
Introduction

Biomass is a rather important and promising renew-
able energy and raw material source. Plant materials
can be utilized with thermochemical or biochemical
conversion processes [1, 2]. Combustion to produce
energy is one of the most obvious and widespread ap-
plications of plant materials. However, for the opti-
mal utilization of biomass materials as a source of en-
ergy, a thorough knowledge and understanding of
their thermal behavior is necessary.

During the past decades, extensive research has
been carried out in the field of biomass pyrolysis. The
thermal decomposition, and the composition of dif-
ferent species have been studied, the calorific values
of the samples have been determined [3–7]. Lately,
special fast growing species grown on energy planta-
tions [8–11] have been in the focus of interest besides
wastes of plant origin [12, 13].

Several authors have used different mathemati-
cal tools for a better interpretation of the experimental
results. Various reaction kinetic models have been
worked out for the description of the decomposition
of plant species. In addition, chemometrics is also be-
coming more important in the field of thermal
analysis [11, 14–19].

The aim of the present work was to study four
different plant species, which were improved for en-
ergy production. Some papers have already been pub-
lished about Miscanthus sinensis [3] and wil-
low [11, 20], however, the place of origin and the age
of the plants can have a great effect on the composi-

tion [6, 21], consequently, on the thermal behavior of
the biomass samples. Two of these species (pelletized
energy grass and water locust) are novel energy
plants, which have not been investigated before.

Experimental

Willow (Salix alba), water locust (Amorpha
fructicosa), Miscanthus sinensis (Chinese silvergrass)
and energy grass (Agropyron) samples from an en-
ergy plantation were studied in this work. The wood
samples and Miscanthus sinensis were small chips
obtained from young plants harvested in Febru-
ary, 2005. The energy grass was pelletized. Prior to
analysis all samples have been dried at room tempera-
ture and milled to pass 120 �m sieves. The amount of
Klason-lignin has been determined according to the
ASTM E 1721-01 standard method. The calorific val-
ues of the samples have been measured according to
the CEN/TS 14918 standard method with an
IKA C2000 calorimeter. The ash content of the sam-
ples was determined according to the CEN/TS 14775
procedure supplemented by an additional heating of
the ash at 850°C for 120 min. The above characteris-
tics of the samples are listed in Table 1.

The TG/MS system used in this work was built
from a Perkin-Elmer TGS-2 thermobalance and a
Hiden Hal quadrupole mass spectrometer. The meas-
urements have been carried out in argon and
argon:oxygen=79:21 gases. Prior to the experiments,
the apparatus was purged with the carrier gas for
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45 min. In inert atmosphere 4 mg samples were heated
from 20 to 900°C at a rate of 20°C min–1, whereas in
the presence of oxygen 0.4 mg sample sizes were used
at a heating rate of 10°C min–1 to avoid heat and mass
transfer problems. For the 0.4 mg sample size baseline
correction was applied: the TG curve of the empty
sample holder was subtracted. A portion of the
volatiles formed as a result of thermal decomposition
was led through a glass lined metal capillary transfer
line kept at 300°C to the ion source of the mass
spectrometer. The mass spectrometer was operated in
the electron ionization mode with 70 eV energy. The
ion intensities were normalized to the intensity of the
38Ar isotope of the carrier gas to avoid errors resulting
from a shift in the sensitivity of the mass spectrometer.

Principal component analysis (PCA) was carried
out on two data sets. The first matrix consisted of data
of Table 1 and characteristic TG and DTG data ob-
tained in inert and oxidative atmosphere (Thc.on, onset
of hemicellulose decomposition; Tcell.off, offset of cel-
lulose decomposition; Tpeak, DTG peak temperature;
DTGmax, DTG peak maximum and char yield) deter-
mined as described previously [6, 20]. In the second
step we have attempted to find correlation between
the integrated intensities of the most important
decomposition products, which are listed in Table 2.

Results and discussion

Results of the TG/MS experiments

Figure 1 presents the TG and DTG curves of the stud-
ied samples in inert atmosphere. The results show that
the thermal decomposition of the herbaceous species
(energy grass, AP and Miscanthus sinensis, MS) starts
at a lower temperature and proceeds at a higher rate
than that of the wood species (willow, SA and water
locust, AF). The carbonaceous residue of the energy
grass is the highest, whereas that of the water locust is
the lowest. The other two species give about the same
amount of char. The comparison of the wood samples
shows that the profiles of the DTG curves are similar,
differences can only be observed in the height of the
shoulder corresponding to hemicellulose decomposi-

tion (at about 320°C) and in the char yield. These
differences can mainly be attributed to the different
composition of the two wood samples (Table 1). The
characteristic shoulder on the main DTG peak, which
can be attributed to hemicellulose decomposition, can
be observed for energy grass (at 280°C) as well. The
cellulose and hemicellulose decomposition are more
overlapped in the case of Miscanthus sinensis (MS),
and a smaller shoulder can be seen on this curve at
about 210°C, which can presumably be attributed to
decomposition of extractable compounds.

The mass spectrometric curves of the evolved
products give further information about the decomposi-
tion reactions. The main decomposition products of
biomass materials are water, carbon monoxide and
carbon dioxide, and smaller amounts of methane and
hydrogen are also released from plant samples as it has
been discussed extensively in previous studies [3, 11].
In addition, several organic volatiles (e.g. acids,
ketones, aldehydes, furan derivatives, aromatic com-
pounds) are formed in the slow pyrolysis process. In
Figs 2a–f the mass spectrometric curves of the fragment
ions of some decomposition products are shown. The
m/z 16 ion corresponds to methane, which can be
produced in different processes, as the broad, multiple
peaks of Fig. 2a imply. It can be seen that methane
formation from lignin (peak at about 420°C) is more
pronounced for the SA, AF and MS samples, whereas a
higher amount of methane is formed in the charring
processes in the case of the AP sample (peak at 530°C).
The smaller peak at 290°C on the MS curve of
Miscanthus sinensis can be attributed to the decomposi-
tion of the extractable components.

Figure 2b shows the MS curve of an aliphatic
fragment ion, C H2 2

+ . There is a marked similarity in
the shape of these MS curves and the profile of the
corresponding DTG curves. Hence, it can be
concluded that the major decomposition processes
contribute to the formation of this fragment ion. It is
interesting to note the shoulder at about 470–510°C,
which may also correspond to the decomposition of
extractive constituents of plants. The smaller peak on
the mass spectrometric curve of the Miscanthus
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Table 1 Characteristics of the studied samples (on dry basis)

Sample Klason-lignin*/
mass/mass%

Ash/
mass/mass%

Calorific value/
MJ kg–1

Name Abbreviation

Willow (Salix alba) SA 26.5 1.4 17.3

Water locust (Amorpha fructicosa) AF 17.1 1.2 16.9

Energy grass (Agropyron) AP 21.8 5.6 16.1

Miscanthus sinensis (Chinese silvergrass) MS 21.0 1.8 17.0

*The determination of the amount of acid-insoluble lignin (Klason-lignin) was performed on the samples without preliminary
extraction. Hence the data listed in this table give the total amount of lignins and phenolic polymers which are structurally related
to condensed tannins [22]



sinensis sample at 220°C can also be attributed to the
decomposition of extractive components.

The m/z 31 ion (CH3O
+) (Fig. 2c) corresponds to

the main fragment ion of hydroxyacetaldehyde and
methanol. The former product is released in the ther-
mal decomposition of cellulose, the latter one is pro-
duced as a result of the scission of lignin and hemi-

cellulose sidegroups. The decomposition of hemi-
cellulose and cellulose is clearly separated in the case
of the wood samples (SA and AF) indicated by the dis-
tinct shoulders on the corresponding MS curves.
However, the heights of these shoulders are consider-
ably different for the two wood samples (similarly to
the DTG curves, Fig. 1) reflecting that the relative
amount of hemicelluloses is different in the two spe-
cies. The CH3O

+ ion is the most abundant from the
MS sample, however, in this case the hemicellulose
decomposition is not well separated from that of cel-
lulose. The energy grass (AP) sample gives the
smallest yield of this product.

The COOH+ fragment ion (m/z 45) (Fig. 2d) is
also released in the decomposition of polysaccharides.
The amount of acids produced in the decomposition of
cellulose and hemicellulose are comparable for the
wood samples. A relatively lower acid yield can be
observed from the energy grass sample (AP).
The formation of acids from cellulose and hemi-
cellulose is not separated in the case of the Miscanthus
sinensis sample (MS). The thermal decomposition of
extractives is indicated by the peak at 200°C.
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Fig. 1 TG and DTG curves of the samples in inert atmosphere

Fig. 2 Mass spectrometric curves of some characteristic fragment ions of biomass decomposition (argon atmosphere). Notation:
××× – willow (Salix alba); --- – water locust (Amorpha fructicosa); ��� – energy grass (Agropyron); ��� – Miscanthus

sinensis (Chinese silvergrass)



The m/z 84 ion (Fig. 2e) corresponds to fura-
none, whereas the m/z 96 ion (Fig. 2f) represents
furaldehyde. Furanone is released during cellulose
decomposition, and furaldehyde is formed from both
cellulose and hemicellulose. The MS sample gives
only one m/z 96 peak in agreement with the previous
results: the shoulder before the main peak corre-
sponding to hemicellulose decomposition is not as
well-discernible as for the other samples.

The thermal decomposition of the samples has
also been investigated in the presence of oxygen in
order to get some insight into the role of oxygen and
into the burn-off of the char. Figure 3a shows the TG
and DTG curves of the samples. The main DTG peak
corresponds to the devolatilization process. The
smaller peak above 360–400°C can be attributed to
the burn-off of the previously formed char. The DTG
curves of the herbaceous species are found at a lower
temperature than those of the wood species. The rate
of decomposition (DTGmax) is considerably higher for
the wood samples than for the grasses. Figure 3a also
confirms that the decomposition of cellulose and
hemicellulose are better separated in the case of the
wood species as the distinct shoulders on the main

DTG peak imply. The burn-off of the char proceeds in
the 360–460°C temperature range. The height of
these small peaks is related to the amount of char
formed in inert atmosphere (Fig. 1).

The most important products of decomposition
in oxidative atmosphere are water (m/z 18) and car-
bon dioxide (m/z 44) as Fig. 3b shows. (Note that in
this figure the MS curves of the Miscanthus sinensis
sample are shown as examples. Nevertheless, the de-
composition products are similar for all studied sam-
ples.) Besides these gases the formation of a smaller
amount of m/z 30 was detected, which indicates the
formation of nitrogen oxides (NOx).

Results of the PCA calculation

Principal component analysis has been used to com-
pare the samples and to find correlations between the
data. In the first step the thermogravimetric character-
istics of the samples (determined in inert and oxida-
tive atmospheres as described previously [6, 20]) and
the data of Table 1 have been used as input data. In
this calculation the first principal component de-
scribed 71.2% of the total variance of the data, and the
second principal component accounted for 20.1% of
the variance. In the second step the integrated intensi-
ties of the fragment ions listed in Table 2 have been
used in the chemometric evaluation. In this case 64.4
and 26.9% of the total variance was explained by the
first and second principal components, respectively.
Figure 4 depicts the results of the PCA calculations.
The thermogravimetric characteristics of the energy
grass sample (AP) (Fig. 4a) clearly differ from the
other samples as the distance of the AP sample from
the other samples implies. The wood samples are dis-
tinguished from the herbaceous samples on the first
principal component domain, however, they are far-
ther away from one another than one would expect
from the rather similar TG and DTG curves (Figs 1
and 3). The corresponding loading plot (Fig. 4c) sug-
gests that the first principal component is determined
by some of the thermogravimetric characteristics
(mainly Tcell.off(ox), Tcell.off(in), etc.), the calorific value
and the ash content of the samples. This figure also
shows that although the char yield and the ash content
are both important in determining the first compo-
nent, they are not completely correlated. The temper-
ature of the DTG peak in inert atmosphere (Tmax(in))
and the amount of Klason lignin contribute mostly to
the second component.

The score plot obtained in the evaluation of mass
spectrometric data (Fig. 4b) also shows that the wood
samples clearly constitute a separate group apart from
the herbaceous species. The woody and herbaceous
biomass samples are separated along the second prin-
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Fig. 3 a – TG, DTG curves of the samples and b – MS curves
of Miscanthus sinensis in oxidative atmosphere



cipal component. The loading plot (Fig. 4d) shows the
original variables (integrated intensities of the differ-
ent m/z fragment ions) in the field of the principal
components. The m/z 2 and 16 ions and some oxygen
containing fragments and decomposition products
(m/z 29, 31, 43, 45, 82, 84, 98) account mostly for the
first principal component. The m/z 27, 28 and 44 ions

play the most significant role in determining the
second principal component.

Figures 4b and d also imply what the most im-
portant differences between the samples are. The
charring processes indicated by the evolution of H2

(m/z 2) and CH4 (m/z 16) are the most pronounced in
the case of the energy grass sample (AP), which has
the highest char and ash content. It can also be seen
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Table 2 List of the most important fragment ions detected with the mass spectrometer during the decomposition of biomass
samples and the origin of the fragment ions (Note that only fragment ions with good signal:noise ratio are listed, which
were used in the PCA calculation)

m/z Fragment ion Origin*

2 H2
+ charring processes

16 CH4
+ decomposition of polymers

18 H2O
+ decomposition of polymers

27 C H2 3
+ decomposition of polymers, decomposition of extractive compounds

28 CO+ decomposition of polymers
29 CHO+ decomposition of polymers
30 HCHO+ decomposition of polymers
31 CH3O

+ decomposition of polymers, scission of lignin sidegroups
43 CH3CO+ decomposition of polymers
44 CO2

+ decomposition of polymers
45 COOH+ decomposition of polysaccharides
55 C H4 7

+ decomposition of polymers, decomposition of extractive compounds
58 CH COCH3 3

+ decomposition of polysaccharides
60 HOCH2CHO++CH3COOH+ decomposition of polysaccharides
74 C H O3 6 2

+ (hydroxypropanal) decomposition of polysaccharides
82 C5H6O

+ (2-methylfuran) decomposition of polysaccharides
84 C H O4 4 2

+ (furanone) decomposition of cellulose
96 C H O5 4 2

+ (2-furaldehyde) decomposition of polysaccharides
98 C H O5 6 2

+ (dihydro-methylfuranone) decomposition of polysaccharides

*Decomposition of polymers refers to the decomposition of all cell-wall constituting polymers (cellulose, hemicellulose and lignin).

Fig. 4 Results of the principal component analysis; score plot based on a – PCA of TG and other analytical data and b – the MS
intensities of selected fragment ions; loading plot based on c – PCA of TG and other analytical data and d – the MS
intensities of selected fragment ions



that energy grass decomposes at the lowest tempera-
ture (Tmax(in)). The largest amount of C H2 3

+ , CO+ and
CO2

+ was released by the Miscanthus sinensis sample.
These may be the decomposition products of extrac-
tive compounds, which are presumably present in this
sample in a larger amount than in the other species.
Note that this assumption is confirmed by the DTG
and MS curves presented in Figs 1–3: a small peak
can be observed before the main peak in the corre-
sponding figures, which is not as pronounced in the
case of the other samples. A larger amount of oxygen
containing volatile compounds is released from the
wood samples than from the herbaceous species.
Nonetheless, the relative amounts of the different de-
composition products are different from the two wood
species reflecting the different composition of the two
samples: willow (SA) has a larger Klason lignin con-
tent than water locust (AF), accordingly, the ratio of
polysaccharides is smaller in the SA sample.

Conclusions

Characteristic differences have been found in the
thermal behavior of the four studied biomass samples.
The wood samples exhibited some similarities: the
temperature range of decomposition, the shapes of the
DTG curves and the evolution profiles of different
products were similar. The most significant difference
between willow and water locust was observed in the
range of hemicellulose decomposition: the heights of
the corresponding DTG and MS peaks were smaller for
the willow sample. On the other hand, the char yield
and lignin content of willow was higher. The behavior
of the herbaceous samples exhibits more significant
differences. The shapes of the DTG and MS curves of
Miscanthus sinensis and energy grass were different
implying a considerably different composition of these
species. The thermal characteristics of the Miscanthus
sinensis sample were more similar to those of the wood
samples than those of the energy grass.

Principal component analysis offered a simple
and reliable way to compare the samples. The loading
plots gave insight into the underlying differences be-
tween the samples, and correlations of the original
variables could be determined with their help.
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