] for the formation of the main classes of lumped volatile species generated). In a few cases, addi-

wood pyrolysis products (char, gases and liquids). In this tional fractions have been introduced, for instance, to take

case it is implicitly assumed that devolatilization is a one- into account moisture evaporatifd] or the dynamics of ex-

step process as the activation energies for the reactions otractive decompositiofi]. Three cases will be considered in

liquid and gas formation are comparable. The inaccuraciesthe following corresponding t;m=3, 2 and 1 (three-, two-

introduced by this simplification in the prediction of the dy- and one-step mechanisms), though the model equations given

namics of weight loss and/or their abilities to predict cor- below are for the first case.

rectly at least global parameters, such as the conversion The reactions rate is assumed to present the usual Arrhe-

time and the maximum devolatilization rate, have not been nius dependence {(Are the pre-exponential factors aBd

evaluated. the activation energies) on temperature and to be proportional
In this study, thermogravimetric curves of beech wood to the mass fraction¥;, of component€£;:

are used to understand the dependence of the devolatilization

charact_grlst!cs on the hgatlng rate._Then, the performances of L= A exp(__Ei> Y. i=1.3 (1-3)

devolatilization mechanisms, consisting of one, two or three R

parallel reactions are evaluated for the predictions of both the

details of the weight loss curves and the global devolatiliza- As the sample temperaturg,is a known function of time;

tion parameters. Also, new kinetic constants are estimated,

where appropriate. T =To+ ht (4)
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(To is the initial temperature and), the heating rate, the The deviation between measured and calculated curves is
mathematical model can be expressed as: defined in accordance with previous analygdgsas:
aY; VS/N
—~=—R;, Yi(0)=v, i=13 (5-7) Dev (%) = VSN x 100 (11)
ot (_dY/dtk)exppeak
wherey;, indicated in the following as stoichiometric coeffi- q q 2
cients, are the initial mass fractions of the volatile content of ¢ — Z (i) _ (i) (12)
the three pseudo-components. vy \\ die Jep X die Jgim

The kinetic parameters are estimated through the numer- ) )
ical solution (implicit Euler method) of the mass conserva- Wherek represents the experimental (exp) or the simulated

tion equations and the application of a direct method for the (SiM) devolatilization rate at img(N is the number of exper-
minimization of the objective function, which considers the Imental points (200 for the results discussed below) and the
differential (DTG) data. The details of the method, already SUPSCript peak indicates the maximum value). The applica-
described elsewhere (see, for instaridd)), can be sum- tion of the estimation procedure to multiple curves, obtained
marized as follows. It is a method belonging to the class of for séveral heating rates, allows the compensation effect to
comparison methods, used to find the minimum of a scalar € avoided. Indeed, only one set of data can predict the be-
function of n independent variables. In contrast to gradient Navior of the material at several heating rates, consisting of
methods, direct methods do not require the derivatives of thetN€ displacement of the weight loss curves toward succes-
scalar function. An approach combining the Rosenbrock for- Sively higher temperatures for successively more severe ther-
mulas and the golden section method is used for selecting™@! conditions. Finally, it should be noted that, though in
the orientation of the axis along which the optimum of the & few cases three consecutive reactions have been proposed

objective function should be found. The objective function, (for instance[14]), a parallel mechanism has been preferred
F, can be expressed as: here because of its higher flexibility.

F= ) fi ),

j=1M i=1,N

AYy)ep — (@Yi)im 1°
[( Yj)exp ( YJ)SIm} (8) 3. Results

(dYU)exp + (dYj)gim
] ] ) i The thermogravimetric curves of wood are used first to
wherei represents the experimental (exp) or simulated (Sim) gyajuate the effects of the heating rate on the devolatiliza-

time derivative (dY) the solid mass fraction at timg, the tion characteristics and then for a kinetic analysis based on
heating rate (Ns the number of experimental points and yitferent mechanisms.

M, the number of experiments carried out for each sample
by varying the heating rate); and the scale paramgtes

3.1. Influences of the heating rate on the devolatilization
expressed as

characteristics
1
fi= W 9) The qualitative dependence of the weight loss curves of
TR eXp] wood pyrolysis on the reaction temperature has already been

The parameters to be estimated are the activation energie
(Ei,i=1, 3), the pre-exponential factors (A= 1, 3), and the
stoichiometric coefficients (pi =1, 2), given the relation

xtensively discussed in the literature (see, for instquide,
fn order to quantify the effects of the heating rate on the degra-
dation process, the same parameters introduced by Gronli et
al. [1] have been evaluated and reportedables 1 and 2.
Z vi=1-Yeu (10) They are related to the_ characteristic temperatures of the qﬁf-
ferent zones of the weight loss curves and the corresponding
mass fractions and devolatilization rates. The initial degrada-
whereYc is the final char yield, that can be obtained from tion temperaturéelinitial, cOrresponds to a solid mass fraction
the measured curves. equal to 0.975. The beginning of hemicellulose decompo-
The devolatilization mechanism (al—a3) does not take into sition is associated witfignset(nc)defined by extrapolating
account the competition between volatile and char forma- the slope of the devolatilization rate in correspondence of
tion as the reaction temperature is varied. Therefore, while the first local maximum in-d?Y/df (up to the zero level
the pre-exponential factors and activation energies are invari-of the Y-axis). Given the appearance of a shoulder, the de-
ant, the stoichiometric coefficients (E@5-7)) can vary with composition temperature of the hemicellulose is character-
the heating conditions, to describe the decrease in the finalized by Tshouldes defined by the point whered?Y/de attains
yield of char for increasing reaction temperature. In other the value nearest to zero in this region. For the cases when
words, the devolatilization mechanisms can only predict the the hemicellulose and cellulose decomposition is less over-
devolatilization rate, given the total amount of volatiles gen- lapped, the paramet&gnouigernarks the peak top of the hemi-
erated from the measured weight loss curves (se¢1B9). cellulose decomposition. The corresponding devolatilization

i=1,3
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Table 1
Degradation characteristics of wood: temperatures (experimental measuremerjtirsi)

h (Kmin=1) Pre-treatment T (K) Tonset(he)(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 H,O-washed 524 513 561 623 642 48 19
41 H,0O-washed 539 565 606 670 693 41 24

108 H,O-washed 562 574 628 689 713 54 24

Table 2

Degradation characteristics of wood: mass fractions and devolatilization rates (experimental measuremgrQsliBm

h (Kmin=1) Pre-treatment  Yshoulder ~ Ypeak Yoffset(c) Yoo Yoffset(c) — Yoo —(dY/dthhouiderx 10° (s71) —(dY/dtheak x 10% (s7Y)

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 0.07 121 3.48
80 Untreated 0.86 0.42 0.28 0.23 0.05 5 12.7

3 H,O-washed 0.86 0.48 0.28 0.23 0.05 0.19 0.615
41 H,O-washed 0.81 0.42 0.27 0.24 0.03 2.94 7

108 H20-washed 0.75 0.385 0.215 0.185 0.03 8 171
1.0F

rate, —(dY/dtknouides @and mass fractionYsphouiges Can be
easily evaluated. The temperatufgea, Where the max-
imum devolatilization rate is attained (associated mainly
with cellulose decomposition), is also introduced with the I Tpeak

h=5K/min & 80K/min

corresponding-(dY/dtheakand Ypeak The beginning of the & oer
final, tailing region dominated by the lignin decomposition, g T
is identified byTofset(c) Which is obtained by extrapolating 2 0.4 j
the devolatilization rate corresponding to the local minimum 2 |
S . ) = :
of —d?Y/dE in this region (again up to the zero level of thie ° g2t T ] ; Toffset(c)
axis). Finally,Yco is the char mass fraction for a temperature s Tonsat(he) &7« | .
of 750 K, when the devolatilization process terminates. 0.0 ; 5 ’
The characteristic temperatures evaluated for the untreated N R P N O I
beech at5 K min? are very close to those reported by Gronli 300 400 500 600 700 800
et al.[1], though mass fractions are slightly different. Indeed, TK

the degradation rates are slightly slower, as indicated by lower
—(dY/dt);houlderand higheNpeakanchoo, plausibly asacon- Fig. 1. Time deri_vative of the_ mass fraction, normalizeq with respect to
sequence of the influences of sample origin or mass (20 mg;hOerri?nli{e&eﬁt;’;';r:eghs;zg:]ea/s;;:dg“ peratures for heating rates of 5 and
versus 5mg). '

As the heating rate is increased, all the characteristic tem-
peratures become successively higher (especialy, as 750
also observed if9,18]). The displacement of the rate curve I
at higher temperatures is clearly shown, for example, by the s
DTG curves of untreated wood for 5 and 80 K minre- I
ported inFig. 1. The maximum displacement is observed
for Tpeak (49 K) and the minimum foffshouider(20 K). As a o
consequence, the extension of the reaction zone is enlarged —
(Toftset(c)— Tonset(hc)varies from 134 to 142 K) and the reac-
tions take place at successively higher temperatures. Also,
the hemicellulose shoulder and the lignin tail become less

650

600 & Tshou\der

550 ,ATonset(hc)

.. . . 500
visible, so that the overlap between adjacent reaction zones
is enhanced. 450 . . .
A plot of the characteristic reaction temperatures as func- 0.0 0.5 1.0 15 20

tions of the heating rate (Fig. 2) clearly shows higher values
for the second set of data (especidljgakandToftset(c)- This

finding is also i'_" agree.mem W_ith previous literat{#¢3]. In- Fig. 2. Characteristic temperatures as functions of the heating rate for un-
deed, by reducing the inorganic content of the sample throughtreated (dashed lind$6]) and water-washed (solid lings0]) beech wood.

h/iKs'
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water (or mild acid) washing, the cellulose peak is shifted at sequently in the estimatétivalue. On the other hand, the use
higher temperatures and a better separation is achieved beef thermogravimetric curves of cellulose pyrolysis (heating
tween the hemicellulose and the cellulose zone. It is alsorates in the range 0.5-108 K mih[10] and 1-65 K minm®
worth noting that in this case, as the heating rate is increased[19]) results in an activation energy of 209:7.6 kJ mot !
both the shoulder and the peak of the rate curves are dis-(Fig. 3), which is in the range of those obtained by means of
placed towards higher temperatures (maximum displacementaccurate kinetic analysis.

of about 66 K). This behavior indicates that increases of the

heating rate beyond 100 K mii do not introduce further ~ 3.2. Three-step mechanisms

changes in the reaction temperatures.

Giventhe high heating rates used in the thermogravimetric ~ The simultaneous evaluation of the differential curves for
measuremen{$,10], an approximate evaluation of possible different heating rates, to estimate the kinetic parameters of
heat/mass transfer intrusions has been carried out. Assuminghe three-step mechanism al-a3, has been carried out sepa-
a simple model based on one-step devolatilization reactionrately for the untreated and the water-washed samples. How-
with activation energyE (that is, only the central zone of ever, the optimization procedure has always been executed
the rate curve, corresponding to the cellulose component, isby requiring the same value of each activation enekgy,
responsible for the peak in the wood devolatilization rate), i=1, 3, for all the curves (untreated and water-washed sam-
it can be showri9] that, for a kinetically controlled process, ples at different heating rates). The pre-exponential factor,

the following relation holds: A, is invariant with the heating rate but, as anticipated, the
£ stoichiometric coefficients are allowed to vary.

Z=—h 13) In the first place, the activation energies for the three
R reactions have been assigned as those reported by Gronli
—(dY/d)peak et al.[1], that is, E; =100 kJmot?, E» =236 kJmot?! and

= W (14) Ez=46kJmot?, and the other parameters have been esti-
peax *peak

mated. The three-step mechanism al-a3 and the set of kinetic

In other words, the variablg, a combination of the char-  parameters estimated in this way are indicated as model A.
acteristic parameters evaluated in correspondence of the peakesults are summarizedTable 3,Figs. 4 and 5. The agree-
rate of the thermogravimetric curve, should present a linear mentbetween the measured and predicted global devolatiliza-
dependence on the heating rate. As showFign3, both sets  tion rates is not acceptable for both untreated (Fig. 4) and
of experimental data reproduce the trend described by Egs.water-washed (Fig. 5) wood, as also testified by the high de-
(13) and(14) with acceptable accuracy, indicating that they Viations reported ifable 3. The stoichiometric coefficients
can be used for kinetic evaluation. (v1=0.25-0.30y2 =0.38-0.44 and3 =0.09-0.13) are com-

The estimated activation energy (about99.5 kJ mot 1) parable with those previously obtained for slow heating rates
is about the half of that reported for the decomposition of the [1].
cellulosic component in wood. This result can be explained ~ Antal etal.[19], in their analysis of cellulose pyrolysis, at-
taking into account that cellulose may contribute up to a max- tributed variations (by factors of 2—4) in the pre-exponential
imum of about 50% in the wood composition. For a one-step factors with the heating rate to uncontrolled systematic errors

process, this appears as a reduction in the peak rate and corin the dynamic sample temperature measurements (thermal
lag). Thus, in the case of model A, evaluations of the weight

loss curves have also been made by removing the constraint
of invariant pre-exponential factors (results not shown). The
agreement between predictions and measurements is highly

Cellulose

E=209.7+4.6 kdJ/mol Table 3

"_: sk Parameters for the three-step devolatilization mechanism with activation
‘j\_: energies as in Gronli et dlL]
L h (Kmin—1) 1 Vo va Dev (%)
; 2r Untreated wood
5 0.25 0.38 0.13 21.92
20 0.29 0.38 0.11 9.01
r 80 0.30 0.38 0.09 11.76

E=92+9.5 kJ/mol
Water-washed wood

0¢ : . L - L - 3 0.23 0.44 0.10 22.05
0.0 0.5 1.0 1.5 2.0 41 0.27 0.42 0.06 7.56
h/iKs! 108 0.28 0.42 0.11 18.64

E; (kJmot1)=100; E; (kIJmot1)=236; Ez (kIJmol1)=46; A
Fig. 3. ParameteZ (Egs. (16) and (17)) as a function of the heating rate for (s71)=6.84x 10°; Ay (s71)=2.91x 10 (1.41x 10" for water-washed
cellulose[10,19]and beeclj10,16]. wood); Az (s 1)=32.95.
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10 16 Table 4
Untreated wood Parameters for the three-step devolatilization mechanism with kinetic pa-
g 114 rameters estimated in this study
8 h=80K/min 12 h (Kmin—1) vy v2 v3 Dev (%)
"o 10 = Untreated wood
i) & 5 0.18 0.46 0.12 3.20
= 8 X 20 0.18 0.48 0.12 431
ko] b 80 0.20 0.49 0.08 6.61
> 6 &
4 = Water-washed wood
4 3 0.20 0.48 0.09 8.74
2 41 0.20 0.47 0.08 5.83
108 0.24 0.47 0.10 7.41
308 E: (kIJmor1)=147; E; (kdmol1)=193; E3 (kIJmot1)=181; A
TK (s1=2.527x 101%; Ay (s71)=1.379x 1014 (5.493x 10'3 for water-

washed wood)As (s~1) 2.202x 1012,

Fig. 4. Comparison between the observed (symbols) and simulated DTG . . . R -
curves (solid lines) for untreated beech w¢d6] (model A, kinetic param- reaction W,Ith, high activation energy, t,he range of variation
eters listed ifTable 3). has been limited to 190-240 kJ méiwhile applying the op-
timization procedure. The three-step mechanism al-a3 and
improved but, while the variations for the cellulose com- the set of kinetic parameters estimated in this way are in-
ponent are relatively small (diminution @ by factors of dicated as model B. The results, summarizedrable 4,
1.5-2.5), those for the hemicellulose and lignin components report the following activation energieB; = 147 kJ mot 1,
are very high (augmentation iy andAg by factors of 4-5  E, =193 kJmot?! andEz =181 kJImot?L. A small variation
and 11-21, respectively), as also found by Teng and[¥Jei  on the pre-exponential factor of the cellulose component
(in this caseEz = 34-36 kJ mot! andAg varies by factors of ~ can take into account the effects of water washing. Fur-
40-50). From this analysis, it appears that the activation en-thermore, the stoichiometric coefficients appear to increase
ergies for the three reactions, determined with only one slow (hemicellulosep; =0.18-0.24) or slightly decrease (lignin,
heating rate, should be modified to improve the accuracy of v3= 0.08-0.12) with the pre-treatment, whereas those for

the predictions when the thermal conditions are varied. cellulose (0.46-0.49) are roughly constant. It should be men-
Following previous analyses, carried out for several heat- tioned that several combinations of kinetic parameters have
ing rates, which list activation energif&-11] for the hemi- been tested and those associated with the lowest value of the

cellulose and lignin components significantly different from objective function have been chosen (absolute minimum).
those of model A, a new set of kinetic data has been esti- Figs. 6 and 7, and the deviation values (Table 4) show that
mated. In this case, the evaluation of the thermogravimet- the agreement between the predicted and measured global
ric curves has been carried out with no constraint on the rates is highly improved with respect to the three-step model
activation energies for the reactions al and a3 (hemicel- A and the model results are acceptable.

lulose and lignin pseudo-components). For the reaction a2  Fig. 8A and B compare the component dynamics for the
(pseudo-component cellulose), given the huge amount of models A and B at two heating rates. Both models predict
work done[2] and the general consensus about a one-stepthe same qualitative characteristics for the hemicellulose and

8 24 10 16
Water-washed wood 1 Untreated wood 14
20 8
6 12
7 18 1.4
;’-“? =< A0 6L 10 <
— © b=
x 4 12 X = 8 x
— o o
e} © 4l w
ES g @ B 6 &
T EN = i .
4 " Model B 1,
0 - 1" 0 ok 0
300 400 500 600 700 800 30 400 0
TK T/K

Fig. 5. Comparison between the observed (symbols) and simulated DTG Fig. 6. Comparison between the observed (symbols) and simulated DTG
curves (solid lines) for water-washed beech w§bd] (model A, kinetic curves (solid lines) for untreated beech wgd6] (model B, kinetic param-
parameters listed ifable 3). eters listed iffable 4).
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8 20
Water-washed wood

6l h=108K/min 16
o &
% 12 g
- 4} x
o =)
g S
'(|J L

2+

Model B 4
0 Tm 0
300 400 500 600 700 800

Fig. 7. Comparison between the observed (symbols) and simulated DTG
curves (solid lines) for water-washed beech w¢dd] (model B, kinetic
parameters listed ifiable 4).

1.0

0.8

Model A
Model B

0.6

0.4

-dv/dt x 10%/s™

0.2

0.0
300

400 800

16

14

12

10

-dY/dt x 103/s™

400 500

T/K

600 700 800

(B)

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

139

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 mot! versus 236 kJ moft). 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 kJolersus

100 kJ mot1). 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
over three adjacent temperature ranges, but still including
the maximum degradation rate of the single components (ac-
cording to thermogravimetric analygi20], hemicelluloses
decompose over 498-598 K, cellulose over 598-648 K, and
lignin over 523—773K). In conclusion, the same conceptual
mechanism of wood devolatilization (three parallel first or-
der reactions) can be associated with pseudo-components
with different chemical composition and kinetic parameters.
However, while in the case of the model B, quantitative pre-
dictions can be obtained at both slow and fast heating rates,
the model A, as extensively discussed in previous literature
[1-7], appears to be accurate only for slow heating rates (upon
adequate selection of pre-exponential factors).

3.3. One- and two-step mechanisms

Although it can be expected that a higher number of
kinetic parameters, such as the introduction of a reaction or-
der different from unity, an increase in the number of reac-
tion steps in the devolatilization mechanigai-am)or the
application of distributed activation energy models, would
further improve the agreement between the predicted and
measured details of the thermogravimetric curves, only a
few global parameters are often required in practical ap-
plications. Indeed, in the majority of transport models, de-
volatilization is described by a global one-step reaction (for
instance[21,22]) or by two competitive reactions for the for-
mation of gases and liquids (for instan¢23,24]). Based
on the analysis of the literature and different mathemati-
cal treatments of isothermal weight loss measurements of
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Fig. 9. Comparison between the observed (symbols) and simulated DTG Fig. 10. Comparison between the observed (symbols) and simulated DTG

curves (solid lines) for untreated beech wofith] by means of a curves (solid lines) for untreated beech wd] (two-step model, kinetic
global one-step reaction (&=102.6kJmot!, A=7.71x 1°sL; (b) parameters listed imable 5).
E=148.6kImot!, A=1.45x 100571 [13)).

8 20
beech wood, it was showfi3] that two set of parame- Water-washed wood

ters can be estimated for a one-step devolatilization reac-
tion: (@) E=102.6 kJmot!, A=7.71x 10 s~ (low activa-
tion energy) and (blf = 148.6 k mot?, A=1.45x 10051
(high activation energy). An example of the predictions ob-
tained for the dynamic curves is showrHiy. 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 appl|cab|l|ty ofakinetic model, consisting of tW.O par- Fig. 11. Comparison between the observed (symbols) and simulated DTG
allel reactions, has also been evaluated for the prediction of ;v (solid lines) for water-washed beech wdd@] (two-step model,
the global devolatilization characteristics. The kinetic param- kinetic parameters listed ifable 5).
eters of the first step have been assumed to coincide with those
previously determined for the three-step model B. The secondmarized inTable 5,Figs. 10 and 11. As expected, compared
step has been assumed to present the same activation energyith the three-step model B (Table 4), the deviations between
of the global one-step reactitrand the stoichiometric coef-  predictions and measurements are higher (Table 5). However,
ficient given by the sum of those for cellulose and lignin ofthe conversion times (temperatures), maximum devolatilization
three-step model B. In this way, the pre-exponential factor for rates and times (temperatures) of maximum devolatilization
the second reaction has been estimated. The results are sumate are quantitatively correct.
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Table 5
Parameters for the two-step devolatilization mechanism with kinetic param-

eters estimated in this study 4. Conclusions

h (Kmin™%) " 2 Dev (%) Two sets of literature data on the devolatilization rate of
Untreated wood beech wood have been re-examined with the aim of incorpo-
2?) 8:12 g '55: 2.13'49 rating the effects of high heating rates (up to 108 Kniin
80 0.20 0.58 19.32 in kinetic modeling. The model based on three indepen-
dent parallel reactions, first-order in the amount of volatiles
Water-washed wood . . .
3 0.20 057 26.3 released from three pseudo-components with chief contri-
41 0.20 0.55 6.31 butions from hemicellulose, cellulose and lignin, has been
108 0.24 0.57 11.79 evaluated (three-step model).
E: (kImoFl)=146.7;A (s 1)=2.57x 101 E; (kJmol1)=148.6: A A first kinetic evaluation has been made using the same

(s71)=1.45x 10'9(2.24 x 100 for untreated wood). activation energies (100, 236 and 46 kJ molrespectively)
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as in the unified model proposed by Gronli et[&].for nine heat transfer is controlling even for the small-sized particles

wood species decomposing at a heating rate of 5 Kih of fast pyrolysis carried out by means of fluidized-bed reac-

has been found that this constraint does not allow acceptabletors, so that the actual particle heating rates are always quite

predictions of the rate curves to be obtained for both untreatedlow. Future research, however, should be carried out to fur-

and water-washed wood. Thatis, the kinetics determined with ther extend the range of heating conditions and describe the

one slow heating rate experiment are not valid when the ther-behavior of biomasses other than wood by kinetic models.

mal conditions are modified. A second kinetic evaluation

has resulted in different activation energies (147, 193 and
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