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Abstract

The kinetics of olive wood carbonization is investigated by means of isothermal thermogravimetric analysis method. Measurements w
carried out in a thermobalance for different fixed temperatures between 498 and 648 K. A two-stage semi-global kinetic model consisting of fc
sequential steps was proposed to derive kinetic parameters. The olive wood is classified in three pseudo-components. For the first two, sir
thermal degradation mechanisms take place in a single reaction step. For the third, the thermal degradation takes place in two consecutive ¢
The isothermal conditions allow the kinetic constants (activation energy and pre-exponential factors) to be estimated by means of the analy
solution of the mass conservation equations. An overall good agreement was obtained with activation energy values available in the literature
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction place attemperatures lower than 473 K. For temperature range of
473-553 K, hemicelluloses are converted essentially into gases
Biomass, especially wood, has traditionally been an imporand acetic acid. This step corresponds to the wood roasting.
tant source of energy particularly attractive nowadays because éfbove 553 K, the lignin and cellulose decompose to give three
its inherent nature of being environmentally friendly and renew-products: gas, tar and char. Therefore, the knowledge of the
able. Wood has also been considered as a potential feedstock fanetic schemes of the wood carbonization is essential. Partic-
gasification to produce a mixture oband CO (syngas). In this ularly, kinetic analyses of wood carbonization, also called low
process, the wood is converted into char as an intermediate protemperature pyrolysis, under isothermal conditions have been
uct which is subsequently or simultaneously gasified. The woodarried out by several authors to represent the kinetic schemes
carbonization in which the high yield charcoal is the principalof this proces$1-8]. The simplest treatment describes the pro-
product is effectively an initial stage in any gasification pro-cess by means of a one-step global reaction for degradation
cess. It is characterized by a slow heating rate, a relatively lovin which the activation energies vary toughly between 60 and
temperature (600700 K) and a long residence time. Indeed, tH70 kJ mot ! [1-4]. These models are not applicable for simu-
mechanism of wood carbonization shows the presence of seveilating wood carbonization because they assume a constant ratio
decomposition phases when the temperature increases. A wootlthe charcoal to volatiles yiell®]. A one-step multi-reaction
drying phase with elimination of some volatile compounds takeskinetic mechanism of beech wood was describefbbsgs a two-
stage temperature process in the range of 523—-673 K. Two sets
of kinetic parameters (activation energies of 17-115 kJ ol
—_— were needed depending on a limit temperature of 603 K. This
* Corresponding author. Tel.: +216 98 954 415 fax: 1216 74 246 347. ;04 scheme cannot be extended to systems different from
E-mail addresses: Najla.Grioui@fss.rnu.tn (N. Grioui), T X N
Kamel.Halouani@ipeis.rnu.tn (K. Halouani), Andre.Zoulalian@lermab. the one on which it is basg€l]. Multistage, semi-global models
uhp-nancy.fr (A. Zoulalian), Foued.Halouani@enis.rnu.tn (F. Halouani). are developed to describe the kinetic of isothermal wood degra-
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Table 1 - amicro-balance, based on a compensation permitting to mea-
Elementary composition of Tunisian olive wood sure the mass of the sample placed in a basket of35cm
Elementary composition Mass fraction (%) volume, continuously balanced and thus maintained at a fixed
Carbon 45.08 position during the experiment. This allows to avoid even-
Hydrogen 6.21 tual intra-particle temperature gradients in isothermal con-
Nitrogen 0.4 ditions in the oven. The maximal mass variation is 200 mg
Oxygen 45.39 and the mass measurement precision isp@4The oven
Sulphur Inferior to 0.3 temperature is adjustable with a precision of 0.1K and can

reach a maximum of 1473 K. In order to establish an inert
atmosphere during all experiments, a controlled argon flow
fixed to 7.21h1 at 273K and 1atm, sweeps the measure-
ment cell that is purged for 20 min before starting the heating
program.

dation[6-8]. For carbonization techniques where the product
gases energy is recycled in the prodd$§, models of this type
can be successfully applied to simulate thermal conversion since
they include the description of the primary degradation of the
virgin wood and the secondary degradation of the primary pyrol-2 3. Experimental methodology
ysis products. The large differences between reaction schemes”
and kinetic constant values proposed by previous authors show
that further analysis is needed to study the multi-stage thermzil
degradation kinetics of wood under isothermal conditions.
The main objective of this study is to propose a two-stage
semi-global kinetic model of olive wood carbonization. Isother-
mal weight loss curves of olive wood, measured in an iner
atmosphere for a temperature range of 498-623K, are used
elaborate a reaction mechanisms scheme. A comparison is al
made between the estimated activation energy values and thot%e
available inthe literature corresponding to isothermal carboniza[—h
tion conditions.

The initial mass of olive wood powder in the basket is about
70 mg. The experiments start with a drying phase during which
the temperature is raised from room temperature to 423K at a
heating rate of 20 K min! with a holding time of 20 min. Then,

the same heating rate is applied to the oven until reaching the
}ixed studied temperature (pre-heated phase). This methodol-
(t) y is followed to reach the isothermal stage in the pre-heated
oden powder without any intra-particle gradients and in order
shorten the first thermal dynamic std6é The subsequent
ermal decomposition is carried out in isothermal conditions
during 5h. The same experiment is repeated for seven fixed
temperatures (£498, 523, 548,573,598, 623 and 648 K). Mea-

2. Experimental study surements of the mass of the wooden powder are taken in a
) o fixed position during 5 h at each temperature level. In these con-
2.1. Material specification ditions, the diffusion time is always inferior than the reaction

] ) o time. Indeed, for a wood particle ef=0.5 mm thickness and a
A hard olive wood, from Sfax in Tunisia, is used as raw diffusion coefficientd between 107 and 108 m2s-L. the dif-

material in all experiments. It was crushed by a robot and thesion timer = /D is respectively equal to 2.5 and 25s. This
obtained powder was sieved through two sieves. The particlgme is always very small compared to the reaction time which
size of the sieved powder was between 0.5 and 1fable 1 oy ceeds 500s in all the studied cases. The temperature and the
shows the obtained results of the olive wood elementary analysi;ncentration gradients are consequently negligible in the bas-

realized in the Analysis Central Service of CNRS in Franceyqt which can be assumed to have a uniform temperature and
By neglecting the sulphur and nitrogen fractions in the above.,,entration.

analysis data, the empirical formula of the used wood can be
represented by: CHs700.75.

2.4. Measurements

2.2. Apparatus description The residual weight curves of the olive wood, for the seven
studied temperaturds= 498, 523,548,573,598, 623 and 648 K,

A Setaram thermobalance apparatus is used for the thermgre plotted inFig. 1. In all the experiments, the values of the
gravimetric analysis. This apparatus records the different datgtal mass used are those which correspond to the fixed tem-
concerning the evolution of the temperature and the mass losgeratures. In fact, to separate the mass loss during the dynamic
The thermobalance consists of three main parts: stage (non-isothermal) of decomposition from that of the isother-

mal stage, particularly for higher temperatures (598, 623 and

- acontroller which allows the transfer of the experimental dat&48 K), the relative values of total mass before reaching the
(mass, temperature) to a computer which records and treafixed temperature are not taken into account in the estimation
them by Setsys software (e.g. DTG), of the kinetic parameters. Only the start time at the beginning

- an oven composed of an electrical resistance in graphite anst the transformation is obtained by extrapolation of the mass

a double envelope cooled by a circulation of water in order tojalues corresponding to the fixed temperature. This time of ori-

control the heat flow and then the temperature. A PDI regulatogin is estimated with a rather good accuracy for the majority of

allows to vary the rate of temperature change between 0.2 anfle studied temperatures by an exponential extrapolation at the

50 K min~t, beginning of the experimental curves.
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Fig. 1. Experimental mass loss curves of olive wood for the different studied temperatures.

The residual mass curves presentedrig. 1 show that the

tulated to reflect the sum of the thermal response of its three main

rate of the kinetics degradation process increases with the tersemponents; inorganic components catalyze the conversion pro-
perature. At high temperatures (598, 623 and 648 K), a very fagtess in an unpredictable variety of wgd$s16].

mass loss stage is observed after which the massil@¥sma,

In Fig. 2 we have examined experimentally the evolution

becomes very low. This rate becomes almost equal to zero faf the mass loss rate of the olive wood during carbonization
temperatures above 648 K. The residual mass obtained at 648¢tween 298 and 1173 K, with a slow heating rate (1.5 KThin

represents 32% of the mass of th
3. Kinetic modeling

Several kinetic models of wo

e initial dried sample.

to avoid spatial gradients of temperature. This figure describes

the thermal degradation behavior of the olive wood with increas-
ing temperature and confirms the presence of three peaks in
wood decomposition: between 353 and 423K, the loss of mass

od pyrolysjg,11-15] sug-

is due to the drying phase. From 453 K, the wood decomposition

gest to divide the wood into two or three parts. The modelsstarts by a first peak at 490 K. Then, a second peak appears at
where these three parts correspond to the three main componeb#&3 K and finally, a third important peak appears at the tem-
of wood (hemicelluloses, cellulose, lignin) are not satisfactoryperature of about 600 K. This decomposition continues with
because the thermal degradation behavior of wood has been p@siow rate for the higher temperatures. At 723K, the rate of
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Fig. 2. Evolution of the mass loss rate of the olive wood for a temperature range of 293-1173 K.
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decomposition is very low and becomes negligible at 923 K.dma,

The temperature values where the three peaks are observed iy,

this experiment do not correspond necessarily to the decomposi A

tion temperature of the three principal components of the wood:—-2 = —kama, (7

hemicelluloses, cellulose and lignin, separately. dr
Based on experimental results and the wood carbonizadmc,

tion mechanisms mentioned above, we propose to develop adt

two-stage, semi-global multi-reaction kinetic model of olive g,

wood carbonization. In our model, the wood is subdivided—y~ = kafma; — kams )

into three pseudo-componentg, A, As; each of them cor-

responds to a specific kinetic law and a mass fraatigix, and

az=1—a1 — ap, respectively. At low temperature €'523K), dz

only the degradation of Aprevails and the product is gaseous. whereks, ko, k3 andk4 are the rate constants of reactiqas$,

Infact, this level of temperature (490 K) corresponds to the elim{2), (3) and (4), respectively, amala,, ma,, ma,, mc,, mg and

ination of some volatile wood compounds during carbonizationmc,represent the mass of the constituengs Az, Az, C, B

At high temperature, the degradation of pseudo-components Aand G, respectively. Heren(r) represents the total mass of the

and A is complete and for 4\ the transformation includes two sample at the timg which is

reaction steps in which the product of the first step (B) is con-

verted into charcoal (§ and gases (g in the second step. m(r) = may (1) + mpy (1) + mag(t) + mey(r) + mey (1) + ma()

Indeed, for high temperatures, it can be seen ffam 1 that (11)

after a very fast mass loss stage, there is a very weak variation ) ) ]

of the mass as function of the time. This abrupt change in thd he a_nalytlcal r_esolutlon of the balance equations leads to the

evolution of the mass loss is necessarily related to the presené@lowing equation:

of two consecutive or parallel stages of wood decomposition./ (r)

The proposed kinetic scheme is as follows: () = a2y2 + agysf + a1 x exp(—hkur) + az(1 - y2)

= _kZmAz (6)

= yokama, (8)

m
G _ yskamp (10)

ma,
A1 (1stpseudo component of olive wood} G; (gas 1 ki k
1 (Istp P d Gi(gas) (1)  exp(lor) 1 1_( 53> (ﬁys4>
k3—ka k3—ka
A> (2nd pseudo component of olive wood) wsfk
3pk3
— y2C; (charcoal)+ G;(gas) 2) x exp(—kat) + < s k4> (1 — y3) x exp(—kat)
(12)

A3 (3rd pseudo component of olive wood)
— BB (intermediate solidt- G3 (gas) 3

wheremap,is the mass of the dried wooden powder at 423 K.

) ) ) 3.1. Determination of the model parameters
B (intermediate solid}— y3Cs (charcoal)+ Gy (gas) 4)

Eqg.(12) shows that the mass of the sample during the pyrol-
ysis at fixed temperature in an inert atmosphere depends on 10
parameters (g a2, a3, Y2, ¥3, B, k1, k2, k3 andks). From the

As the thermal degradation takes place in two consecutive rea&XPerimental curves, it is not possible to determine all these
tion stages. The first stage leads to an intermediate product ( rameters without carrying out a sequential analysis. Based on

comparable to a solid (large hydrocarbon molecule) and gasé e experimental mass loss rate (Fig. 2) beyond_550 K, we can
(Gs). In the second stage the intermediate product (B) is tranPserve that the third peak of the mass degradation rate is more
formed into a non-degradable solid “charcoal’sfGnd gas intense than the first two. This indicates that the mass fraetion

products (G). The constituent B is not really a volatile interme- O A3 iS higher than (¢ +«>) of the pseudo-components And

diate product which can be degraded but its degradation rate 2 The same experimental results show that the fractjoof
relatively low compared to the ones of the pseudo-components2 IS higher thar, of Ay. After several test simulations of the
A1, Az and Ag. The mass fractions Jof the intermediate prod- MaSS loss evolution, we have fixed the sum of the mass fractions

uct (B) and those of the non-degradable solid “charcoal’apd ~ ©f the pseudo-componentg And Ap 0 0.4 (o1 + a2 =0.4) and
v3) depend on temperature. the mass fraction of Ato 0.6 (e = 0.6). These values of; + a2

By assuming that the kinetic is described by first order Iawsfmd% conform to the best description of the experimental evo-

for the four reactions, the mass balance of the solid and inghtI!/UtioE o(fjthe rr(;as_s Iosfs.h o J g
volatile components A Ay, Az, Cp, B and G, can be respec- The egra ationortnet ree pseu 0-componemtaAan
tively written as A3 of the olive wood occurs in different temperature ranges. At

low temperature (498 K T < 523 K), the number of unknown
) parameters is limited to two {fandkz) and to four parameters
(k3, ka, B andy3) at high temperatures (598K 7 < 648 K). For

The two first pseudo-components And A degrade in a single
stage reaction by giving gas products;J@nd (G), respec-
tively, and a non-degradable solid residue “charcoap)(€or

dma,

=—k
ar 1MA,
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the intermediate temperatures (523K < 598 K), we deter- Bk3 Bysky
mine the values of the parametéss k3, 8 andys, and keep Tos <1 N (ks — k4> (ks — k4>)
the same value of, and extrapolate the expressionskpfand

k4. This semi empirical procedure is certainly not the best, but x exp(—kst)+ (
its merit is that it does not require a simultaneous determina-

tion of the all parameters. Then, we consider the three following

domains:

a3pks
k3—ka

) (1 y3) x exp(—ar)
(15)

At low temperatures, Eq(13) can be written forr— oo
asm(t)/mp, = a2y2 + a3z + a2(1 — y2) x exp(—kt), because
reaction(1) is achieved. At 523 K, the measured residual mass
defined bymo/ma, = a2y2 + o3 allows the calculation of the

- at low temperatures (498K T < 523K), only reactiong1)
and (2)take place. In this case;(r) can be written as

m(t)\ b termay x y2in Eq.(13)equalto about 0.1 at 523 K. Byfitting the
mag ) 2P + o3+ a1 x exp(—kyi) slope of the experimental curve Ln((f(ma,) — a3 — azy2) =
—kot + Ln(a2(1 — y2)) for t — oo we determine the value of
+oo(1 = y2) x exp(—ket) (13) kp. The values ofk; and 1 are obtained by representing at

- for hightemperatures (598 K T < 648 K), the decomposition — 0 the experimental curve Ln((m){ima,) — a3 — azy2) =
of the olive wood for the two first pseudo-components A —kif + Lnay because reactio(2) is not yet released. Then
and A are total and only the transformation of Aeemains  the values ofai, ap, k1, k2 and y are obtained. The val-

(reactiong3) and (4)). The variation of the total mass is given UeS 0f¢1=0.16 anda>=0.24 are used for all temperature
ranges of carbonization. These values are in agreement with

by the amplitudes of the corresponding first and second peaks
(m(t)> — wayp + wayaf in Fig. 2. The value of charcoal fraction obtained from A
ma,) 22 T o3Ys of the wood is equal tg/o=0.42 assumed constant fér>
523 K.
+a3 (1— ( Pks ) + ( Prka )) For high temperature§jg. 1shows that the final asymptotic
ks — ka ks — ka value of the residual mass is about 0.3, taking into account the

a3pks mass fractiorz x y2 =0.1 of the non-degradable productjC
x exp(—ka)+ <k3 — k4> (1—ys) xexp(=h1)  «charcoal” produced from A the value of the mass fraction of
(14)  charcoal (@) produced from A (a3 x B x y3) is equal to 0.2.
It can noted here that the fraction of non-degradable product
- between 523 and 598K, the four reaction stages take placgharcoal” fromas was the double of that resulting @ which
simultaneously and following the assumption proposed, theorresponds appreciably to the identical proportions taking into

variation of the total mass is given by account the value af, = 0.24. The same method used above for
m() low temperature with Eq13)is used with Eq(14)to determine
<> = a2y2 + azy3f + a1 x exp(—kr) k3, k4, y3 and 8. As shown inFig. 3, the parametergz and
MAg B are functions of temperature. In fact, the mass fractign
+a2(1 — y2) x exp(—kt) of the non-degradable solid §Cincreases to detriment ¢f
1
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Q \
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Fig. 3. Variation of the parametefsandys as function of the temperature.
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which represents the mass fraction of the intermediate solid (BAll optimized parameters in the model, the comparison between
transformed into non-degradable solid “charcoal3)C experimental and calculated curves giving the residual mass
By assuming thaky, k2, k3 andk4 depend on the temperature according to the time for all the studied temperatures is rep-
according to the Arrhenius law, the values of the constant&tate resented irFig. 5. By considering the variability of wood, we
andk4 are extrapolated in the intermediate range of temperaturean deduce that the kinetic model represents accurately all the

(Fig. 4). experimental curves.
The experimental curves (Fig. 1) in this range of temper- All of the optimized values of the model parameters are given
ature are used to determine the optimized paraméterks, in Table 2in which e is the average relative deviation between

y3 and 8 which depend on temperature. To determine thethe obtained modeling values and the experimental data:
value ofky, Eq. (15) can be written for — 0 as m()/ma, =

— [a1k1 + a2(1 — y2)k2]t because reaction8) and (4)have o|Mcal — Mexp| |mcal mexp| 100 16
not yet occurred. The values ¢f and 8 are extrapolated in =~ — Z Mcal + Mexp x (16)
the intermediate range of temperature (Fig. 3). The optimized
values ofy3, B andksz can be determined by fitting the experi-  The slopes and the origin ordinates of the straight lines of
mental and theoretical curvesm{t)/ma,. Indeed, by using the the Arrhenius plok; (i=1, 2, 3, 4) reported ifrig. 4allow the
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0.3 \lifi M
0,7
\ TM

g 06 M ¢ Mpasues
E \ \\ — Model
S 05 T=508K
E ‘)\N_‘m M

0]4_ = £ 444440400 -— - o r——s

0,3 —=zzer

0,2

0,1

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (s)

Fig. 5. Verification of the accuracy of model parameters.
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Table 2
Kinetic parameters of olive wood carbonization for a temperature range of 498-648 K
T (K) ki (s ko (s7) ks (s™) ka (s71) 1Z) B V3 e (%)
498 2.8x 1074 2.4x 1075 1.22x 1078 1.5%x10°® 0.95 - - 1.00
523 9.5x 104 8.65x 10°° 8.63x 10°° 2.71x 107 0.42 - - 0.12
548 2.9x10°3 2.25x 1074 45x10°° 4.64x 1078 0.42 0.66 0.5 1.00
573 7.94x 1072 7.4x 107 2.6x10°* 7.56x 1076 0.42 0.54 0.62 1.00
598 2x 1072 1.8x 1073 1.4x 1073 9x 1076 0.42 0.51 0.66 0.60
623 4.72x 1072 4.21x 1073 52x 1073 3.16x 10°° 0.42 0.391 0.85 0.90
648 1.04x 1071 9.34x 1073 1.27x 1072 1.95x 107 0.42 0.39 0.85 1.00
Table 3 m(t)
Kinetic constants of the four reactions A = apy2 + a3y3f + a1 x exp(—kit) + aa(l — y2)
0
Reactions Ea (kdmot1) ko (s
Bk3 Byaka
1) 105.89 35x 107 x exp(—hot) +as (11— — )+ | -,
@) 106.78 3.72x 10° 83—k 3™k
3) 169.56 7.23x 101 a3Bks
@) 51.04 3.4x 1071 x exp(—kst) + P— (1 — y3) x exp(—kat)
3 — K4
17)

o . _ where the values of; = 0.16,02 = 0.24 andr3 = 0.6 are indepen-
activation energief and the pre-exponential factatg of the  gent of the temperature and =0.42 atT > 523K, k; (i = 1-4)

global reactions to be respectively estimated (Table 3). represents respectively the reaction rate of the four reactions cal-
culated as function of the temperature from the Arrhenius law
3.2. Model validation ki = koiexp(— Es, /RT), where the values éf; andEj, are given

in Table 3. The parametefsandys are given by the following
Here we propose a comparison of the obtained values dforrelations:

the activation energies, with those available in the literature.
Overall the comparisons with literature results can be considerel = —2.4 x 10-3T + 1.9252 (18)
good, taking into account the differences in the experimen- _
tal technique (isothermal versus dynamic thermogravimetry)’,/3 =3.8x 1077 -~ 15807 (19)
the feedstock properties/characteristics, the reaction tempera-
tures, the mathematical treatment of the data and the kinet#h Conclusion
mechanismp3]. Indeed, for the first reaction (or the first pseudo-
Component A)' typ|ca| activation energies are of the order of Global degl‘adation kinetics of olive wood carbonization has
84-140kJ mot? [1,17-20], against a value of 106 kJ mél been investigated by means of isothermal thermogravimetry.
estimated here. Activation energies for the second reaction adeight loss has been measured and used to elaborate a two-
reported to vary between 73 and 121 kJmdll,17-20jagainst ~ Stage, semi-global multi reaction kinetic model of olive wood
a value of 107 kI mot! estimated here. For the third reaction, carbonization in the temperature range from 473 to 673 K. The
the activation energy is of the order of 170kJ mblwhich isothermal conditions have allowed the kinetic constants (acti-
is relatively high compared to those available in the literature/ation energies and pre-exponential factors) to be estimated by
112< E, < 133kI mot [1,18-20]. The higher value estimated Means of the analytical solution of the mass conservation equa-
here can be due to the difficulty, forisothermal conditions, to septions. Overall the comparisons of the values of the activation
arate the decomposition of the pseudo componerftém that energies with literature results can be considered good. Finally,
of other components (A particularly)[8]. Finally, for the fourth ~ the proposed model is formulated in a general equation given at
reaction, corresponding to the decomposition of the intermedi@ny time and temperature of the production rate of charcaal (C
ate solid (B), an activation energy of 51 kJ mblis obtained. ~and G), tar (B) and gaseous (SGs) during wood carboniza-
The lower value estimated here compared to those in the [ition. The proposed model will be applied in the next stage to
erature (80108 kJ mot) [20,21] can be due to the slow rate different species of wood sawdust and will be integrated in a
of the relative transformation in the studied temperature ranggomplete modeling of carbonization of a thick wood particle.
(498—643 K) which corresponds to a diffusional transport of
a strongly absorbed molecule or an internal rearrangement dcknowledgement
chemical structure rich in carbon.

Finally, to facilitate the utilization of our model by other  The authors wish to thank the Analysis Central Service of
researchers, we propose to represent all our results by the fabNRS (Vernaison, France) for realization of the elementary
lowing general analytical equation: analysis of our Tunisian olive wood.
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