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ABSTRACT

The effect of torrefaction severity (temperature and residence time) was studied on the thermal
decomposition of different parts of Norway spruce (stem wood, stump, and bark). The volatile
content of the torrefied samples was characterized by pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS). The tendencies of the intensities of the most characteristic pyrolysis
products of the untreated and torrefied samples have been compared. The Py-GC/MS results are
interpreted in terms of the chemical composition changes (cellulose, hemicellulose). It was found
that the alkali ions do not catalyze the thermal decomposition of hemicellulose contrary to
cellulose. The results of the Py-GC/MS analysis demonstrated that the yields of acetic acid and
other compounds of low molecular mass were reduced in the pyrolyzates of each torrefied sample

including the treatment at 225 °C. Principal component analysis has been used to reveal
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correlations between torrefaction temperature, residence time, and product distribution of the
samples. The torrefied stem wood and stump behaved similarly during torrefaction; therefore, they
can be utilized together in thermochemical conversion applications. However, the torrefaction of

bark requires about 25 °C lower torrefaction temperature than stem wood and stump.

1. INTRODUCTION

The World’s current energy systems are dominated by fossil fuels (coal, oil, and gas), which
produce greenhouse gases, the fundamental drivers of global climate change.'? One way to reduce
emissions would be replacing fossil fuels with renewable energy sources, such as biomass
materials. Although biomass evolves the greenhouse gas CO. during burning as well, it takes
carbon out of the atmosphere while it is growing. On the other hand, fossil fuels can only be
replenished on a geological time scale.

Until now, thermochemical processes have been considered as the most effective methods for
lignocellulosic biomass utilization.®® Torrefaction, also named mild pyrolysis, is a
thermochemical pretreatment method performed between 200 and 300 °C in an inert atmosphere
for the partial conversion of biomass.” Torrefied lignocellulose has improved fuel characteristics
compared to the original biomass, such as reduced moisture content, and increased hydrophobicity,
grindability®, and energy density®. Furthermore, compared to untreated biomass, storage properties
of the torrefied material are significantly improved as biological degradation and water uptake is
minimized.*°

Forests are one of Europe's most important renewable resources; the European Union has
approximately 182 million hectares of forests, corresponding to 42% of the European Union land
area.!! As a result of afforestation programs and due to natural regeneration on marginal lands,

forest cover in the European Union has increased over the past few decades.!! During harvesting
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and thinning of forest, stem wood is the main product, while the other parts of the tree (including
bark and stump) are considered as byproducts. According to the literature, stump constitutes 23-
25% of the stem volume of a coniferous tree? and bark can account for 6-20% of the total volume
of the stems'®, therefore these byproducts represent an abundant and underutilized bioenergy
potential. To estimate the usability of the torrefaction pretreatment for stem wood, stump, and
bark, it is important to widen our knowledge on how the different parts of Norway spruce behave

during the low temperature thermal decomposition.

Norway spruce (Picea abies) is one of the most important coniferous species in Europe; it
dominates Europe’s Boreal and sub-Alpine coniferous forests, ranging from Central to Northern
Europe and east to the Ural Mountains.** Until now, several studies have been carried out on the
thermal characteristics of Norway spruce stem wood during torrefaction.®>2° Most of these studies
focused on the physical characterization, such as proximate and ultimate analyses, grindability,
moisture adsorption, and energy content of the torrefied biomass. Contrary to stem wood, only a
few research papers have been presented on the thermal decomposition of bark and stump during
torrefaction.? 12 21-2 Two of these studies investigate only the pyrolysis kinetics of stump and bark
materials.?"?2 In our previous works® 2%, the thermal behavior of untreated and torrefied stem
wood, stump, and bark was studied with the goal of understanding better the thermal conversion
process taking place during torrefaction. The objectives of these earlier works were to study the
effect of torrefaction on the physicochemical properties, grinding energy consumption, chemical
composition and thermal stability of the woody biomass materials including stem wood, stump,
and bark.

The objective of this further work was to investigate the effect of torrefaction temperature and

residence time on the product distribution during pyrolysis of different parts of Norway spruce
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(stem wood, stump, and bark). Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) has
been found to be a suitable technique to investigate the distribution of the decomposition products
of the untreated and torrefied samples under fast pyrolysis conditions. 2* 2° The obtained pyrolysis
data were evaluated by a statistical analysis method, i.e., principal component analysis (PCA) with
the goal of revealing correlations between the temperature and residence time of the torrefaction
pretreatment and the pyrolysis products distribution of the various torrefied stem wood, stump,

and bark samples.

2. EXPERIMENTAL SECTION

2.1 Materials

Different parts of a representative single Norway spruce (Picea abies) tree were selected for the
torrefaction study: stem wood, stump, and bark. The samples originated from a Norway spruce
forest in South Norway. After harvested, the trees were divided into three parts: trunk, stump, and
forest residues. The trunk was further debarked to obtain stem wood and bark. The stem wood was
first cut into strips, and then further chopped into cubes with sides of 1 cm length. The bark was
chipped into pieces and those with length of around 5-7 cm were used for the torrefaction
experiments. The stump was shredded into pieces and the pieces with length of 3-5 cm were
torrefied. The untreated and torrefied samples were ground by a cutting mill to <1 mm particle
size, then were further ground in a Retsch MM301 cryomill to obtain homogeneous, representative

samples for the Py-GC/MS experiments.

The physicochemical properties, grinding energy consumption, chemical composition, and

thermal stability of the same untreated and torrefied stem wood, stump, and bark samples were

investigated in detail and published in our previous papers.®
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2.2 Torrefaction experiments

The torrefaction experiments of the different parts of Norway spruce were carried out in a batch
tube reactor placed in an electrical furnace in nitrogen atmosphere using flow rates of 1 L min™.
Approximately 80 g of the untreated samples were heated up at a heating rate of 15 °C min™ to
three final temperatures (225, 275, and 300 °C). The residence time for one sample at each final
temperature was 30 and 60 min, respectively. More details about the torrefaction setup and

experiments can be found in our previous paper.® 23
2.3 Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)

Py-GC/MS measurements were carried out in a CDS Pyroprobe 2000 equipped with a platinum
coil and quartz sample tube. The pyrolyzer was coupled to an Agilent 6890/5973 GC/MS
instrument. Approximately 0.6 mg samples were pyrolyzed at 550 °C for 20 s in a quartz tube
using helium carrier gas. The pyrolysis temperature was selected on the basis of our earlier TG/MS
experiments.?® The pyrolysis products were separated on an Agilent DB-1701 capillary column
(30 m x 0.25 mm i.d., 0.25 um film thickness). The pyrolysis interface and the GC injector were
held at 280 °C. The GC oven was programmed to hold at 40 °C for 4 min and then increase to 280
°C at a rate of 6 °C min. The mass range of m/z 14-500 was scanned by the mass spectrometer in
electron impact mode at 70 eV. The identification of the pyrolysis products was based on NIST
and Wiley mass spectral libraries and literature data. Three replicate experiments were carried out
for each sample. The relative amounts of the compounds were estimated using the averages of the
peak areas of the total ion current chromatograms normalized for the sample mass. The standard
deviation of the triplicate measurement was calculated for each compound and was typically 10 -

20 % of the peak area.
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2.4 Principal component analysis

Due to the large number of samples, principal component analysis (PCA) has been used to carry
out linear data reduction for the purpose of pattern visualization.?® In this work, PCA has been
applied to illustrate similarities and differences between the Py-GC/ MS data of the untreated and
torrefied stem wood, stump and bark samples. The calculation is based on the normalized peak
areas of the pyrolysis products. Those compounds were eliminated from the calculation where the
relative standard deviation was more than 20% for two or more samples. Some of the loadings
characterized the same properties and therefore the model could be simplified by omitting the

redundant compounds. Finally, 21 pyrolysis products have been used in the calculation.

3. RESULTS AND DISCUSSIONS

3.1 Py-GC/MS results

Pyrolysis-gas chromatography/ mass spectrometry has been applied to reveal the changes in the
pyrolysis product distribution of the samples after torrefaction. The pyrolysis temperature was
selected to 550 °C on the basis of our earlier TG/MS experiments?3, which indicated that this

temperature was adequate for the almost complete decomposition of the organic materials.
3.1.1 Comparison of the untreated stem wood, stump, and bark samples

Figure 1 shows the pyrograms of the untreated stem wood, stump, and bark samples, while Table
1 lists the identification and the possible origin of 40 main decomposition products based on mass
spectral libraries and literature data.?’-3° In Figure 1, the unresolved peaks at lower retention times
(denoted by G) represent the evolution of gaseous and vapor products of low molecular mass, such
as methane, carbon dioxide, and water, which may be formed by the scission of different functional
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groups of numerous components. Comparison of the pyrograms of untreated stem wood, stump,

and bark (Figure 1) shows that the main pyrolysis products seem to be similar.

Acetic acid (Peak #2), 3-hydroxypropanal (Peak #4), furfural (Peak #7), and 4-hydroxy-5,6-
dihydro-(2H)-pyran-2-one (Peak #13) are the most typical decomposition products of
hemicellulose under inert atmosphere. In Figure 1, the comparison of the three pyrograms displays
that untreated stump releases the highest amount of acetic acid (Peak #2), and 3-hydroxypropanal
(Peak #4), which is in agreement with our earlier chemical composition results® (Figure 2a)
showing that stump has the highest hemicellulose content among the studied materials. The main
decomposition product of cellulose during pyrolysis is levoglucosan (Peak #35), which is an
anhydroglucose and can be considered as the monomer of cellulose. Stem wood releases the
highest yield of levoglucosan (Figure 1), which has the highest cellulose content among the three
untreated samples (Figure 2a). Another characteristic thermal decomposition product of the
cellulose component is hydroxyacetaldehyde (Peak #1). As can be seen in Table 1, other
carbohydrate products are also observed from the three untreated samples, which may originate
from both cellulose and hemicellulose. As Figure 1 and Table 1 illustrate, several lignin
monomeric compounds were identified in the chromatograms of the stem wood, stump and bark
samples. Smaller differences in the thermal behavior of the untreated stem wood, stump, and bark

samples during pyrolysis can be explained by their different composition as discussed below.
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Figure 1. Pyrograms of untreated (a) stem wood, (b) stump, and (c) bark samples.
Numbered peak identities are given in Table 1. G: unresolved peak of gaseous and low molecular

mass products.

Table 1. The main decomposition products released during the Py-GC/MS experiments of untreated stem
wood, stump, and bark samples. Peak numbers refer to the peaks in Figures 1 and 7b. Possible origin of
the identified compounds: C: cellulose; H: hemicellulose; CH: carbohydrate (cellulose and/or

hemicellulose), L: lignin.
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Ret.

Most abundant Molar Possible
No. time Compounds _ N
ions mass origin
(min)
1 3,81 Hydroxyacetaldehyde 31, 29, 32, 60 60 CH
2 4,92 Acetic acid 43, 45, 60 60 H, L
3 5,44 1-Hydroxy-2-propanone 43, 74 74 CH
4 8,03 3-Hydroxypropanal 43,73, 74 74 CH
5 9,35 Butanedial 58, 57, 29 86 CH
6 9,55 2-Hydroxybutanal-3-one 43,102 102 CH
7 9,86 Furfural 96, 95, 39, 67 96 CH
8 11,43 1-Acetyloxypropane-2-one 43, 96, 67 116 CH
9 12,96 1,2-Cyclopentandione 98, 55, 42, 69 98 CH
10 13,70 5-Methyl-2-furancarboxaldehyde 110, 109, 53 110 CH
11 14,01 3-Methyl-2-cyclopenten-1-one 96, 67, 53 96 CH
12 14,37 (5H)-Furan-2-one 55, 84, 54 84 CH
13 14,92 4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one 114, 58, 29 114 CH
2-Hydroxy-3-methyl-2-cyclopentene-1-
14 15,50 112, 69, 55, 83 112 CH
one
15 16,42 Phenol 94, 66, 65, 39 94 L, CH
16 16,70 Guaiacol 109, 124, 81 124 L
17 17,58 2-Methylphenol 108, 107, 79 108 L
18 18,42 3-Methylphenol 108, 107, 79 108 L
19 18,47 4-Methylphenol 108, 107, 77 108 L
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Figure 2. (a) Chemical composition of the untreated stem wood, stump, and bark materials® and
(b) relative amount of cellulose (glucan) and (c) hemicellulose (mostly sum of mannan and

galactan) content of the torrefied stem wood, stump, and bark samples as a function of
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torrefaction severity (temperature and residence time). (*The sum of unquantified components

includes extractives, acid-soluble lignin, and acid soluble minerals.)
3.1.2 Comparison of the torrefied stem wood, stump, and bark samples

In order to study the thermal degradation process of the variously torrefied stem wood, stump, and
bark samples, 40 main pyrolysis products (Table 1) were organized into groups of carbohydrates
(sum of cellulose and hemicellulose) and lignin decomposition products and the relative peak areas
of these compounds were plotted in Figure 3. The relative peak areas were normalized to unit
sample mass. Furthermore, the mass loss during torrefaction was also taken into account to provide
a reasonable comparison of the untreated and treated samples. In our previous work®, the chemical
composition of untreated and torrefied stem wood, stump, and bark was determined by acidic
hydrolysis and subsequent high-performance liquid chromatography analysis. Figures 2b and ¢
present the variation of the relative amount of glucan, and sum of mannan and galactan in the
torrefied samples, which reflects the changes in the relative amounts of cellulose and hemicellulose
in the samples, respectively. The presented data are normalized to the measured glucan or sum of
mannan and galactan content of the thermally untreated samples. The decreasing carbohydrate
yields indicate the progress of the thermal decomposition of cellulose and hemicellulose during
torrefaction at various temperatures. It should be emphasized that cellulose and hemicellulose
degraded partly to volatile products and partly to a carbonized residue. The amounts of the released
volatile compounds were determined by weighing the samples before and after torrefaction and
were included in the calculations. The carbonized residue remains in the Klason lignin during the
determination of the composition. Therefore, the amount of this fraction increased as a function of

torrefaction temperature, as discussed in the previous paper®.
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As can be seen in Figure 3, the relative intensities of the carbohydrate decomposition products are
higher during the pyrolysis of untreated and torrefied stem wood and stump than that of the bark
sample, which is in agreement with the higher cellulose and hemicellulose content of the stem
wood and stump materials (Figure 2a). As Figures 3a, b, and ¢ show, the carbohydrate content of
the stem wood and stump samples does not decrease significantly up to 275 °C torrefaction
temperature, while in case of the bark sample the degradation of the carbohydrate components is
significant at 275 °C torrefaction temperature and 60 min residence time. These observations may
point to that the thermal stability of cellulose in the bark sample is lower compared to the stem
wood and stump samples due to the well-known fact that alkali ions (especially potassium) have a
catalytic effect on the decomposition mechanism of cellulose.®:3® The bark sample has more than
an order of magnitude higher potassium content than the stem wood and stump samples®. The
results obtained by chemical composition analysis (Figure 2b) and Py-GC/MS (Figure 3a, b, and
C) support that potassium has a catalytic effect on the cellulose decomposition, which indicates
lowered thermal stability of the cellulose content in the bark sample, by about 25 °C compared to
the stem wood and stump samples. Bark has the highest lignin content (Figure 2a); however, it did
not evolve more lignin monomeric compounds than stem wood (Figures 3d and e). This result can
be explained by the catalytic effect of the potassium, which leads to the cleavage of functional
groups and enhanced carbonization accompanied by the reduced formation of lignin monomeric

compounds®,

In the following sections, the relative peak areas of the main hemicellulose, and cellulose as well
as lignin decomposition products of the untreated and the torrefied stem wood, stump, and bark

samples will be discussed in detail.
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Figure 3. Sum of relative peak areas of carbohydrate and lignin pyrolysis products of the studied

stem wood, stump, and bark samples. (*Relative peak areas are normalized to unit sample mass.

The mass loss during torrefaction® is also taken into account.)

Cellulose and hemicellulose derived pyrolysis products of torrefied stem wood, stump, and

bark samples

As discussed above, the peaks at lower retention times in Figure 1, such as hydroxy acetaldehyde

(Peak #1), acetic acid (Peak #2), 1-hydroxy-2-propanone (Peak #3), and 3-hydroxypropanal (Peak

#4) correspond to the main smaller molecular mass decomposition products of hemicellulose and

cellulose, which are formed by fragmentation of the sugar units. The relative peak areas of these

volatile pyrolysis products of all studied samples are presented in Figure 4. As can be seen, the

yields of these carbohydrate products decreased with increasing torrefaction temperature and

residence time for each sample in agreement with the results of Chen et al.®® Hydroxyacetaldehyde

is a thermal decomposition product of cellulose and hemicellulose, which is moderately reduced
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in the stem wood, stump, and bark samples after torrefaction at 225 °C (Figures 4a, b, and c). The
decreasing evolution of acetic acid (Figures 4d, e and f) confirms the scission of the most labile

acetate groups from the hemicellulose chains of the samples after torrefaction.

As can be seen in Figure 4, the yield of all these four products further decreased after torrefaction
at 275 °C, while after torrefaction at 300 °C, the majority of these low molecular weight products
disappeared from the bark and reduced markedly from stem wood and stump samples. The changes
of the main smaller molecular mass products of hemicellulose and cellulose are in agreement with

the chemical composition (Figure 2) results.

Among the carbohydrate-derived products detected in the pyrolyzates of the samples at higher
retention times (Table 1), the characteristic ones were furfural (Peak #7), 4-hydroxy-5,6-dihydro-
(2H)-pyran-2-one (Peak #13), and levoglucosan (Peak #35). The relative peak areas of these

decomposition products are shown in Figure 5.

Furfural originates from both cellulose and hemicellulose. Its intensity is significantly reduced
from the torrefied bark samples after torrefaction at 225 °C, while in case of stem wood and stump,
the intensity of furfural is reduced only after torrefaction at 275 °C (Figures 5a, b, and c¢) due to
the decreased carbohydrate content (Figures 2 b and c). The yield of 4-hydroxy-5,6-dihydro-2H-
pyran-2-one (Peak #13) decreased similarly in the torrefied samples (Figures 5d, e, and f), which
also confirms a reduction of the carbohydrate content during torrefaction. As can be seen in Figure
2c¢, the hemicellulose content significantly decreased in the samples torrefied at 275°C and only a
small amount of hemicellulose remained in the samples torrefied at 300 °C. Therefore, the
decreased pyrolysis yield of furfural and 4-hydroxy-5,6-dihydro-2H-pyran-2-one reflects

dominantly the reduction of the hemicellulose content during torrefaction at 275 and 300 °C.
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The main decomposition product of cellulose during pyrolysis is an anhydroglucose, levoglucosan
(1,6-anhydro-B-D-glucopyranose, Peak #35). As Figures 5 g, h, and i show, the yield of
levoglucosan started to reduce after torrefaction at 275 °C for 60 min in the bark sample, while in
case of the stem wood and stump samples it was not decreased significantly after torrefaction at

300 °C for 30 min.

Comparing the changes of cellulose and hemicellulose contents of the samples as a function of
torrefaction temperature (Figures 2b and c), it can be concluded that hemicellulose (measured as
the sum of mannan and galactan) is thermally less stable than cellulose during torrefaction. As
Figure 2c shows, the relative amount of hemicellulose changed similarly in the stem wood, stump,
and bark samples as a function of increasing torrefaction temperature and residence time with no
measurable impact of the different potassium contents of the samples. On the other hand, the
catalytic influence of potassium on the thermal stability of cellulose is reflected in the significantly
decreased cellulose content of the bark sample of high potassium content at 275 °C torrefaction
temperature (Figure 2b). The combined results of Py-GC/MS (Figures 5g, h, and i) and chemical
composition analysis (Figure 2b) confirm the catalytic effect of potassium on the cellulose

decomposition during torrefaction.

Lignin derived pyrolysis products of torrefied stem wood, stump, and bark samples

Phenolic compounds dominate the pyrograms of stem wood, stump, and bark samples after 16 min
retention time (Figure 1, Table 1), demonstrating the presence of lignin component in the samples.
As can be seen in Figure 6, the intensity of phenol (Peak #15) is significantly higher among the
decomposition products of untreated and torrefied bark than for the stem wood and stump samples.

This observation indicates the high lignin content of bark (Figure 2a), and the catalytic effect of
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alkali ions on the cleavage of functional groups. The intensity of phenol from untreated and
torrefied stem wood and stump is quite similar in agreement with their relative lignin content. The
relative intensity of phenol and guaiacol does not change significantly by the torrefaction
temperature. Similar tendencies have been observed by Pelaez-Samaniego et al.?* for phenolic
pyrolysis products of torrefied wood samples after DCM extraction. Coniferyl aldehyde has a
propenyl side group on the aromatic ring; hence it reflects the original lignin structure. As shown
in Figures 6g, h, and i, coniferyl aldehyde was present in the pyrolysate of each sample after
torrefaction up to 275 °C for 60 min. The decreasing tendency of coniferyl aldehyde yield with
increasing torrefaction temperature and residence time indicates the progress of sidegroup scission

of lignin during the thermal treatment.

The comparison of the changes in carbohydrate and lignin contents of the samples (Figure 2-6)
revealed that stem wood and stump behaved similarly during torrefaction, while the thermal
decomposition of the bark sample is different due to the higher potassium content of the bark,
which has a catalytic effect on the cellulose decomposition. Therefore, we may conclude that the
stem wood and stump materials can be utilized together in a thermochemical conversion
application. Applying lower torrefaction temperature is recommended for bark because of the

significant catalytic effect of its high potassium content.
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Figure 4. Relative peak areas of hydroxyacetaldehyde (Peak #1), acetic acid (Peak #2), 1-

hydroxy-2-propanone (Peak #3), and 3-hydroxypropanal (Peak #4) evolved from untreated and

torrefied stem wood, stump, and bark samples. (*Relative peak areas are normalized to unit

sample mass. The mass loss during torrefaction? is also taken into account.)
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Figure 5. Relative peak areas of furfural (Peak #7), 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one

(Peak #13), and levoglucosan (Peak #35) evolved from untreated and torrefied stem wood,

stump, and bark samples. (*Relative peak areas are normalized to unit sample mass. The mass

loss during torrefaction®is also taken into account.)
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Figure 6. Relative

o

9
eak areas of phenol (Peak #15), guaiacol (Peak #16), and coniferaldehyde
(Peak #40) evolved from untreated and torrefied stem wood, stump, and bark samples. (*Relative
peak areas are normalized to unit sample mass. The mass loss during torrefaction® is also taken

into account.)
3.2 Principal component analysis of the stem wood, stump, and bark samples

Principal component analysis (PCA) has been applied to illustrate the correlations between the
composition of pyrolysis products and the torrefaction temperature and residence time. In the PCA
calculation, the first principal component (Factor 1) described 55% of the total variance and the

second component (Factor 2) described 24% of the total variance; these two factors were sufficient
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Factor 2 : 23.8%

to characterize the major differences between the studied samples. It can be seen in the score plot
(Figure 7a) that Factor 1 differentiates the untreated, the mildly and the severely torrefied samples.
As a function of Factor 2, the untreated stem wood, stump, and bark samples are found in different
parts of the score plot. After torrefaction pretreatments, the difference between the bark samples
and the stem wood and stump samples decreases. This difference is certainly due to the different
chemical composition of the samples; which causes the different intensities of the pyrolysis
products of the stem wood, stump, and bark samples. The numbers in the loading plot (Figure 7b)
correspond to the peak numbers given in Table 1. The decomposition products of carbohydrates
(Peak #1, #6, #35, #10, #9) correlate mainly with Factor 1, while the lignin decomposition products
(Peak #16, #20, #21, #27, #32, #33) contribute mainly to Factor 2. The PCA calculations revealed
that the pyrolysis product distribution changed to a greater extent in the samples torrefied at 275-

300 °C temperature range, than at 225 °C.
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Figure 7. Results of principal component analysis based on MS ion intensity data obtained from
Py-GC/MS measurements of untreated and torrefied stem wood, stump and bark samples.

Numbers refer to the decomposition products listed in Table 1.
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4. CONCLUSION

Comparative Py-GC/MS analysis of untreated and variously torrefied Norway spruce stem wood,
stump, and bark materials has been performed with the aim of understanding the structural changes
of the hemicellulose, cellulose, and lignin components taking place during torrefaction. The
relative amount of cellulose, hemicellulose and lignin pyrolysis products measured by Py-GC/MS
well reflected the results of the compositional analysis based on acidic hydrolysis and subsequent
HPLC analysis. The joint interpretation of the changes in the pyrolysis product distribution and
the chemical composition supports the assumption that the alkali ions do not catalyze the thermal
decomposition of hemicellulose as opposed to cellulose. The Py-GC/MS analysis showed that the
yields of acetic acid and other lightweight compounds were lower in the pyrolyzate of torrefied
stem wood, stump, and bark samples than in the untreated samples. The PCA analysis revealed
that mostly the yield of carbohydrate decomposition products correlates with the severity of
torrefaction confirming that carbohydrates decompose to the greatest degree during torrefaction.
The differences between the stem wood, stump and bark samples show relationship with the
amount of the lignin pyrolysis products. The torrefied stem wood and stump behaved similarly
during torrefaction; therefore, they can be utilized together in thermochemical conversion
applications. However, the torrefaction of bark requires somewhat lower torrefaction temperature

than stem wood and stump.
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ABBREVIATIONS

BA, Bark; ST, Stump; SW, Stem wood; BA_U, Untreated bark; SW 225 60, Torrefied stem wood
obtained by torrefaction at 225 °C for 60 minutes isothermal period; HPLC, High-performance
liquid chromatography; PCA, Principal Component Analysis; Py-GC/MS, Pyrolysis-gas

chromatography/mass spectrometry.
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FIGURE CAPTIONS
Fig. 1. Pyrograms of untreated (a) stem wood, (b) stump, and (c) bark samples. Numbered peak

identities are given in Table 1. G: unresolved peak of gaseous and low molecular mass products.

Fig. 2. (a) Chemical composition of the untreated stem wood, stump, and bark materials® and (b)

relative amount of cellulose (glucan) and (c) hemicellulose (mostly sum of mannan and galactan)
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content of the torrefied stem wood, stump, and bark samples as a function of torrefaction severity
(temperature and residence time). (*The sum of unquantified components includes extractives,

acid-soluble lignin, and acid soluble minerals.)

Fig. 3. Sum of relative peak areas of carbohydrate and lignin pyrolysis products of the stem
wood, stump, and bark samples. (*Relative peak areas are normalized to unit sample mass. The

mass loss during torrefaction is also taken into account.)

Fig. 4. Relative peak areas of hydroxyacetaldehyde (Peak #1), acetic acid (Peak #2), 1-hydroxy-
2-propanone (Peak #3), and 3-hydroxypropanal (Peak #4) evolved from untreated and torrefied
stem wood, stump, and bark samples. (*Relative peak areas are normalized to unit sample mass.

The mass loss during torrefaction is also taken into account.)

Fig. 5. Relative peak areas of furfural (Peak #7), 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one
(Peak #13), and levoglucosan (Peak #35) evolved from untreated and torrefied stem wood,
stump, and bark samples. (*Relative peak areas are normalized to unit sample mass. The mass

loss during torrefaction is also taken into account.)

Fig. 6. Relative peak areas of phenol (Peak #15), guaiacol (Peak #16), and coniferaldehyde
(Peak #40) evolved from untreated and torrefied stem wood, stump, and bark samples. (*Relative
peak areas are normalized to unit sample mass. The mass loss during torrefaction is also taken

into account.)

Fig. 7. (a) Score plot and (b) loadings plot of principal component analysis based on MS ion
intensity data obtained from Py-GC/MS measurements of untreated and torrefied stem wood,

stump and bark samples. Numbers refer to the decomposition products listed in Table 1.
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