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Thermogravimetric curves in air of beech wood and char, obtained from
conventional pyrolysis of beech wood at a laboratory scale, have been
re-examined using different kinetic models. Multi-step reaction mecha-
nisms, consisting of either four (wood) or two (char) reactions are needed
for accurate predictions of weight loss curves. In the case of wood, three re-
actions are linear in the reactant mass fraction whereas the fourth step
presents a power-law dependence. A linear reaction for devolatilization
and a non-linear reaction for combustion are used for the weight loss curves
of char. It has been found that activation energies and pre-exponential fac-
tors are invariant with series- or parallel-reactions, providing changes in
the stoichiometric coefficients. Furthermore, the activation energies of the
two reactions occurring at higher temperatures in the four-step mechanism
(wood) and those of the two-step mechanism (char) are the same. Thus,
pre-exponential factors and reaction order take into account variations in
the char reactivity derived from different pyrolysis conditions.
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Introduction

The design and optimization of combustors and gasifiers of biomass fuels is
based on the knowledge of reaction kinetics. Combustion of biomass consists [1] of py-
rolysis, associated with the homogeneous combustion of volatile products, and heteroge-
neous combustion/gasification of char. Hence information is needed on both the
devolatilization stage, that is, about the possible influences of oxygen on the rates of vol-
atile release, and the reactivity of char, whose conversion is 10-100 times slower [2, 3].
However, compared with inert atmospheres, only a few investigations have been carried
out on the oxidative decomposition of wood and biomass which, among the most recent,
include [4, 5, 6].

Moreover, though the literature on the reactivities of coal chars and their kinetic
modeling is huge (see, for instance, the reviews [2, 3, 7]), biomass/wood chars have been
examined only in a small number of studies. Most recent publications are [8, 9, 10, 11]
and a complete review of previous literature is reported in [11].
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Thermogravimetric curves of the decomposition of wood/biomass in the pres-
ence of oxygen have been shown to retain, for the low temperature zone, the same quali-
tative features observed in inert environments [12], followed by combustion of the solid
residue.

Consequently, it has been pointed out that a multi-step reaction mechanism is
needed, which should at least include a devolatilization and a combustion step. The most
recent results [6], obtained with the combined use of integral (TG) and differential (DTG)
data, indicate that four reactions are required to take into account the process details. As
for char, despite the widely used one-step reaction, DTG measurements also show [10,
11] that combustion is preceded by a devolatilization stage. Hence, a two-step reaction
mechanism should at least be used.

This work examines several issues in the kinetic modeling of wood and char
combustion not investigated in previous literature. It is not clear whether a parallel- or a
series-reaction mechanism should be preferred and how kinetic constants, reaction orders
and stoichiometric coefficients vary from one assumption to another. Moreover, the ap-
plicability is not known of the kinetics for the char combustion step, as determined from
the thermogravimetric analysis of wood, for chars produced from practical systems of
biomass pyrolysis.

Experimental
Material

Thermogravimetric tests are re-examined [6, 11] of beech wood (Fagus
sylvatica) and chars obtained from beech pyrolysis at a laboratory scale. The chemical
composition of beech wood [13] comprises 20% lignin, 78% holocellulose and 2% ex-
tractives. Chars were produced from pyrolysis of thick (40 mm diameter) wood cylinders
radiatively heated along the lateral surface. Results concerning temperature dynamics,
conversion times and product yields were already presented elsewhere [13, 14]. Condi-
tions corresponding to an external heat flux of 49 kW/m? with a steady pyrolysis tempera-
ture of 800 K and char yields equal to 24% of the initial dry mass of wood are examined
here. The elemental analysis of chars produced in this way reports the following contents:
carbon 76.4%, hydrogen 3.4%, and nitrogen 0.16%.

Prior to thermogravimetric tests, both wood and char samples were milled to
powder (particle sizes below 80 um) and pre-dried for 10 h at 373 K.

Method

The thermogravimetric system has already been presented elsewhere [15, 16]
and only the main characteristics are summarized here. It consists of a furnace, a quartz
reactor, a PID controller, a gas feeding system, an acquisition data set, and a precision
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balance. The furnace is a radiant chamber, which creates a uniformly heated zone, where
a quartz reactor is located.

The sample is exposed to thermal radiation by means of a stainless steel mesh
screen, whose sides are wrapped on two stainless steel rods connected to a precision (0.1 mg)
balance, which allows the weight of the sample to be continously recorded. A gas flow (nom-
inal velocity of 0.5-102 m/s for the tests discussed in this study) establishes the proper reac-
tion environment and reduces the residence time of vapors inside the reactor.

Solid conversion is made to occur under known thermal conditions by means of
feedback control of the sample temperature (measured by a close-coupled thin thermo-
couple), using the intensity of the applied radiative heat flux as the adjustable variable.
The characteristic size of the process is the thickness of the sample layer.

For wood, it was observed that sample thicknesses up to 120 um allowed a good
temperature control, given maximum heating rates of 40 K/min. and a final temperature
of 873 K. Also, the weight loss curve was the same as the wood layer thickness was de-
creased below 120 pm, indicating that spatial temperature gradients were negligible and
oxygen diffusion was not the limiting process. Hence, the tests were made for sample lay-
ers about 110 um thick (5 mg distributed over a surface 25 x5 mm?) with heating rates of
5, 10, 20, and 40 K/min for a final temperature of 873 K.

For char, it was observed that sample layer thicknesses up to 120 um allowed a
good temperature control, given maximum heating rates of 15 K/min. and a final temper-
ature of 873 K. Also, the weight loss curve was the same as the char layer thickness was
decreased below 120 pm, indicating that a kinetic control was established. Hence, the
tests were made for sample layers about 110 um thick (3.5 mg distributed over a surface
25 x5 mm?) with heating rates of 5, 10, and 15 K/min. for a final temperature of 873 K.

Kinetic mechanisms of wood combustion

As found in previous studies [6], degradation characteristics of wood in air are
qualitatively similar to those already observed in nitrogen. Once devolatilization begins,
a more or less pronounced plateau appears, usually associated with hemicellulose degra-
dation. The narrow range of temperatures where cellulose decomposition occurs and the
high amounts of volatiles generated are responsible for the attainment of the maximum
followed by a rapid decay. A comparison between curves obtained in air and inert atmo-
sphere, for slow heating rates, shows that the hemicellulose shoulder and the cellulose
peak are anticipated by about 15 K and 25-35 K, respectively (also, cellulose peaks are
about 1.5 times higher). In the absence of oxygen, the peak rate is followed by a wide re-
gion of very low values, essentially as a result of lignin decomposition [12]. In the pres-
ence of oxygen, given the relatively high temperatures, it is plausible that the activity of
the combustion reactions is already important.

Then, combustion leads to the complete conversion of the charred solid. The ki-
netic models are written using lumped species mass fractions defined in terms of the ini-
tial wood mass on ash free basis. The first model is the same proposed by [6] and consists
of four series reactions:
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A, —2 5(1-a)B, +aV, (al)
(1-a)B,— 2 (1 —a - B)C, + BV, (a2)
(I-a-p)C,— 2> ~a~p~7)D, +1V; (a3)
(I-a-p-y)D,—255v, (ad)

where 4, is the virgin solid, B, Cy, and D, charred residues, V7, V5, V3, and V, the lumped
species representative of volatile species, a, 3, 7, and 6 the amount of volatile species
produced.

The second model consists of four parallel reactions:

A, —2 5y, (b1)
B,—% ,p, (b2)
c,—2 5y, (b3)
D, —% sy, (b4)

where 4,, B,, C,, and D, are the volatile groups, whose initial values are expressed as
fractions of the initial wood mass and indicated as &, 3, ¥, and 6, and V7, V>, V3, and Vy
the lumped volatile species generated.

From the chemical point of view, the first two reactions can be associated
mainly with hemicellulose and cellulose degradation, respectively. The third reaction is
representative of the final part of the devolatilization process (lignin decomposition) and
the beginning of char combustion. The fourth reaction describes char combustion.

The rates of reactions (al-a3) and (bl-b3) present the usual Arrhenius depend-
ence (4 pre-exponential factor and E activation energy) on temperature and are propor-
tional to the mass fractions of reactants (either in the solid or the gas/vapor phase):

E

i

R] :_KIYA, R2 :_K2YB’ R3 :_K3Yc, Ki :Aie_RT, lzl, 3 (1'4)

For the char combustion rate, the rate of solid disappearance is generally related
to the partial pressure of oxygen through an empirical exponent and the pore surface area
available through the reaction volume. Given the relatively high air flow rate employed
in the tests, it can assumed that the oxygen mass fraction remains constant during the re-
action process. Consequently, its contribution is incorporated in the pre-exponential fac-
tor. Also, a simple power law () expression of the solid mass fraction [9] is applied to de-
scribe the evolution of the pore surface area during the process:

_Ey
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The two models use twelve parameters: the activation energies (£, E,, E3, E,),
the pre-exponential factors (4;, A,, 43, A4), the exponent n, and the volatile fractions (in-
dicated in the following as stoichiometric coefficients) («, B, and y.). The fourth fraction,
0, is obtained from the conservation of the total mass: o+ + y+6 = 1.

Kinetic mechanisms of char combustion

Thermogravimetric curves of wood char show [11] a low-temperature shoulder
followed by a peak which can be associated with devolatilization and combustion, re-
spectively. It has been shown [11] that a two-step reaction mechanism provides accurate
descriptions of both integral and differential curves of weight loss. Thus a two-step
model is used here, again using lumped species mass fractions defined in relation to the
initial char mass on ash free basis. A series-reaction mechanism is considered first:

A, —2 51 -¢)BeV, (c)
(1-£)B, — 259V, (c2)

where A is the char, B, the devolatilized char, /| and V, lumped species representative of
volatile species, € and ¢ the amounts of volatile species generated.
The second [11] is a parallel-reaction mechanism:

4, —2 5y, (d1)
B, —%2 5y, (d2)

where 4, and B, are two volatile groups, whose initial values are expressed as fractions of
the initial char mass and indicated as ¢ and ¢, V| and V, the lumped volatile species
generated.

The rates of reactions (cl, d1) are assumed to present the usual Arrhenius de-
pendence on temperature and to be proportional to the mass fraction of component 4, or
A, 5

Rl =A16 RT YA (6)

Similar to wood, for the char combustion rate, a power law dependence on the
mass fraction of the reactant is assumed:
B
R2 = Aze RT Yé’l (7)

The two models use six parameters: the activation energies (£, E,), the pre-ex-
ponential factors (4;, 4,), the exponent n, and the volatile fraction (indicated in the fol-
lowing as stoichiometric coefficient) (¢). The second fraction, ¢, is obtained from the
conservation of the total mass: ¢ +¢ =1.
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Numerical method

Given the ability to describe both hardwood and softwood decomposition in air
for different heating rates, the activation energies, the pre-exponential factors and the ex-
ponent n have been taken equal to those estimated in [6] (series reactions) for both mod-
els of wood combustion. The same procedure is applied for the kinetic modeling of char
combustion. That is, activation energies, pre-exponential factors and exponent n have
been taken equal to those estimated in [11] (parallel reactions) for both models of char
combustion.

The unknown parameters (stoichiometric coefficients) are estimated through the
numerical solution (implicit Euler method) of the mass conservation equations and the
associated initial conditions (the temperature is a known function of time) and the appli-
cation of a direct method for the minimization of the objective functions, which consider
both TG and DTG data. The details of the method have been already described by [16].

The fit between measured and calculated curves is defined as:

S
%dev=—IN 100 (8)
(l//i )exp. peak
S=3IW) ep — W) im I’ ©)

where i represents the experimental (exp) or the simulated (sim) variable (y is the solid
mass fraction, Y, or the devolatilization rate, —dY/d¢) at the time ¢ (N is the number of
experimental points and the subscript peak indicates the maximum value).

Results

The results produced by the parallel- and the series-reaction mechanism for wood
and char are discussed first. Then, a comparison is made for the two materials examined.

Wood combustion

The results of the kinetic analysis are summarized in tab. 1. Good agreement is
obtained between measurements and predictions, as shown in fig. 1 for the solid mass
fractions as functions of time and fig. 2 for the devolatilization rates as functions of the
temperature. The accuracy of the predictions is slightly higher for the series reactions, as
reported by the fit between measured and calculated curves (tab. 1). The ability to take
into account the dynamics of different reaction networks by simply varying the
stoichiometric coefficients indicate that the differences in the two cases are not exceed-
ingly high.
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Table 1. Activation energies, pre-exponential factors, reaction order (n), stoichiometric
coefficients and deviations for integral (TG) and differential (DTG) curves for wood (beech)

combustion, as estimated by the series- and parallel-reaction models

E [kJ/mol] A[s" n

106 6.29-10 1
Devolatilization 226 8.60-10" 1

114 7.83-10° 1
Combustion 183 1.10-10" 1.54

Series reactions Parallel reaction
h [K/min.] 5 10 20 40 5 10 20 40
a 0.340 | 0.350 0.420 | 0.440 | 0.293 | 0.320 | 0.366 | 0.426
B 0.415 | 0.398 0.325 | 0.304 | 0.426 | 0.415 | 0.358 | 0.319
¥ 0.115 | 0.123 0.127 | 0.158 | 0.120 | 0.120 | 0.120 | 0.140
devpre [%] 4.6 2.6 6.9 4.0 43 3.9 8.4 7.0
devrg [%] 1.8 1.4 12 1.6 0.4 1.4 0.8 1.0

The highest amounts of volatiles are always released during the first two reac-
tion stages (devolatilization of hemicellulose and cellulose components). As the heating
rate is increased, the volatile amounts released during the first stage become successively
higher and those in the second stage lower. Moreover, for the series reaction mechanism,
the amounts of volatiles produced from hemicellulose decomposition are slightly higher
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Figure 1. Solid mass fraction for beech wood Figure 2. Devolatilization rate for beech
as measured (symbols) and predicted (lines)
for heating rates between 5-40 K/min.

wood as measured (symbols) and predicted
(lines) for heating rates between 5-40 K/min.
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than those generated from cellulose. The contrary occurs for the parallel reaction mecha-
nism. The differences between the other two reaction stages are also relatively small,
though the parallel reaction model gives rise to barely higher amounts of char combusted
in the fourth step. These results confirm that a large part of volatiles is released at rela-
tively low temperatures (amounts comprised between 72-75%) when heterogeneous re-
actions are not yet significantly active.

Examples of the time history of the mass fractions and the devolatilization rates
of'the reactants are shown in figs. 3a and 3b for a heating rate of 5 K/min. and figs. 4a and
4b for a heating rate of 40 K/min. For a meaningful comparison between the mass frac-
tions (figs. 3a, 4a) it should be kept in mind that reactants retain the entire amount of
volatiles released in sequence in the series reaction mechanism. On the other hand, in the
case of the parallel reaction mechanism, the volatiles are already lumped into four differ-
ent groups. Therefore, only the A components present dynamics qualitatively similar,
though the actual values are highly different in the two cases. The comparison in terms of
devolatilization rates (figs. 3b, 4b) is straightforward. A significant overlap, enhanced by
high heating rates, between the times of volatile formation exists, independently of the
kinetic model. Also, the differences between the two models are small but slightly in-
creasing with the heating rate.
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Figure 3. Mass fraction (a) and devola- Figure 4. Mass fraction (a) and devola-
tilization rates (b) of reactants (beech wood) tilization rates (b) of reactants (beech wood) as
as predicted for a heating rate of 5 K/min.  predicted for a heating rate of 40 K/min.
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Char combustion

The results of the kinetic analysis for the weight loss curves of char combustion
are summarized in tab. 2 for the two models, whereas figs. 5 and 6 present a comparison
between predicted and measured curves (mass fractions and devolatilization rates as
functions of time). The agreement between measurements and predictions is very good in
all cases, as confirmed by the values of the fit parameters reported in tab. 2. The amounts
of volatiles released during the first reaction stage always decrease as the heating rate is
increased, but they are slightly lower in the case of parallel reactions. In quantitative

Table 2. Activation energies, pre-exponential factors, reaction order (n), stoichiometric
coefficients and deviations for integral (TG) and differential (DTG) curves for char combustion,
as estimated by the series- and parallel-reaction models

E [kJ/mol] As"] n
Devolatilization 114 1.22-10’ 1
Combustion 183 1.40-10" 0.90
Series reactions Parallel reactions

h [K/min.] 5 10 15 5 10 15

£ 0.184 0.178 0.176 0.165 0.157 0.155
devprg [%] 2.2 5.3 2.0 2.1 5.4 1.9
devrg [%] 0.9 0.5 0.7 0.7 0.4 0.4
1.008 298, 0000 Experiments 4 .
Y model = | o000 Experiments 1 =15 K/min
o8 3 ¥ 0000¥ ----- Parallel 2, 3 model

rSea(;tlons S °[ —— Series
eries - g
0.6+ ] reaction$ 5 reactions
3 S ol ----- Faratlilerl1
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- . |
0.2+ 15 »‘ =5 K/min
0.0 ' ke L SSSPRS Oboanzeest? PR X NS
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t[s] TIK]

Figure 5. Mass fractions of conventional
pyrolysis chars versus time for heating
rates of 5-15 K/min. as measured
(symbols) and predicted (lines)

Figure 6. Rates of volatile release from
conventional pyrolysis chars versus time
for heating rates of 5-15 K/min. as
measured (symbols) and predicted (lines)
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terms, the effects of the devolatilization reactions are relatively small, as they account
only for about 15.5-18.5% of volatiles evolved. This finding motivate the assumption, of-
ten made in previous models, of a one-step global reaction for the description of the entire
weight loss curve. However, as extensively discussed by [11], the inclusion of a
devolatilization step is necessary for a correct evaluation of the kinetic parameters for the
second step actually describing the heterogeneous combustion of char. Indeed, the acti-
vation energy varies from about 114 (one-step reaction) to 183 kJ/mol (two-step reac-
tions). In this way, in the engineering practice, such data can be safely used.

Examples of the process dynamics for slow (5 K/min.) and fast (15 K/min.)
heating rates are shown in figs. 7a and 7b, and figs. 8a and 8b, respectively. Apart from
the obvious consideration concerning the different nature of the reactants for the parallel-
and series-reaction models, it can be noted that the overlap between the devolatilization
and combustion zone is practically unaffected and the change in the heating rate does not
play a relevant role in this matter. Compared with wood, the differences between the se-
ries- and the parallel-reaction model are even lower.

A comparison can also be made between the kinetic parameters of the two-step
mechanisms applied for char combustion (tab. 2) and the last two reactions of the
four-step mechanism proposed for wood (tab. 1). The activation energies are the same
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Figure 7. Mass fraction (a) and devo-  Figure 8. Mass fraction (a) and devo-

latization rates (b) of reactants (conven- latilization rates (b) of reactants (conven-
tional pyrolysis char) predicted for a  tional pyrolysis char) predicted for a
heating rate of 5 K/min. heating rate of 15 K/min.

60



Branca, C., Di Blasi, C.: Parallel- and Series-Reaction Mechanisms ...

and it can be concluded that the different reactivity of char (caused by different heating
rates and temperatures experienced by wood during pyrolysis) can be well described by a
simultaneous variation in the exponent n and pre-exponential factors. However, it should
also be noted that, for both sets of experiments, the thermal conditions of char formation
are those typically encountered in conventional pyrolysis. Therefore further study is
needed to determine the modifications in the kinetic parameters needed to describe the
behavior of chars generated from fast pyrolysis.

Conclusions

Weight loss curves of beech wood and chars, obtained from conventional pyrol-
ysis of beech wood, have been re-examined to evaluate the applicability of multi-step
mechanisms based on either parallel- or series-rection mechanisms.

A four-step mechanism is shown to describe with a good accuracy the dynamics
of the oxidative decomposition of wood. Activation energies, pre-exponential factors
and reaction order of the combustion rate for char appear to be invariant with the heating
rate and the selection of series or parallel reactions. Moreover, relatively small variations
on the stoichiometric coefficients are required to take into account the different structure
of the reaction network.

A two-step reaction mechanism describes with a good accuracy the
thermogravimetric curves of both mass loss and rate of mass loss in air of conventional
pyrolysis chars. Again, activation energies, pre-exponential factors and reaction order do
not depend on the heating rate and the application of series or parallel reactions. The vari-
ations in the stoichiometric coefficients between the two models are even lower than
those computed for wood. Finally, adjustments in the pre-exponential factors and reac-
tion order are sufficient for taking into account the different char reactivities originated
from the pyrolysis conditions.

Nomenclature

— pre-exponential factor, [s ']
reactant

— reactant

— reactant

— reactant

— activation energy, [kJ/mol]
— heating rate, [K/min.]

— reaction order

number of experimental points
— rate of reaction

— time, [s]

— temperature, [K]

— lumped volatile species

— mass fraction of reactant
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Greek letters

o stochiometric coefficient

Jéj stochiometric coefficient

y stochiometric coefficient

o stochiometric coefficient

£ stochiometric coefficient

) stochiometric coefficient

v solid mass fraction or devolatilization rate

Subscripts

DTG - differential curves

s — solid phase

TG - integral curves

v — gas/vapor phase
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