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a b s t r a c t

The influence of wood components and cellulose crystallinity on the thermal degradation behavior of
different wood species has been investigated using thermogravimetry, chemical analysis and X-ray
diffraction. Four wood samples, Pinus elliottii (PIE), Eucalyptus grandis (EUG), Mezilaurus itauba (ITA)
and Dipteryx odorata (DIP) were used in this study. The results showed that higher extractives contents
associated with lower crystallinity and lower cellulose crystallite size can accelerate the degradation pro-
cess and reduce the wood thermal stability. On the other hand, the thermal decomposition of wood
shifted to higher temperatures with increasing wood cellulose crystallinity and crystallite size. These
results indicated that the cellulose crystallite size affects the thermal degradation temperature of wood
species.

� 2012 Published by Elsevier Ltd.
1. Introduction

Biomass has been recognized as a potential renewable energy
and a substitute for the declining supply of fossil fuel resources
(Kim et al., 2010a; Wongsiriamnuay and Tippayawong, 2010; Shen
and Gu, 2009). Common sources of biomass include several kinds
of wood, agricultural crops and natural fibers (Wongsiriamnuay
and Tippayawong, 2010). The interest in biomass as an alternative
energy is increasing as a result of it continuous regeneration. On
the other hand, biomass in a fiber or particulate form has been
used as a reinforcing filler in thermoplastic composite materials
(Poletto et al., 2011a; Ashori and Nourbakhsh, 2010; Liu et al.,
2009). These lignocellulosic materials are in general suitable for
addition to reinforced plastics due to their relative high strength
and stiffness, low cost, low density, low CO2 emission and biode-
gradability besides being annually renewable (Nachtigall et al.
2007; Araújo et al., 2008). However, they present limitations such
as moisture adsorption and low thermal stability (Araújo et al.,
2008; Poletto et al., 2010).

Wood is a polymeric composite, which essentially contains cel-
lulose, hemicellulose, lignin and extractives. Wood degradation
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takes place at a relatively low temperature, around 200 �C
(Araújo et al., 2008; Poletto et al., 2010). As a result, wood is sub-
jected to thermal degradation during composite processing with
the majority of the thermoplastic polymers (Liu et al., 2009). The
degradation of wood resulting from high processing temperatures
may lead to undesirable properties, such as odor and browning,
along with a reduction in mechanical properties of the developed
composite (Liu et al., 2009; Shebani et al., 2009). Therefore, it is
of practical significance to understand and predict the thermal
decomposition process of wood so that this knowledge can aid to
better design a composite-obtaining process and estimate the
influence of the thermal decomposition of wood on composite
properties (Yao et al., 2008).

Due to the complexity of the thermal decomposition reactions
of wood, extensive researches have determined individual behav-
iors of the main wood components. Órfão et al. (1999) and Órfão
and Figueiredo (2001) introduced three independent reaction
models to describe the pyrolysis kinetics of some lignocellulosic
materials, while Branca et al. (2005) and Di Blasi (2008) used three
parallel reactions to describe the fast pyrolysis process of wood.
Grønli et al. (2002) showed a devolatilization mechanism of hard-
woods and softwoods consisting of three parallel reactions result-
ing from the degradation of the three main components of wood.

A considerable amount of work has been reported on the study
of wood decomposition as mentioned above. However, the litera-
ture lacks works on the influence of wood components and wood
cellulose crystallinity on the degradation of wood species. In this
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context, this work has evaluated how the wood components and
wood cellulose crystallinity influence wood thermal stability. Four
different wood species from Brazil were investigated using chem-
ical analysis, X-ray diffraction and thermogravimetric analysis.

2. Methods

2.1. Materials

The wood flour samples used in this study were obtained from
wastes of the Brazil lumber industry. The species investigated were
Pinus elliottii, Eucalyptus grandis, Mezilaurus itauba and Dipteryx
odorata. Samples having particle size between 200 and 300 lm
were dried in a vacuum oven at 105 �C for 24 h before the thermo-
gravimetric analysis.

2.2. Chemical analysis

Benzene and absolute ethanol purchased from Vetec Chemical
were used to determine the amount of organic extractives in the
wood samples. Sulphuric acid purchased from Vetec Chemical
was used for insoluble lignin determination. The wood extractives
were eliminated from wood via Soxhlet extraction in triplicate
using: ethanol/benzene and ethanol and hot water according to
the Tappi T204 cm-97 standard. The Klason lignin content was
determined according to the Tappi T222 om-02 standard. The
determination of the ash content was carried out at 600 �C for
1 h in a muffle furnace, based on Tappi T211 om-02. The holocellu-
lose content (cellulose + hemicellulose) was determined by
difference.

2.3. X-ray diffraction (XRD)

X-ray diffractograms were collected using a sample holder
mounted on a Shimadzu diffractometer (XRD-6000), with mono-
chromatic Cu Ka radiation (k = 0.1542 nm), the generator operat-
ing at 40 kV and 30 mA. Intensities were measured in the range
of 5 < 2h < 35�, typically with scan steps of 0.05� and 2 s/step
(1.5�min�1). Peak separations were carried out using Gaussian
deconvolution. After deconvolution it is possible to calculate and
compare several parameters. The d-spacings were calculated using
the Bragg equation [17,18].

The crystalline index (Eq. (1)), proposed by Hermans et al.
(Wada and Okano, 2001; Popescu et al., 2011) is:

Cr � I� ¼ Acryst

Atotal
ð1Þ

where Cr.I. is the crystalline index, Acryst is the sum of crystal-
line band areas, and Atotal is the total area under the diffractograms.

The second approach used to determine the crystalline index
(Eq. (2)) was the empirical method proposed by Segal et al.
(1959) (Wada and Okano, 2001; Gümüskaya et al., 2003):

C � I� ¼ I002 � Iam

I002
� 100 ð2Þ

The apparent crystallite size (L) (Eq. (3)) was calculated using
the Scherrer equation (Popescu et al., 2011):
Table 1
Chemical composition of the investigated wood species.

Wood species Holocellulose (%)

Eucalyptus grandis (EUG) 62.7 ± 1.4
Pinus elliottii (PIE) 61.2 ± 1.1
Dipteryx odorata (DIP) 57.1 ± 0.6
Mezilaurus itauba (ITA) 57.8 ± 1.0
L ¼ K � k
b � cos h

ð3Þ

where K is a constant of value 0.94, k is the X-ray wavelength
(0.1542 nm), b is the half-height width of the diffraction band
and h is the Bragg angle corresponding to the (200) plane.

The surface chains occupy a layer approximately 0.57 nm thick
so the proportion of crystallite interior chains (Popescu et al., 2011;
Davidson et al., 2004) is:

X ¼ ðL� 2hÞ2

L2 ð4Þ

where L is the apparent crystallite size for the reflection of plane
(200), and h = 0.57 nm is the layer thickness of the surface chain.

2.4. Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA50 – Shimadzu) was car-
ried out under N2 atmosphere with a purge gas flow of
50 cm3 min�1 from 25 to 800 �C. Approximately 10 mg of each
sample was used. The heating rate of the analysis was 10 �C min�1.

3. Results and discussions

3.1. Chemical composition of wood species

In order to determine the effect of the chemical composition of
wood species under study on the wood thermal stability the
amount of holocellulose, lignin and extractives was determined
for all samples. The initial wood degradation temperature is ex-
pected to be related to the heat stability of the individual wood
components and differences in thermal stability among wood spe-
cies can be attributed to the variation in chemical composition
(Poletto et al., 2010; Shebani et al., 2008). On the other hand, the
fundamental differences among wood species are found in the
types, size, proportions, pits and arrangements of the different cells
that compose wood (Popescu et al., 2011). These differences might
affect the crystallinity and crystallite size of the wood species with
impacts on wood thermal stability.

The results for the chemical composition of the wood species
studied are presented in Table 1. The holocellulose and lignin con-
tents were higher for the EUG and PIE species than for the DIP and
ITA species. The PIE had the highest lignin content around 34%
while ITA had the lowest, 28%. The holocellulose content of wood
is generally around 60–70%, while the lignin is usually in the range
of 20–35% (Rowell, 2005; Klyosov, 2007). However, ITA and DIP
contain three times more extractives than EUG and PIE. In general,
the extractives content varies between 2% and 5% but it can exceed
15% in some wood species (Shebani et al., 2008; Klyosov, 2007).
The ash content of the DIP species was higher than that of the other
species studied and this value is probably associated with higher
amounts of mineral salts in this wood species than in the other
species evaluated. The inorganic content of a wood species is usu-
ally referred to as its ash content, which is an approximate mea-
sure of its mineral salts and other inorganic matters content. It
normally varies between 0.2% and 0.5% in wood (Rowell, 2005;
Klyosov, 2007), but tropical species often exceed this range (Branca
and Di Blasi, 2003; Hon and Shiraishi, 2001).
Lignin (%) Extractives (%) Ash (%)

32.1 ± 1.0 4.1 ± 0.2 1.1 ± 0.3
33.8 ± 1.0 4.5 ± 0.1 0.8 ± 0.1
30.4 ± 0.4 11.1 ± 0.1 1.5 ± 0.2
28.0 ± 0.3 13.6 ± 0.7 0.7 ± 0.1



Fig. 1. X-ray diffractograms of wood species studied with corresponding crystal
planes, adapted from (Howell, 2008), and most common 2h values.
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3.2. X-ray diffraction

The X-ray diffraction is a method used generally to evaluate the
degree of crystallinity in several materials. Among wood compo-
nents, only cellulose is crystalline, while hemicellulose and lignin
are non-crystalline (John and Thomas, 2008). The free hydroxyl
groups present in the cellulose macromolecules are likely to be in-
volved in a number of intramolecular and intermolecular hydrogen
bonds, which may give rise to various ordered crystalline arrange-
ments (Popescu et al., 2011; Poletto et al., 2011b).

Fig. 1 shows the X-ray diffractograms of the wood samples
studied. In order to examine the intensities of the diffraction bands,
establish the crystalline and amorphous areas more exactly and
determine the crystallite sizes the diffractograms were deconvo-
luted using Gaussian profiles. The peak intensities and peak broad-
ening differ from one species to another. The more pronounced
difference occurs at the peak range between 21.90� and 22.20� 2h
reflection assigned with a crystallographic plane of cellulose. The
peak area at 21.90–22.20� 2h reflection follow the sequence DIP >
ITA > EUG > PIE, as can be seen in Fig. 1.

Crystallographic planes are labeled according to the native cel-
lulose structure as described by Wada et al. (2001). After deconvo-
lution, all diffractograms show the 14.8–15.3� 2h reflection
assigned to the (1 �10) crystallographic plane, the 16.20–16.30� 2h
reflection assigned to the (110) crystallographic plane, the
18.30–18.40� 2h reflection assigned to the amorphous phase and
the 21.90–22.20� 2h reflection assigned to the (200) crystallo-
graphic plane of cellulose I (Popescu et al., 2011; Wada et al.,
2001). Fig. 2 shows a model to represent the cellulose chains and
the crystallographic planes described above.

Wood cellulose is known to be a composite of two distinct crys-
talline structures, namely Ia and Ib. The Ia and Ib structures are as-
signed to triclinic and monoclinic unit cells, respectively (Poletto
et al., 2011b; Wada et al., 2001). The d-spacings of wood celluloses
calculated from X-ray diffractometry profiles were 0.579–
0.599 nm for dð1 �1 0Þ and 0.542–0.554 nm for d(1 1 0), as can be seen
in Table 2. These figures indicated that wood cellulose samples
used in this study are all Ib-type cellulose (Wada and Okano,
2001; Wada et al., 2001). These values are significantly different
from the d-spacings of the Ia-rich type celluloses, 0.610–
0.617 nm for dð1 �1 0Þ and 0.530–0.541 nm for d(1 1 0) (Kim et al.,
2010a,b). These data support previous results from diffraction
methods stating that the monoclinic structure (Ib) is dominant in
wood cellulose (Wada et al., 2001; Kim et al., 2010a,b).
Fig. 2. Model used to represent cellulose chains (left), showing the d-spacings alo
crystallographic planes in native cellulose (right), each ellipse represents a chain norma
The degree of cellulose crystallinity is one of the most impor-
tant crystalline structure parameters. The rigidity of cellulose fi-
bers increases and their flexibility decreases with increasing ratio
of crystalline to amorphous regions (Gümüskaya et al., 2003).
The crystallinity index calculated according to the Hermans (Eq.
(1)) and Segal methods (Eq. (2)) showed that the crystallinity of
the DIP and ITA species was higher than that of EUG and PIE, as
presented in Table 3. These differences are confirmed when the
values of the crystallite size along the three crystallographic planes
are taken into consideration. Crystallinity indices increased with
increasing crystallite sizes because the crystallites surface corre-
sponding to amorphous cellulose regions diminished (Kim et al.,
2010a,b). These results indicated that DIP and ITA contain a more
ordered cellulose structure than EUG and PIE.

The values of X were used as estimates of the fraction of cellu-
lose chains contained in the interior of the crystallites (Newman,
1999). Once again, DIP and ITA species showed higher values than
EUG and PIE. This result confirms that DIP and ITA wood species
contain much more cellulose chains in a highly organized form
in the interior of the cellulose crystallite. This can lead to higher
hydrogen bond intensity among neighboring cellulose chains
ng the cellulose structure, adapted from (Newman, 2008). Lines indicated the
l to the paper, adapted from (Newman, 1999).



Table 2
Band position (2h) and d-spacings of crystalline and amorphous cellulose regions for the wood samples studied.

Wood species (1 �10) (110) Amorphous (200)

2h d (nm) 2h d (nm) 2h 2h d (nm)

Eucalyptus grandis (EUG) 15.30 0.579 16.01 0.554 18.30 21.95 0.405
Pinus elliottii (PIE) 15.10 0.587 16.35 0.542 18.40 21.90 0.406
Dipteryx odorata (DIP) 14.91 0.595 16.30 0.544 18.40 22.15 0.402
Mezilaurus itauba (ITA) 14.80 0.599 16.20 0.547 18.35 22.20 0.401

Table 3
Parameters obtained from the XRD analysis of the wood samples studied.

Wood species L (1 �10) (nm) L (110) (nm) L (200) (nm) Cr.I. C.I. X

Eucalyptus grandis (EUG) 1.72 2.29 2.11 34.4 49.3 0.21
Pinus elliottii (PIE) 1.71 2.44 1.92 34.1 43.4 0.17
Dipteryx odorata (DIP) 1.97 2.30 2.18 43.0 55.7 0.23
Mezilaurus itauba (ITA) 1.81 2.13 2.23 37.8 52.7 0.24

Fig. 3. TGA (a) and DTG (b) curves for the different wood species studied.
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result in a more packed cellulose structure besides higher crystal-
linity. On the other hand, the thermal stability of cellulose was
found to depend mainly on its crystallinity index, crystallite size
and degree of polymerization (Poletto et al., 2011b; Kim et al.,
2010b; Nada et al., 2000).

3.3. Thermogravimetric analysis

Fig. 3 shows the results of the thermogravimetric analysis per-
formed on the different wood species. Fig. 3(a) gives the percent-
age of weight loss as a function of temperature, while Fig. 3(b)
presents the derivative thermogravimetric curves. Water loss is
observed around 100 �C, and further thermal degradation takes
place as a two-step process. In the first step, the degradation of
hemicellulose takes place at around 300 �C and a slight shoulder
in the DTG curve can be seen in Fig. 3(b) for all wood species stud-
ied. At around 350 �C the main degradation of cellulose occurs and
a prominent peak appears at the temperature corresponding to the
maximum decomposition rate. According to Kim et al. (2006) the
depolymerization of hemicellulose occurs between 180 and
350 �C, the random cleavage of the glycosidic linkage of cellulose
between 275 and 350 �C and the degradation of lignin between
250 and 500 �C. The higher activity of hemicellulose in thermal
decomposition might be attributed to its chemical structure (John
and Thomas, 2008; Yang et al., 2006). Hemicellulose has a random
amorphous structure and it is easily hydrolyzed (John and Thomas,
2008; Yang et al., 2006). In contrast, the cellulose molecule is a
very long polymer of glucose units, and its crystalline regions im-
prove the thermal stability of wood (Yang et al., 2006). Lignin is
different from hemicellulose and cellulose because it is composed
of three kinds of benzene-propane units, being heavily cross-linked
and having very high molecular weight (John and Thomas, 2008;
Yang et al., 2006). The thermal stability of lignin is thus very high,
and it is difficult to decompose (Yang et al., 2006).

As can be seen in detail in Fig. 3(a) at temperatures around 180–
190 �C the ITA wood shows a more significant weight loss. This
behavior might be associated with the highest content of extractives
in this wood, around 14% as presented in Table 1. Extractives are
compounds of lower molecular mass as compared to cellulose,
and can promote ignitability of the wood at lower temperatures as
a result of their higher volatility and thus accelerate the degradation
process. In this way, the degradation of one component may accel-
erate the degradation of the other wood components. Grønli et al.
(2002) and Shebani et al. (2008) observed that wood degradation
at low temperatures is usually associated with extractive decompo-
sition. On the other hand, the individual chemical components of
wood behave differently if they are isolated or intimately combined
within each single cell of the wood structure (Popescu et al., 2010).
However, the DIP wood that contains around 11% of extractives
showed higher thermal stability than ITA. This behavior may be
related to the higher content of lignin in DIP relative to that of ITA
and the higher crystallinity index and crystallite size in this wood,
as can be seen in Table 3.



Table 4
Thermal degradation temperatures, T shoulder, DTG peak and% residue at 800 �C for the wood species under study.

Wood species Ti (�C) 3 wt.% loss T shoulder (�C) DTG peak (�C) Residue at 800 �C (%)

Eucalyptus grandis (EUG) 250 291 364 23.6
Pinus elliottii (PIE) 251 322 367 16.8
Dipteryx odorata (DIP) 257 289 368 22.4
Mezilaurus itauba (ITA) 237 275 350 24.1
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The initial weight loss temperature, Ti, of all samples, is consid-
ered as the temperature at which the sample loses 3% of its weight,
as showed in Table 4. The lowest Ti value was attributed to ITA, as
can be seen in detail in Fig. 3(a). This might be associated with
higher volatility of extractives and hemicellulose in this wood.
The highest Ti values were observed for the EUG, PIE and DIP wood
species. On the other hand, EUG, ITA and DIP had a significant
amount of residue at 800 �C probably due to higher inorganic con-
tents in these three wood species.

Wood is commonly used as filler only in polymers that are pro-
cessed at temperatures at around 200 �C (Araújo et al., 2008;
Shebani et al., 2009). Accounting to this fact, the detail in
Fig. 3(a) showed that ITA and PIE woods initiate a more pro-
nounced degradation process at around 180–190 �C and 190–
200 �C, respectively. The low degradation temperature of ITA and
PIE samples can lead to undesirable composite properties, such
as browning and decreasing of the mechanical strength when pro-
cessed at temperatures above 200 �C. On the other hand, DIP and
EUG woods initiate a more pronounced degradation process at
around 220 �C which can lead to thermoplastic polymer compos-
ites with higher mechanical and thermal properties by increasing
the processing temperature range.

Because the temperature intervals of hemicellulose, cellulose
and lignin decomposition partially overlap each other, the hemicel-
lulose and/or amorphous cellulose decomposition step usually
appears as a more or less pronounced shoulder instead of a well-
defined peak. This shoulder is better evidenced for the ITA, EUG
and DIP wood species, as can be seen in Fig. 3(b). For PIE the shoul-
der occurs at a higher temperature than for the other wood species.
This result may be a consequence, on the one hand, of lower
extractives volatility and on the other hand, of lower hemicellulose
reactivity. The main degradation of cellulose occurs at higher tem-
peratures for EUG, PIE and DIP respectively. For EUG the main deg-
radation temperature of cellulose occurs at 364 �C and might be
related to the higher content of holocellulose and lower content
of extractives in this wood, see Table 1. The contents of holocellu-
lose and extractives in PIE wood were comparable to those of EUG,
however the cellulose main degradation temperature for this wood
occurs at 367 �C. One explanation for this fact is the higher PIE cel-
lulose crystallite size at the (110) crystallographic plane, which
may improve thermal stability. The DIP extractives amount is high-
er while the content of holocellulose is lower than those of EUG
and PIE. However, it is interesting to note that the thermal stability
was more pronounced and the main decomposition of cellulose
was higher for DIP as compared to EUG and PIE. This behavior
may be associated with the highest crystalline index and higher
crystallite size of cellulose in this wood. In a recent study, Kim
et al. (2010b) showed that the thermal decomposition of cellulose
shifted to higher temperatures with increasing crystallinity index
and crystallite size.

Some models of the cellulose thermal decomposition in wood
have been suggested. Kim et al. (2010b) discussed three possible
models for thermal decomposition of wood cellulose crystallites:
(a) where decomposition preferentially proceeds along the fiber
axis; (b) where a crystallite that once starts to decompose undergoes
rapid decomposition while the other crystallites remain largely
intact, and (c) a combination of the (a) and (b) models. Zickler
et al. (2007) studied the thermal decomposition of cellulose in wood
at various temperatures by in situ X-ray diffraction using synchro-
tron radiation. The authors proposed that the thermal decomposi-
tion of cellulose in wood occurs mainly via a thermally activated
decrease of the fibril cellulose diameter. This decomposition is fol-
lowed by a random breaking of the cellulose fibrils into shorter
length pieces as a consequence of the extremely anisotropic nature
of the higher hydrogen bonding forces in cellulose crystallites (Zic-
kler et al., 2007). As a result, a higher amount of hydrogen bond be-
tween neighboring cellulose chains may be resulted from a more
packed cellulose structure which can lead out to higher crystallinity
and thermal stability, as observed in the case of DIP sample. In addi-
tion, intramolecular hydrogen bonds stabilize the cellulose mole-
cules and may inhibit thermal expansion along this direction
(Hidaka et al., 2010) improving the wood thermal stability.

Although the decomposition of wood is a complex process and
involves a series of competitive and/or consecutive reactions. It
might be difficult to distinguish and model the thermal decompo-
sition behavior of each specific component in wood due to the
complexity of growth of wood which causes variance in compo-
nents content, crystal structure and chemical composition from
one species to another (Poletto et al., 2010; Yao et al., 2008; Di
Blasi, 2008).
4. Conclusions

Chemical analysis reveals that DIP and ITA contain higher
amount of extractives than EUG and PIE. The X-ray diffractometry
results showed that DIP and ITA contain much more cellulose
chains in highly organized form in the interior of the crystallite,
which can lead to higher crystallinity. The combined results
showed that higher extractives contents associated with lower
crystallinity and lower crystallite size accelerate the degradation
process and reduce wood thermal stability. However, thermal
decomposition of DIP shifted to higher temperatures with increas-
ing cellulose crystallinity and crystallite size. These results indi-
cated that cellulose crystallite size affects the wood thermal
degradation temperature.
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