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Abstract The thermal behavior of a polymeric foam
(Divinycell H100) and balsa wood (ProBalsa LD7), which
are extensively applied as core materials for sandwich
panels, is investigated. Chars, produced from pyrolysis of
thick samples at 950 K, reflect significant shrinkage of the
sample and, for the polymeric foam, the complete loss of
the cellular structure following softening. Thermogravi-
metric curves, measured in air at different heating rates,
show that combustion takes place over a temperature range
of 650-940 K (polymeric foam) and 475-740 K (balsa).
The curves are well predicted by a four-step and a six-step
reaction model, respectively, with kinetic parameters that
are invariant with the heating rate.

Keywords Polymeric foam - Balsa wood - Combustion -
Kinetics
Introduction

Sandwich structures are extensively applied in several
industrial sectors. They consist of fiber-reinforced polymer
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skins laminated onto a light core made of polymeric foams,
end-grain balsa wood, or aramid honeycomb [1]. This
configuration provides both high specific strength and high
specific stiffness but organic polymers are flammable.
Thus, in addition to mechanical resistance, the thermal
response and the combustion kinetics of the sandwich
materials should be carefully examined as related data are
also needed to develop transport models for the fire
behavior of these multilayered structures [2-5]. The com-
bustion characteristics of skin materials have also been
investigated for composites of interest in practical appli-
cations [6, 7]. On the contrary, very little attention has been
dedicated to core materials in these structures, in particular
polymeric foams based on poly-vinyl-chloride (PVC) and
balsa wood.

One of the cellular foams, based on PVC and most
frequently used for the core of sandwich panels, bears the
commercial name of Divinycell (for instance, see [8, 9]).
The fundamental aspects of PVC thermal degradation are
discussed in a comprehensive review [10]. Thermogravi-
metric curves in inert environments, which show mass loss
over the temperature range of 473-793 K, have been used
to construct kinetic models for the degradation [11-16].
The first step involves loss of HCI (and small quantities of
hydrocarbons) to produce polyene, which then undergoes
two competing degradation reactions to produce either
volatiles or a cross-linked intermediate, which degrades at
a higher temperature to produce more volatile materials
and a stable char [14, 15]. However, the Divinycell foam
also includes other chemical components which are
expected to modify the decomposition reaction paths and
products [17], not to mention that thermal degradation
mechanisms do not take into account the effects of oxygen
on solid devolatilization and exclude the combustion of the
solid residue. In reality, the combustion behavior and the
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reaction kinetics for the Divinycell foam have never been
examined.

The processes of wood thermal decomposition and
combustion [18, 19] have been extensively studied in
relation to both fire safety science and thermochemical
conversion processes but, owing to the very specific uses,
balsa wood has received very limited attention. Thanks to
the very high permeability and the facility to absorb water,
it has been used to mimic the combustion characteristics of
watery waste materials, such as kitchen garbage [20]. The
changes at a microscopic level [21] and in the thermal
properties [22] during fire exposures of balsa coupons, as
well as the fire performance of balsa sandwich panels
[5, 23-25], have been examined. Moreover, thermogravi-
metric curves in nitrogen have been measured and inter-
preted by means of a one-step or a two-step model [22].
However, the solid-phase (char) combustion reactions are
not considered and it cannot be excluded that the variability
of the estimated parameters with the heating rate is indic-
ative of possible compensation effects [26]. Moreover, the
proposed mechanisms and the estimated parameter values
(in particular the activation energies) are not in agreement
with the current state of the art about the combustion
kinetics of lignocellulosic materials (see the review [18] and
the more recent survey on the problem background given in
[27] with the formulation of a unified kinetic model).

This study examines the changes undergone by a poly-
meric foam (Divinycell H100) and balsa wood (ProBalsa
LD7) when subjected to high-temperature pyrolysis. Also,
thermogravimetric measurements are made in air of both
materials and are used to formulate multi-step combustion
models including the evaluation of the related kinetic
parameters.

Materials and methods
Materials

The materials studied are a closed-cell polymeric foam,
designed as Divinycell HI100 (nominal density
100 kg m™%), and end-grain (grain oriented along the
thickness) balsa wood, designed as ProBalsa LD7 (nominal
density 90 kg m™), both supplied by DIAB. The former
belongs to a class of rigid polymeric foams made of alloys
of PVC (30-75 %), aromatic polyurea (15-50 %), and
polyamide (3-10 %) [28]. Balsa (Ochroma pyramidale)
belongs to the hardwood family which typically consists of
4346 % cellulose, 20-25 % lignin, 30-35 % hemicellu-
lose, and small contents (1-5 %) of extractives [29]. Both
materials are pre-dried with exposure in an oven at 373 K
overnight, before the experimental tests.
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Experimental

To investigate the thermogravimetric behavior of the two
core materials in air, a system and a procedure, previously
developed and extensively applied to study the conversion
of condensed-phase fuels under conditions of kinetic con-
trol [6, 7, 30-35], are used. The combustion of the solid is
made to occur under known thermal conditions with a
proper control of the sample temperature (measured by a
close-coupled thin thermocouple), 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, whose limit value for a kinetic control
depends on the nature of the solid fuel and the heating
conditions. Similar to previous measurements made for
lignocellulosic fuels, the balsa wood is reduced to powder
(particles below 80 pm) and packed in layers about
110 pm  thick (4 mg distributed over a surface
20 x 5 mm?) which, for heating rates up to 20 K min~"
and a final temperature of 873 K, permit an excellent
temperature control and avoid mass transport limitations
(measurements are made for 5, 10, and 20 Kminfl).
Conventional milling is found not to produce acceptable
results for the Divinycell sample. Instead of searching
alternative and more complicated milling procedures, the
same approach successfully applied for a composite hon-
eycomb material, which showed the same difficulties [36],
is used. It consists of cutting thin material strips that are
then subjected to thermogravimetric analysis. More spe-
cifically, strips with a surface of 1.8 x 5 mm?” and a mass
of 5.5 mg are prepared. A good temperature control and
negligible heat and mass transfer limitations are achieved
for samples showing these characteristics given heating
rates up to 15 K min~' and a final temperature of 950 K
(measurements are made for heating rates of 5, 10, and
15 K min~"). Each thermogravimetric test is made in
triplicate, showing good repeatability (maximum devia-
tions between the measured mass loss curves are always in
the range of 0.1-0.3 %).

The thermogravimetric system is also used for a dif-
ferential thermal analysis of the samples [34]. As a first
step, the profile of the heat flux needed to heat the empty
sample holder with an assigned rate from ambient to a final
temperature is determined. Then the temperature of the
sample is measured when subjected to the heat flux profile
previously measured. The difference between the sample
and the empty sample holder temperatures is used to pro-
vide indication about the energetics of the phase change
and chemical reaction processes. The behavior of the two
materials of interest is examined for a mass of 7 mg
(samples prepared according to the procedures already
described) and the empty sample holder temperature that
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increases from ambient conditions up to 950 K with a rate
of 15 K min™".

Pyrolysis experiments for thick samples, in the shape of
parallelepiped with length 20 mm and width 15 x 15 mm?,
are also carried out, to investigate the morphological chan-
ges which the original materials undergo while producing
char. The sample is instantaneously suspended, by means of
a stainless steel mesh basket, in the isothermal zone of a
cylindrical stainless reactor [6, 7, 29, 31], previously pre-
heated at a temperature of 950 K. The temperature at the
sample center is monitored by a 1-mm K thermocouple.
Each test is again made in triplicate, showing an excellent
reproducibility in relation to the char yield. The structure of
the charred residues, collected at the conclusion of the tests,
is studied by means of scanning electron microscope (SEM)
images. Also, the chars produced are milled in particles of
sizes below 80 um and subjected to thermogravimetric
analysis in air (3.5 mg distributed over a surface of
20 x 5 mm?) for a heating rate of 5 K min™"' up to a final
temperature of 950 K.

Results

In the first part of this section, the structure of the chars
produced from pyrolysis of Divinycell and balsa is dis-
cussed. Then the main characteristics shown by the ther-
mogravimetric curves are presented together with the
formulation of multi-step combustion models and the
estimation of the related kinetic constants.

Morphological structure of char

The thick samples are rapidly heated when exposed to the
hot inert (nitrogen) environment, as testified by the rela-
tively short time (60-90 s) required for the center to attain
the reactor temperature of 950 K. Thermal degradation
leads to charred residues corresponding to 42 mass %
(Divinycell) and 19.5 mass % (balsa). The char yield
obtained for the polymeric foam is significantly higher than
the small values typically reported for the degradation of
PVC [11, 12, 14, 15], although these increase significantly
for the cross-linked samples [13]. The properties of PVC
used for the polymeric foam under study are not known.
Furthermore, the other two chemical components (aromatic
polyurea and polyamide), which may also be present in
significant quantities, can be partly responsible for the
formation of char (for thermogravimetric conditions, these
amount to about 20 % for polyureas [37] and around 10 %
for polyamides [38] ) and may modify the decomposition
reaction paths and products of PVC (in particular polya-
mides [17] ). Indeed the degradation of the three compo-
nents of the polymeric foam takes place over overlapping

temperature ranges (values typically reported are
473-793 K for PVC [11-16], 530-630 K for polyureas
[37], and 750-870 K for polyamides [39] ), thus enhancing
their mutual interactions. On the other hand, the char yields
produced from balsa are those typically obtained from
thick wood samples at high temperatures [39, 40].

At a first glance from the snapshot reported in Fig. 1a, it
appears that the polymeric foam shrinks and completely
loses its shape/structure with the charred residue manifesting
the passage through softening and partial melting. As a
consequence of thermal degradation, important morpho-
logical changes occur at the microscopic level. These can be
observed by means of the SEM images found in Fig. 2a—d
which compare the structure of the original, un-reacted
material (Fig. 2a—b), and the corresponding charred one
(Fig. 2c—d). As already observed in [9], the microstructure of
the un-reacted material comprises closed-cells, with an
average cell size of about 350 micron (Fig. 2a-b).The cel-
lular structure is completely absent from the charred residue
(Fig. 2¢), where the passage through a partially molten-
phase during the degradation process is evident. Pores of
various sizes are present, which are formed following the
formation and release of volatile products through bubbles
still visible at the surface (Fig. 2d). Further information can
also be gained from the SEM images reported in Fig. 3a-b
which refer to a charred residue obtained from a thermo-
gravimetric test conducted in air at low temperature
6K min~! up to 750 K), when combustion rates are still
negligible. The effects of material melting are again well
evident with superficial burst bubbles that create some
irregularity over an extremely smooth surface. The
smoothness of the glossy surface and the absence of porosity
are factors that play key roles for the scarce reactivity of this
material in air, as shown in the following.

Contrary to the behavior of Divinycell and as already
observed for wood pyrolysis [39, 40], the balsa char sample
presents the same features as those of the original material
but again with some shrinkage (about 15 % along the grain
direction and 10 % along the perpendicular grain direction)
and the appearance of small surface fissures, due to the
internal overpressures during volatile species release
[18, 41, 42] (Fig. 1b). Similar to the chars produced from
both hardwood [35, 43] and softwood [44] varieties and in
agreement with previous results [21], the balsa char pre-
serves the main structural features of the virgin material,
and the general morphological arrangement is not
destroyed by the pyrolysis process. More precisely, the
balsa wood structure is composed of larger diameter water
transport vessels surrounded by a cellular network of
tracheids and rays which, following pyrolysis, present a
reduced wall thickness (Fig. 4a—b, grain cross section) (a
detailed analysis about the structure of balsa wood and
corresponding char is reported in [21]).
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Fig. 2 SEM images of the cellular structure of Divinycell before pyrolysis (a, b) and surface morphology of the corresponding char produced
from pyrolysis at 950 K (c, d)
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Fig. 4 SEM images of the char produced from balsa wood pyrolysis at 950 K (grain cross section)

Thermogravimetric behavior

Mass loss curves for the polymeric foam are measured at
heating rates between 5 and 15 K min~' up to a final
temperature of 950 K. An example of the solid mass
fraction and the corresponding first and second time
derivative versus time (heating rate of 5 K minfl) is dis-
played in Fig. 5. The second derivative of the solid mass
fraction is used in the analysis of thermogravimetric data to
define some characteristic points of the mass loss rate
curves, specifically the initial and peak temperatures of
shoulder zones (see, for instance, Refs. [45, 46]), useful for
kinetic modeling. The beginning of the shoulder zone is
associated with a characteristic temperature defined by

extrapolating the slope of the devolatilization rate in cor-
respondence with the first local maximum in —d*Y/d#* (up
to the zero level of the Y axis). Then, the decomposition
temperature of this zone is defined by the point where
—d?Y/d* attains the value nearest to zero in this region.
Hence, apart from providing the main characteristics of the
mass loss process, the curves can also be used to introduce
the following parameters: initial degradation temperature,
T;, (the temperature corresponding to the release of 1 % of
the total volatiles), characteristic temperatures, Ty, (tem-
peratures in correspondence of the peaks and shoulders of
the mass release rate curve), corresponding mass fractions,
Y,;, rates of mass loss, dY,;, and final degradation tem-
perature, Ty, (the temperature corresponding to the release
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Table 1 Characteristic parameters of the thermogravimetric curves
measured in air for Divinycell at three heating rates, h: initial deg-
radation temperature, T, temperatures, Ty;, at the shoulders and peaks
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Fig. 5 Mass fraction, Y, and first and second time derivative, —dY/
dr and —d*Y/d#?, for Divinycell in air versus time for a heating rate of
5K min~' up to 950 K with the definition of thermogravimetric
parameters: initial degradation temperature, 7;, characteristic temper-
atures, T, (temperatures in correspondence of the shoulders and
peaks of the mass release rate curve), corresponding mass fractions,

Yy, rates of mass loss, dY,;, and final degradation temperature, T¢

of 99 % of volatile products). The values of these param-
eters are somewhat affected by the heating rate, as indi-
cated in Table 1. In general, as observed in previous
thermogravimetric studies [47], the onset of the various
reaction stages is displaced at successively higher tem-
peratures and the corresponding peak rates tend to increase,
as the heating rate is augmented. For the material under
study, the combustion process begins at temperatures
around 650 K (7; between 663 and 680 K) and is practi-
cally terminated for temperatures around 940 K (7%
between 916 and 947 K). The examination of the curves
reported in Fig. 5 reveals the presence of a peak, a shoul-
der, and two further peaks, indicating that volatile products
are released in accordance with at least a four-step process.
The highest peak is observed at high temperatures
(861-896 K, for the range of heating rates investigated),
whereas the previous ones are positioned, in the order, at
temperatures around 687-692, 765-770, and 802-826 K.
Solid combustion generally occurs in two main stages
representing oxidative degradation (devolatilization) of the
original material and combustion of the char produced [19].
Hence, using the information gained from the pyrolysis
experiments which establish that the yields of solid residue
are around 42 %, it can be reasonably estimated that a
temperature around 840 K demarks the devolatilization
and combustion zones. Therefore, solid decomposition
takes place according to three main steps, characterized by
the release of relatively small amounts of volatiles, fol-
lowed by a final reaction describing the combustion of
char, which gives rise to the absolute peak rate and the
production of the largest amount of volatiles. As already
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of the mass release rate curve, corresponding mass fractions, Y,;, rates
of mass loss, dY,;, and final degradation temperature, T
h/K min~!

Parameters 5 10 15
T/K 663 676 680
T,/K 687 688 692
Y 0.97 0.98 0.98
—(dY/dr),; x 103/s7! 0.076 0.13 0.15
T»/K 765 766 770
Yo 0.88 0.91 0.92
—(dY/dt)y, x 10757 0.28 0.34 0.51
Ts/K 802 819 826
Y3 0.68 0.67 0.69
—(dY/dt)ps x 10%57" 0.61 1.02 1.45
T,./K 861 855 896
Y4 0.28 0.25 0.26
—(dY/de),, x 10°/57! 0.64 1.32 1.89
T/K 916 932 947

observed, the combustion behavior of Divinycell has never
been studied, so a comparison with previous results cannot
be made. However, it is interesting to observe that the
devolatilization stage occurs according to three main
zones, which are also observed and modeled for the ther-
mal degradation of PVC [14, 15]. However, devolatiliza-
tion of the material under study is displaced at significantly
higher temperatures, most likely owing to specific prop-
erties of the main component and interactions with the
other two components.

An interesting result for the combustion reactivity of the
material is illustrated in Fig. 6 by means of a comparison
between the mass loss characteristics as measured for the
Divinycell sample and the char previously produced from
the pyrolysis experiments (heating rate of 5 K min™"' up to
950 K). It is worth recalling that mass loss measurements
for the polymeric foam are made using thin strips, whereas
the char is oxidized in the form of a thin powdered layer. It
appears that the mass loss begins approximately at the
same temperature (possibly owing to the still significant
volatile content of char), but the combustion peak is
observed earlier (about 110 K) for the char (peak position
at 750 vs 861 K). This behavior can be attributed to the
extremely smooth surface and the absence of porosity of
the char produced from the Divinycell strips, which are
expected to result in a very small number of active carbon
sites where oxygen adsorption onto the reaction surface
and chemical reaction can actually occur [19]. The irreg-
ularities introduced by the milling process in the granular
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Fig. 6 Mass fraction, Y, and mass loss rate, —dY/dt, for Divinycell

and the corresponding char (produced from pyrolysis of a thick
sample at 950 K) in air versus time for a heating rate of 5 K min~" up

to 950 K

char largely reduce these effects, and the surface area is
certainly higher, thus explaining the increased reactivity. It
can also be thought that the mass transfer limitations [48]
play a more important role for the char produced from
Divinycell strips.

The main thermogravimetric parameters for the balsa
wood, as measured for heating rates between 5 and
20 K minfl, are summarized in Table 2 (the definitions,
which have the same meaning as in Fig. 5, can be seen in
Fig. 7). In agreement with previous measurements
made for different wood species and lignocellulosic fuels
[19, 27, 34], combustion takes place in the temperature
range of 475-740 K and various reaction zones appear
corresponding to the devolatilization of the chemical com-
ponents and the combustion of the resulting char. A shoulder
(556-563 K), attributable to hemicellulose decomposition,
is followed by the maximum peak (581-603 K), essentially
associated with the release of volatile products from cellu-
lose decomposition (lignin simultaneously degrades with
the other two components), and finally, by another peak,
representing char combustion (664-689 K). Again, the
characteristic temperatures become progressively higher, as
well as the corresponding devolatilization rates, as the
heating rate is increased and compare well, from the quan-
titative point of view, with the results previously obtained
for a hardwood species (beech) [27]. The sole difference is
observed at low temperature where balsa wood shows
slightly higher devolatilization rates, realistically due to a
larger content of extractives, which are reported to play an
important role in the shape of the mass loss rate curves [49].
Moreover, given the similar morphological and chemical
properties of the char produced from the powdered wood
sample used in thermogravimetry and the sample obtained
from the pyrolysis experiments, no significant difference is

Table 2 Characteristic parameters of the thermogravimetric curves
measured in air for balsa wood at three heating rates, h: initial deg-
radation temperature, T, temperatures, Ty;, at the shoulders and peaks
of the mass release rate curve, corresponding mass fractions, Y, rates
of mass loss, dY,;, and final degradation temperature, T

h/K min~!
Parameters 5 10 20
T/K 473 476 493
T/K 556 560 563
Yo 0.71 0.74 0.81
—(dY/dp,; x 10757 0.74 1.22 1.77
T»/K 581 594 603
Yo 0.47 0.43 3.62
—(dY/dt)p, x 107/57" 0.95 1.79 3.62
T,3/K 664 677 689
Y3 0.11 0.12 0.13
—(dY/dt)ps x 10%57" 0.23 0.44 0.94
T/K 713 727 740
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Fig. 7 Mass fraction, Y, and first and second time derivative, —dY/
dr and —d?Y/d#, for balsa wood in air versus time for a heating rate of
5 K min~! up to 950 K with the definition of thermogravimetric
parameters: initial degradation temperature, 7;, characteristic temper-
atures, T, (temperatures in correspondence of the shoulders and
peaks of the mass release rate curve), and corresponding mass
fractions, Y;, and rates of mass loss, dYy;, and final degradation
temperature, Ty

observed in the temperature corresponding to the combus-
tion peak (not shown).

An indication about the endothermic or exothermic
nature of the various processes during the conversion for
the two materials can be observed from Fig. 8 which
reports the results of the differential thermal analysis. Apart
from the effects of heat inertia [S0] that are small, a wide
endothermic zone, with a peak around 500 K is clearly
observed for the Divinycell sample which can be
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Fig. 8 Temperature difference between the sample and the empty
sample holder for Divinycell and balsa wood, as obtained for an
external heat flux profile recorded by requiring a heating rate of
15 K min~' from ambient up to 950 K of the temperature of the
empty sample holder

associated with the melting process well shown by the
SEM images. No significant thermal event is observed for
temperature around 550-650 K, as expected from the
negligible mass loss rate (Fig. 5). Divinycell devolatiliza-
tion (temperatures between 650 and 850 K) appears to be
an endothermic process. Finally the combustion, at higher
temperatures, of the charred residue occurs exothermally.
The curve measured for balsa wood testifies that devola-
tilization at low temperature (350-500 K), essentially due
to extractives and partly hemicellulose, is an exothermic
process [51]. The devolatilization of the remaining fraction
of wood (temperatures of 550-650 K) is barely endother-
mic, whereas the combustion of the charred residues is
again an exothermic process.

Combustion kinetics

The analysis of the thermogravimetric curves for both core
materials indicates that conversion in air occurs according to
two main reaction stages, representing oxidative decomposi-
tion (of the material) and combustion of the resulting char.
From the physical point of view, the two stages are sequential,
but parallel reaction models are more flexible as they can
easily guarantee this feature by an appropriate set of param-
eter values and, at the same time, can describe well the pos-
sible overlap between reactions [6, 7, 19, 27, 33, 34, 45, 46].
Then assuming that volatiles are released according to a set
of parallel reactions for lumped components, the overall
mass loss rate is a linear combination of the single compo-
nent rates. Thus the kinetic model proposed for the samples
of interest in this study consists of N independent parallel
reactions as reported in Fig. 9, where S is the core material
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K1 ; Devolatilization
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Kn ; Combustion
Vi (an)

Fig. 9 Reaction scheme for the combustion of Divinycell and balsa
wood

which produces the lumped volatile products V; (i = 1,..,N).
From the chemical point of view, reactions ai,..,ay; are
associated with solid devolatilization, and reactions
apy1,..-,an are associated with char combustion. Based on
the qualitative features shown by the thermogravimetric
curves (Fig. 5; Table 1), it can be assumed that the com-
bustion mode of Divinycell consists of three devolatilization
reactions and one combustion reaction (M = 3 and N = 4).
For balsa, the unified model recently developed [27] is
proposed, extended to include the contribution of extractive
degradation, and thus consisting of four devolatilization
reactions (for the pseudo-components extractives, hemi-
cellulose, cellulose, and lignin) and two char combustion
reactions (M = 4 and N = 6) (the term “pseudo-compo-
nent” is used as it is impossible in kinetic analysis to avoid
overlap between different components in the measured
mass loss curves [18] ). The reactions rates present the
usual Arrhenius dependence (A; are the pre-exponential
factors and E; the activation energies) on the temperature
and a power law dependence, exponent n;, on the solid
mass fraction. The latter treatment takes into account the
evolution of the pore surface area during conversion [19].
Since the sample temperature, 7, is a known function of
time, the mathematical model consists of N ordinary dif-
ferential equations for the mass fractions, Y;, of the
reacting solid fuel:

av _ E yu
— = Ajexp| — — | Y7
dr P\7grr)"i

In addition to the kinetic parameters (A;, E;, and n;), the
mass fractions of the lumped classes of volatiles generated,
v;, usually indicated as stoichiometric coefficients, are also
estimated. The parameters are estimated through the
numerical solution (implicit Euler method) of the mass
conservation equations and the application of a direct
method for the minimization of the objective function,
which considers simultaneously both integral (TG) and
differential (DTG) data for the various heating rates, thus
avoiding possible compensation effects in the kinetic

Yi(O) = Vi, (1—2)

i=1,n
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Table 3 Estimated kinetic parameters (activation energy, E, pre- 1.0
exponential factor, A, reaction order, n, and stoichiometric coefficient, 0.8
v) for the combustion of Divinycell and corresponding deviations
between measured and simulated integral (devrg) and differential S 0.6p
(devprg) curves (the parameters are invariant with the heating rate, h, 0.4r
except for small variations on the stoichiometric coefficients) 0.2} 0cccco Experiments
Parameters h/K min™" 0.0 Model 300
3 5 7 P
115 2
o
E;/kJ mol ™! 225.8 110 3
Ays™! 1.33 x 10" 5
v x 105 2
n 1.10 o
v, 0.04 0.04 0.03 L B 00
. 600 650 700 750 800 850 900 950 1000
E>/kJ mol™ 261.0 TIK
Ayfs™! 4.14 x 109
s 0.90 Fig. 11 Comparison between measured (symbols) and simulated
v 0.03 0.03 0.03 (solid lines) thermogravimetric curves for Divinycell at various
2 . ’ ’ ’ heating rates, h, in air up to a temperature 950 K (kinetic parameters
E3/k] mol 244.0 listed in Table 3)
Asls™! 471 x 108
0.33 0.31 0.31 . . L. . . .
r; 1 mol-! 20,0 with the exceptions of the stoichiometric coefficients which
A4/k_1mo s 82. 1010 are allowed to show small variations as a consequence of
o 1’10 x the dependence of the amounts of volatiles released during
a : the first reaction stage on the heating rate. Finally, devia-
V4 059 0.61 0.62 tions between measurements and model predictions, devrg
Yedevra 028 0.20 024 and devpre, are defined as in [31].
Yedevpra 1.50 1.05 1.34 The estimated values of the kinetic parameters and the
deviations between predictions and measurements for the
10 Divinycell sample are listed in Table 3. Figure 10 shows
' an example of the predicted dynamics of the single com-
08¢ ponents and the comparison between measurements and
] : predictions (heating rate of 5 K min~'), whereas a com-
i S parison for the integral and differential data for all the
021 4 heating conditions is shown in Fig. 11. The four-step
0.0F==7="""" [ A kinetic model and the related parameters provide accurate
oooooo Experiments R

o)
»
—dY/dt x 10%/s™

~

'y

>, o 1 L fez2rry 0_00
600 650 700 750 800 850 900 950
TK

Fig. 10 Comparison between the measured (symbols) and the
simulated (solid lined) mass fraction and rate of mass loss for
Divinycell in air with heating rate, h, of 5 K min~' up to 950 K.
Dashed lines denote the predicted evolution of the mass fraction and
rate of mass loss for the various reaction zones: 1,2,3 devolatilization
of the composite material; 4 combustion of char (kinetic parameters
listed in Table 3)

parameters [26], following the method already described
[31]. The estimation procedure is implemented by requir-
ing the same parameter values for all the measured curves,

predictions of the measured integral and differential curves
in all cases. Moreover, it can be seen that the variations on
the stoichiometric coefficients are small and average values
can be used in practical applications. The three reactions
for the devolatilization stage present rather high values of
the activation energy (226, 261, and 244 Kj mol™') with
amounts of released volatile products around 4, 3, and
32 %, respectively. For the combustion reaction, an acti-
vation energy of 220 kJ mol™" is estimated, which is near
to the upper limit typically reported for carbonaceous
materials [19]. It is also worth observing that the amount of
volatiles released in the combustion stage (around 60 %) is
significantly higher than the amount of char measured in
the pyrolysis experiments (42 %), due to the beginning of
the combustion reaction at relatively low temperatures
(around 750 K, see Fig. 10). Hence, as observed in the
combustion of lignocellulosic chars, the actual combustion
process is most likely preceded by char devolatilization.
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Table 4 Estimated kinetic parameters (activation energy, E, pre-
exponential factor, A, reaction order, n, and stoichiometric coefficient,
v) for the combustion of balsa wood and corresponding deviations
between measured and simulated integral (devrg) and differential
(devprg) curves (the parameters are invariant with the heating rate, h,
except for small variations on the stoichiometric coefficients). Data
previously obtained for beech wood [27] are included for comparison

Parameters Balsa Beech

h/K min~!

5 10 20 5 10 20
E/kJ mol ™! 113.7 -
As! 2.69 x 10° -
n 1.00 -
Vi 005 006 007 -
E>/kJ mol ™! 147.0
Aols™! 447 x 10" 8.74 x 10"
Vs 026 024 022 022 023 0.24
E3/kJ mol™! 200.4
Asls™! 5.02 x 10'°
s 1.00
V3 034 034 036 040 41 0.41
E4/kJ mol™! 176.0
Auls™! 1.17 x 10"
ny 1.00
Va 008 009 009 009 009 009
Es/kJ mol™! 113.0
Asls™! 5.60 x 10°
ns 1.00
Vs 0.11 0.11 0.11 0.13  0.11 0.11
E¢/kJ mol™! 183.0
Agls™! 1.40 x 10" 8.81 x 10!
ne 1.45 1.54
Ve 015 015 014  0.15 0.15 0.14
%devrg 040 062 049 092 092 090
%devprg 1.91 180  2.56 176  2.55 2.39

However, the kinetic analysis indicates that a further
reaction step, describing this process, is not truly needed
given that the application of a one-step reaction for the
stage of char conversion produces small deviations
between predictions and measurements in all cases. As
expected, some overlap exists between the reaction zones.
However, at low temperature (below 750 K) only two
devolatilization reactions occur releasing small amounts of
volatile matter, most likely including HCIl. For tempera-
tures in the range of 750-850 K, the third and most
important devolatilization reaction takes place. The com-
bustion of char, which is barely active in this temperature
range, attains its maximum rate for temperatures around
850-950 K.

@ Springer
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—dY/dt x 10%/s™

o
o

Fig. 12 Comparison between the measured (symbols) and the
simulated (solid lined) mass fraction and rate of mass loss for balsa
wood in air with heating rate, h, of 5 K min™" up to 950 K. Dashed
lines denote the predicted evolution of the mass fraction and rate of
mass loss for the various reaction zones: 1,2,3,4 devolatilization, in
the order, of pseudo-components extractives, hemicellulose, cellulose
and lignin; 5,6 devolatilization and combustion of char (kinetic
parameters listed in Table 4)

1.0
0.8+

oooooo Experiments

—dY/dt x 10%/s™

Fig. 13 Comparison between measured (symbols) and simulated
(solid lines) thermogravimetric curves for balsa wood at various
heating rates, h, in air up to a temperature 950 K (kinetic parameters
listed in Table 4)

The estimated values of the kinetic parameters and the
deviations between predictions and measurements for the
balsa wood are listed in Table 4 where, for comparison
purposes, the data previously estimated for beech wood
[27] are also included. Figure 12 shows an example of the
predicted dynamics of the single components and the
comparison between measurements and predictions (heat-
ing rate of 5K min~'), whereas a comparison for the
integral and differential data for all the heating conditions
is shown in Fig. 13. The six-step kinetic model and the
related parameters provide accurate predictions of the
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measured integral and differential curves in all cases. The
most important result is that, apart from the small contri-
bution represented by the extractives (amounts of volatile
released around 5 % and activation energy E; -
=114 kJ mol_l), the activation energies for the devola-
tilization of pseudo-hemicellulose (E, = 147 kJ mol_l),
pseudo-cellulose (E3 = 200.4 kJ mol™'), and pseudo-lig-
nin (E; = 176 kJ mol_l) are the same as those already
estimated for the devolatilization of beech wood in air [27].
Also, the activation energies for char devolatilization and
combustion are the same (Es = 114 KkJ mol !, E¢ -
= 183 kJ mol™"). In general, variations on the pre-expo-
nential factors are also small, further supporting the
concept that a unified model can be applied for the com-
bustion of wood from the same classification. The main
difference between balsa and beech wood concerns the
percentages of volatiles produced from the decomposition
of pseudo-components. These can possibly result from both
different contents of the components and different amount
and composition of ashes which, through catalysis, make
more difficult mathematical separation between the various
contributions [18].

Conclusions

The thermal behavior of two widely used core materials for
sandwich structures (a PVC foam with the commercial
name of Divinycell and balsa wood) has been investigated.
Contrary to balsa wood which, when subjected to pyrolysis,
preserve the main features of the original structural mor-
phology, Divinycell undergoes partial melting and loses its
cellular structure giving rise to a brittle non-porous and
scarcely reactive char showing large superficial holes left
by burst bubbles.

For both cases, thermogravimetric measurements in air
show that the oxidative decomposition of the material is
followed by the combustion of the resulting char. Oxidative
decomposition, approximately occurring for temperatures
between 650 and 940 K (Divinycell) and 475-740 K (balsa
wood), is well described by three reactions and four reac-
tions, respectively, with total volatile amounts of volatile
products around 40 and 80 %. The stage of char combus-
tion for an accurate description requires one (Divinycell) or
two (balsa wood) reactions, although a char devolatiliza-
tion stage is likely to exist also for the first material. A
combustion model has for the first time developed for
Divinycell, whereas a unified combustion model, previ-
ously presented by this research group for lignocellulosic
materials, is shown to be also applicable for balsa wood
with only small modifications in the pre-exponential fac-
tors and the introduction of a further step taking into
account the degradation of extractives.
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