ACTA FACULTATIS XYLOLOGIAE ZVOLEN, 63(2): 17-30, 2021
Zvolen, Technicka univerzita vo Zvolene
DOI: 10.17423/afx.2021.63.2.02

CHEMICAL COMPOSITION AND FIBRE CHARACTERISTICS OF
BRANCH WOOD OF SELECTED HARDWOOD SPECIES

Vladimir Thnat — Maria FiSerova — Elena Opalena — Albert Russ —
Stefan Bohadek

ABSTRACT

The chemical composition and fibre characteristics of branch wood of hardwood species
namely European beech (Fagus sylvatica L.), common oak (Quercus Robur L.), common
hornbeam (Carpinus betulus L.), sycamore maple (Acer pseudoplatanus L.), black locust
(Robinia pseudoacacia L.), silver birch (Betula pendula L.), European ash (Fraxinus
excelsior L.), black poplar (Populus nigra L.), black alder (Alnus glutinosa L.), white willow
(Salix alba L.), small-leaved lime (Tilia cordata Mill.) and royal paulownia (Paulownia
tomentosa (Thunb.) Steud.) were determined. The branch wood of the examined tree species
differed in the content of ash (0.44—-0.86%), extractives soluble in dichloromethane and hot
water (2.9-10.63%), Klason lignin (15.3-23.7%), acid-soluble lignin (1.78-3.53%),
polysaccharides glucan (40.6—48.9%), xylan (16.7—25.3%), mannan (0.8—1.8%), galactan
(0.5-1.1%) and arabinan (0.3—1.4%). The concentrations of inorganic elements (Ca, K, Mg,
Na, P, Fe, Mn, Si, Zn, Cu) in the ash of the branch wood varied depending on the tree species.
Differences in the fibre coarseness (4.15-8.52 mg/100 m), but more differences in the
arithmetic average fibre length (0.4-1.20 mm) and the weighted average fibre length
(0.51-1.45 mm) were found. Branch wood of common hornbeam, European ash, European
beech and silver birch had a high content of polysaccharides and a lower content of Klason
lignin, which is advantageous for the production of biofuels and for the pulping process. In
addition, branch wood of these species has longer fibres with lower coarseness, which is
advantageous in terms of pulp and paper quality.

Key words: branch wood, hardwood species, polysaccharides, lignin, extractives, ash, fibre
length, fibre coarseness.

INTRODUCTION

Wood is best defined as a three-dimensional biopolymer composite composed of an
interconnected network of cellulose, hemicelluloses and lignin with minor amounts of
extractives, and inorganics. It is a highly variable and complex material that has inherent
variability among species, within species, and also within a tree (ZOBEL and VAN BUIJTENEN
1989, LINDSTROM 2001, MARTIN et al. 2010, KRISHNA et al. 2017, TARELKIN et al. 2019).

Generally, anatomical and chemical properties are the features that are often used to
identify the species of woods. Utilization of these biomass resources is critically dependant
on the in-depth knowledge of their morphological and chemical characteristics. The study
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of chemical characteristics of wood is important to exploit the potential utilization of wood
such as that for pulp and paper, bioethanol, biocomposites and carbonized wood production,
whereas the fibre characteristics are studied in order to discover the utilization of wood
fibers, such as in pulp, paper and fibreboard production.

All processes used for the conversion of biomass feedstocks are sensitive to feedstock
composition and quality to various extents. Reduction in lignin content improves enzymatic
hydrolysis, which along with pretreatment, is the most expensive component in the
production of bioethanol. It typically results in a proportional increase in the cellulose
content per unit mass (DINuUs 2001). Ash content and composition, heating value, elemental
ratios and proportion of lignin, cellulose, and hemicelluloses are some of the broad
compositional characteristics used to screen biomass feedstocks for biofuels applications
(DINUS et al. 2001).

Chemical composition of wood and fibre characteristics are two important parameters
which determine its suitability as raw material for the production of pulp and paper. The
extractive content has a direct effect on the pulp yield;; its & high content reduces the pulp
yield. On the other hand holocellulose, a-cellulose and lignin content are mainly related to
pulping behaviour, (ZoBEL and VAN BUIJTENEN 1989). The fibre morphological properties
are important quality parameters for pulp and paper properties. In fact, the fibre length and
coarseness greatly influence the quality and properties of the final product, e.g., they are
frequently correlated with the physical and mechanical properties of paper and paperboard
(SETH 1995, EL-HOSSEINY and ANDERSON 1999, ANJos et al. 2014, KEAays et al. 2015).

Proportion of stem wood of deciduous trees at harvest is 68%. The share of crown and
branches ranges from 10% to 19%, the root part makes up 8-25% of the total weight of
biomass. The collection of branch wood can substantially increase the quantity of wood fibre
per area of forest harvested. According to OkAI and BOATENG (2007), approximately 35 to
50% of wood biomass is left in the forest in form of stumps, branches and crowns.

The logging residues (especially branch wood) make up a significant quantity of wood
volume, and its utilization can increase the yield by about 60% (SHMULSKI and JONES 2011).
Forest residues (e.g. branch wood, bark, etc.) are currently highly preferred as a cover for
soil amendment, industrial fuel and are possible raw materials for the production of several
organic products.

Particular emphasis is placed on the use of branch wood due to the decline in stem
wood resources (LEICH and MILLER 2017, DADzIE et al. 2018, ZHAO et al. 2019a,b) or the
low availability per unit area, for example in arid and semi-arid regions (ANDERSEN and
KRrRzywiski 2007, L1 et al. 2018). However, branch wood is still little used industrially, as it
is associated with many disadvantages. Branch wood contains a higher amount of bark and
is less uniform in comparison with stem wood (SCHMULSKI and JONES 2011). It needs an
intricate treatment before its utilization, which can reduce production efficiency (NURMI
2007). When considering the use of branch wood as a potential raw material, it is time to
consider what strategy should be used to manage restrictions on branch wood to be useful
for commercial purposes.

Branch wood as a part of a tree has been discussed broadly in recent publications
(SHMuLsKI and JONES 2011, DADzIE et al. 2018, ZHAO et al. 2019a, b). Investigation on
chemical composition and fibre characteristics of the branch wood of the hardwood species
is still rare. The results of an extensive research of branch wood of eleven species growing
in India have shown that branches are not identical to stem in all the technical properties but
the difference between the two is not so large as to treat the branch material separately in the
manufacture of pulp, paper and boards. Furthermore, the branch diameter is an important
parameter of the quality of raw material, as it affects many properties, such as the proportion
of bark, the fibre length and the density of wood and bark of some species (BHAt et al. 1985).
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Branch wood can be used for pulp papermaking or wood-based panels (ZHAO et al. 2018),
low-grade paper (ZHAO et al. 2019a), or glued plates (ZHAO et al. 2019D).

Branch wood of Acacia gerrardii, Tamarix aphylla, and Eucalyptus camaldulensis has
several drawbacks that markedly limit its potential for commercial uses (SUANSA et al.
2020). It might not be favorable for particle board, flake board, or fibre board because of its
high shrinkage. Even though all of the fibres show suitability as a raw material for pulp and
paper, the quality is low due to the high density of vessels or parenchyma proportions.
However, branch wood of all examined species might be used as a blending material
(papermaking and glued plates) or for light construction purposes. While considering the
chemical composition of branch wood, classes of green products, such as biofuel, bioenergy,
and biochar might maximize the value of branch wood.

The aim of this work was to determine the chemical composition and fibre
characteristics of branch wood from hardwood species in order to assess the possibility of
their utilization in the production of biofuels, pulp and paper.

MATERIAL AND METHODS

Materials

Branch woods were selected from tree species with a higher occurrence in forests of the
Slovak Republic such as European beech (Fagus sylvatica L.), common oak (Quercus Robur
L.), common hornbeam (Carpinus betulus L.) and sycamore maple (Acer pseudoplatanus
L.) and less represented tree species black locust (Robinia pseudoacacia L.), European ash
(Fraxinus excelsior L.), silver birch (Betula pendula L.), black poplar (Populus nigra L.),
black alder (Alnus glutinosa L.), white willow (Salix alba L.) and small-leaved lime (Tilia
cordata Mill.). Royal paulownia (Paulownia tomentosa (Thunb.) Steud.) was chosen for its
high potential as a fast growing species.

All samples of branch wood were collected in the region of Bratislava, Slovak Republic,
from different areas and trees. The diameter of the branches ranged from 2.0 to 4.5 cm.
Average samples were prepared for every tree species.

Methods
Preparation of samples
The branch wood samples were debarked and chips were prepared on a single-knife
laboratory disc chipper. Sawdust was prepared from chips in the device Brabender for
determination of the chemical composition. For determining the fibre length and coarseness
samples were prepared from debarked branches, from which 2 cm high discs were prepared
by hand and then samples with dimensions of half-matchstick. Samples prepared in this way
were macerated under reflux with a mixture of 30% hydrogen peroxide and glacial acetic
acid in a ratio of 1: 1 for 1 to 2 hours until the wood samples turned white (BERESOVA and
CUNDERLIK 1999). After cooling, the samples were filtered and washed with water, the fibres
were separated after stirring the sample in distilled water.
Analyses
The ash content was determined according to ISO 1762. The extractives content in
dichloromethane was determined according to Tappi T 204 ¢cm-94, and the extractives
content in hot water according to Tappi T 207 cm-08. The Klason lignin content was
determined according to Tappi T 222 om-98 and acid-soluble lignin content according to
Tappi UM 250. Standard deviations were calculated from duplicate measurements for all
tree species.

Polysaccharides glucan, xylan, mannan, galactan and arabinan content was calculated
based on the concentrations of glucose, xylose, mannose, galactose and arabinose in the
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hydrolysate after determination of lignin. The hydrolysate before determination of
monosaccharides was treated with 4% H2SO4 at 121°C for 2 hours, to hydrolyse the
oligosaccharides. Subsequently, the hydrolysate was neutralized with BaCOs. The
concentration of monosaccharides was determined by using HPLC with Rezex ROA H*
column. The mobile phase was 0.005 N H.SOj at a flow rate of 0.5 ml.min™ at 30°C. The
samples were passed through a 22 um filter before testing.
Inorganic elements in ash
The concentration of K, Ca, Mg, Na, Fe, Mn, Zn, Cu elements in the branch wood was
determined by atomic absorption spectrometry (AAS) using flame atomization according to
the method Tappi T 266. The soluble portion of the ash in hydrochloric acid was used in
their determination. The concentration of P element was determined by a spectrometric
method with ammonium molybdate according to standard STN EN I1SO 6878. The
concentration of Si in the branch wood was calculated from the gravimetrically determined
SiO2 content in the insoluble ash residue after a treatment with hydrofluoric acid. Standard
deviations were calculated from duplicate measurements for all tree species.
Fibre length and coarseness
Fibre length was determined using ADV-3 analyser (PPRI Bratislava, Slovak Republic).
The basis of the analyser is a conductivity sensor, through which a very dilute suspension of
fibres passes, the surface of which is covered with an electric charge double layer and the
outer part of the charges participates on conducting current in the area of the sensor
electrodes. Electrical impulse arises by passing the fibre through the sensor interface at the
output of the amplifier. Its length depends on the speed of the fibre passing through the
capillary and on the fibre length. The fibre lengths were measured in the range of 0-5 mm
with the number of 10,000 fibres in the sample. Arithmetic and weighted fibre length
distributions were obtained by measuring the fibre suspension and the arithmetic average
fibre lengths and weighted average fibre lengths were calculated. The arithmetic average
fibre length was calculated as the sum of all individual fibre lengths divided by the total
number of fibres measured. The weighted average fibre length was calculated as the sum of
individual fibre lengths squared divided by the sum of the individual fibre lengths.

Fibre coarseness was determined using ADV-3 analyser by a special measurement of
the arithmetic average fibre length of a suspension containing 1 mg of fibres.

Standard deviations were calculated from duplicate measurements of fibre length and
coarseness for all tree species.

RESULTS AND DISCUSSION

Chemical composition

The results of the chemical composition of branched woods of different tree species are
shown in Tab. 1. The values of each of the chemical components varied between the
examined species. The differences in the content of ash and extractives were the highest of
all chemical components. The content of ash of the branch woods were found in the range
from 0.44 to 0.86%. Branch wood of black locust had the highest ash content, while the
smallest one was found in the branch wood of royal paulownia. In our previous work
(FISEROVA et al. 1986), the ash content in branch wood of black poplar varied from 0.5 to
0.8 % depending on the diameter of the branches. According to CARDENAS-GUTIERREZ et
al. (2018), the ash content in branch wood of various hardwood species ranged from 0.74 to
1.13%. The differences in ash content are caused to the fact that the content of inorganic
components varies greatly depending on the environmental conditions in which the tree has
grown, also on the tree species and the diameter of branch.
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The content of extractives soluble in dichloromethane and hot water in the branch
wood of the examined tree species ranged from 2.90 to 10.63% (Tab. 1). Small-lived lime
branch wood had the highest content of extractives, while the lowest was determined in
branch wood of European ash. The content of extractives soluble in dichloromethane ranged
from 0.26 to 5.18%. The branch wood of the small-leaved lime contained the most
extractives soluble in dichloromethane, while the smallest one was found in the branch wood
of common hornbeam. The content of extractives soluble in hot water ranged from 2.49 to
5.50%. The branch wood of royal paulownia contained the most extractives soluble in hot
water and the least one had the branch wood of European ash. The content of extractives in
wood varies greatly depending on tree species, as it is controlled by genetics (ZoBEL and
JACKSON 1995). The combined effect of genetics and methods and the solvents used on
extraction leads to a wide range of results in the literature. The total content of extractives in
black poplar branch wood ranged from 3.95 to 4.90% (FISEROVA et al. 1986) and for various
hardwood species ranged from 6.9 to 15.3% (CARDENAS-GUTIERREZ et al. 2018).

The content of Klason and acid-soluble lignin in the branch wood of the examined tree
species ranged from 17.97 to 26.53% (Tab. 1). The highest lignin content was found in the
branch wood of black poplar, while the smallest in the branch wood of small-leaved lime.
The Klason lignin content ranged from 15.3 to 23.7%. The highest Klason lignin content
was found in the branch wood of royal paulownia, while the lowest one in the branch wood
of small-leaved lime. The content of acid-soluble lignin ranged from 1.78 to 3.53%. Branch
wood of common hornbeam contained the most of acid-soluble lignin while the black alder
contained the least. The total content of lignin in branch wood of various hardwood species
ranged from 17.64 to 28.87% (CARDENAS-GUTIERREZ et al. 2018), while for black poplar
varied from 25.35 to 28.67%, depending on the diameter of the branches (FISEROVA et al.
1986). Results obtained for the lignin content differ, which may be related to a different tree
morphology. This is supported by the fact that, so far as it is known, the content of lignin
and its structure differ depending on the region of the woody xylem (SJOSTROM 1993).

The content of polysaccharides glucan, xylan, mannan, galactan and arabinan in the
branch wood of the investigated tree species ranged from 63.0 to 69.6% (Tab. 1). The highest
content of polysaccharides was found in the branch wood of common hornbeam, while the
lowest in the branch wood of royal paulownia. Glucan and xylan formed the highest
proportion of polysaccharides. The glucan content ranged from 40.6 to 48.9%. The highest
content of glucan was determined in the branch wood of black poplar, while the lowest in
the branch wood of silver birch, black alder and royal paulownia. The xylan content ranged
from 16.7 to 25.3%. The highest xylan content was found in the branch wood of silver birch,
while the lowest in the branch wood of black poplar. The content of other polysaccharides
mannan, galactan and arabinan ranged from 1.9 to 3.5%, while the highest content was
determined in the branch wood of small-leaved lime and royal paulownia, the lowest in the
branch wood of common hornbeam. The mannan content ranged from 0.8 to 1.8%, galactan
from 0.5 to 1.1% and arabinan from 0.3 to 1.4. The polysaccharides content in the black
poplar branch wood ranged from 63.43 to 67.80% depending on the diameter of the branches
(FISEROVA et al. 1986).

According to the results from the literature (FISEROVA et al. 1986, CARDENAS-
GuTIERREZ et al. 2018), branch wood of various hardwood species contains less
polysaccharides but more lignin, extractives and ash than stem wood.

Based on the obtained results, it may be concluded that the contents of individual wood
chemical components vary significantly as a function of the wood species. Therefore, it is
almost impossible to find any relations between the variation in the content of one
component and the contents of other examined wood chemical components. The main
restrictive factor that influences these relationships lies in the fact that the contents of
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individual components (except ash) are more or less determined by the pre-treatments that
preceded their isolation (FENGEL and WEGENER 1984).

Among the examined tree species the branch wood of common hornbeam, European
beech, European ash and silver birch had the highest content of polysaccharides
(68.5-69.6%), as well as glucan and xylan content (65.9—67.7%), from which bioethanol or
biobutanol is produced by hydrolysis. A great advantage of the branch wood of these tree
species is also the low content of Klason lignin (16.2—18.7%), as lignin plays a negative role
in the production of biofuels and pulp. Lignin can reduce the strength of paper because it
could be a barrier for hydrogen bonding and could be an inhibitor in the hydrolysis process
in the production of bioethanol and biobutanol. The high proportion of glucan, low content
of lignin and extractives should contain wood for the production of biocomposite (SPANIC et
al. 2018). Branch wood of black poplar meets the most of these requirements from the
examined species.

Tab. 1 Chemical composition of branch woods of hardwood species.

Extractives Lignin Polysaccharides
[%] [%] [%]
. Ash =
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European beech 0.54| 0.31 [3.40| 3.71 |17.5|4.40{21.90| 44.3 | 22.1 | 1.20 | 0.80 | 0.4 |68.8
Fagus sylvatica L. +0.00| £0.01 |+0.01| £0.02 |+0.18|£0.08 £0.19 | +0.35 | +0.35 | £0.12 | +0.03 | £0.02 |+0.89
Common oak 0.50| 0.33 |3.88| 4.21 |21.0{2.40|23.40| 41.1 | 23.0 | 1.10 | 0.50 | 1.40 |67.1
Quercus robur L. +0.01| £0.03 [+0.14| £0.14 |+0.20|£0.07| £0.16 | +0.07 | +0.14 | £0.14 | £0.03 | £0.05 |+0.42
Common hornbeam 0.51| 0.26 |3.39| 3,65 |16.2|3.53|19.73| 45.3 | 22.4 | 0.80 | 0.50 | 0.60 |69.6
Carpinus betulus L. +0.01| £0.03 |+£0.06| £0.10 |+0.00|£0.02| £0.04 | +0.49 | +0.49 | +0.05 | +0.05 | £0.03 |+0.64
Sycamore maple 0.81]| 0.47 |3.76| 4.23 |23.0{1.93|24.93| 45.7 | 18.9 | 1.20 | 0.50 | 1.30 |67.6
Acer pseudoplatanus L. [+0.02| £0.01 |+0.01| £0.02 |+0.03|+0.05| +0.02 | +0.35 | +0.14 | £0.12 | +0.02 | +0.02 |+0.85
Black locust 0.86| 0.76 |3.89| 4.65 |22.6|2.91|25.51| 42.1 | 21.6 | 1.40 | 0.80 | 0.50 |66.4
Robinia pseudoacacia L. [£0.01] +£0.03 (+0.03| +0.01 |+0.07(+0.03| +0.03 | +0.28 | +0.28 | +0.08 | +0.06 | +0.02 |+0.64
Silver birch 0.49| 1.48 |3.43| 4.91 |18.5|3.11|21.61| 40.6 | 25.3 | 1.50 | 0.50 | 0.60 |68.5
Betula pendula L. +0.01| £0.01 |+0.04| £0.02 |+0.07|£0.06| £0.13 | +0.21 | +0.00 | £0.10 | £0.01 | £0.03 |+0.35
European ash 0.53| 0.41 |2.49| 2.90 |18.7|2.65|21.32| 48.0 | 18.2 | 0.90 | 0.50 | 1.40 |69.0
Fraxinus excelsior L. +0.00{ +0.01 |+0.02| £0.03 |+0.05|+0.08| £0.03 | +0.28 | +0.28 | +0.05 | +0.02 | £0.04 |+0.67
Black poplar 0.64| 0.78 |2.65| 3.43 |23.5|3.03{26.53| 48.9 | 16.7 | 1.40 | 0.60 | 0.30 |67.9
Populus nigra L. +0.02| +0.02 |+£0.01| £0.02 |+0.18|+0.06| £0.12 | +0.42 | +0.35 | +0.08 | +0.06 | £0.02 |£0.89
Black alder 0.65| 0.84 |4.35| 5.19 |23.6|1.78|25.38| 40.6 | 20.4 | 1.50 | 0.80 | 0.60 |63.9
Alnus glutinosa L. +0.03| +0.06 |+0.11| +0.11 |+0.04|+0.01| +0.03 | +0.42 | £0.35 | +0.11 | +0.07 | +0.02 |+0.87
White willow 0.62| 0.66 [2.97| 3.63 |20.8|2.79|23.59| 45.8 | 18.3 | 1.70 | 0.90 | 0.60 |67.3
Salix alba L. +0.01| +0.05 |+0.02| £0.03 |+0.18|+0.08| £0.08 | +0.49 | +0.49 | +0.08 | +0.04 | £0.03 |£0.98
Small-leaved lime 0.80| 5.18 |5.45|/10.63|15.3{2.67|17.97| 41.2 | 20.3 | 1.80 | 1.00 | 0.70 |65.0
Tilia cordata Mill. +0.00| +0.05 |+0.09| +0.15 |+0.08|+0.01| +0.07 | +0.21 | £0.35 | +0.14 | +0.13 | £0.02 |+0.71
Royal paulownia 0.44| 1.04 |5.50| 6.54 |23.7|2.42|26.12| 40.6 | 18.9 | 1.70 | 1.10 | 0.70 {63.0
Paulownia tomentosa +0.01| £0.03 [+£0.01| £0.02 |+0.06|£0.05| £0.04 | +0.14 | +0.21 | £0.06 | £0.14 | £0.03 |+0.31
(Thunb.) Steud.)

* Klason lignin was corrected for ash content in Klason lignin.
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Inorganic elements in ash

The inorganic elements present in the biomass form its ash content and represent the waste
stream during its conversion to biofuels and are a source of biochar and slagging during
thermochemical conversion. Knowledge of the ash content and composition is essential
regardless of the conversion pathway or end product. Ash is composed of many major and
minor elements that trees need for their growth. The major elements include Ca, K, Fe,
Mg, P, Na and Mn (VESTERINEN 2003). The amount of the major elements in wood ash
varies with the type of plant tissues that are part of the wood (PITMAN 2006).

In Tab. 2, there are concentrations of inorganic elements (Ca, K, Mg, Na, P, Fe, Mn,
Si, Zn, Cu) in the ash of the branch wood of the examined tree species. Of the major
components, the elements Ca and K were the most abundant. The concentration of Ca ranged
from 287 to 1776 mg-kg, while the concentration of K was in a very wide range from 558
to 3412 mg-kg . Most of Ca was in the branch wood of black locust, while the least was in
the branch wood of royal paulownia. Therefore in the case of K, the concentration was the
highest in the branch wood of small-leaved lime and the lowest in the branch wood of
common hornbeam. The inorganic elements Ca and K are essential for tree metabolism and
various physiological processes associated with growth. In recent years, special interest has
been attributed therefore to the effect of both cations on cambial activity and xylem
development (FRomm 2010).

The third most common abundant chemical element in the branch wood of the
examined tree species was Mg, the concentration of which ranged from 141 to 521 mg-kg ™,
the highest concentration was determined in the branch wood of sycamore maple and the
lowest in the branch wood of common hornbeam. The concentration of P in the branch wood
ranged from 170 to 408 mg-kg?, the highest concentration was determined in the branch
wood of black poplar and the lowest in the branch wood of sycamore maple.

The concentration of Na in the branch wood of the examined tree species ranged from
9.20 to 97.7 mg-kg1, while it was mostly found in the branch wood of black poplar and the
least in the branch wood of common oak. The concentration of Mn ranged from <0.5 to 122
mg-kg, while the highest concentration was determined in the branch wood of European
beech and the lowest in the branch wood of black locust, European ash, white willow and
royal paulownia. Of the major inorganic elements, Fe was the least represented in the branch
wood of the examined species. The concentration of Fe ranged from 5.82 to 19.2 mg-kg™?,
the highest concentration was determined in the branch wood of small-leaved lime and the
smallest in the branch wood of common hornbeam.

The concentration of minor elements Si, Zn and Cu in ash is important from the point
of view of industrial use of branch wood, as their concentration can affect some
technological processes. The concentration of Si in the branch wood of the examined species
ranged from 28.5 to 116 mg-kg*, while the highest concentration was determined in the
wood of small-leaved lime and the lowest in the branch wood of European beech. The
concentration of Zn in the branch wood ranged from 2.59 to 24.3 mg-kg™!, the highest
concentration was in the wood of black poplar and the lowest in the branch wood of black
locust. The amount of Cu was the smallest of the above-mentioned minor elements in the
branch wood, its concentration ranged from 1.47 to 4.48 mg-kg*.

The branches and twigs contain more ash-forming components than stem wood. The
K and Na content in the branches and twigs is significantly higher than that in stem wood
(WANG and DiBDIAKOVA 2014). When wood was used as a fuel, it was found that ash
slagging tendency correlated well to content of Si and K in the fuel (OHMAN et al. 2004).
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Tab. 2 Inorganic elements concentration in branch wood of hardwood species.

Species Inorganic elements [mg-kg™]
Ca K | Mg P Si Na | Mn | Fe | Zn | Cu
European beech 1007\ 790| 191 178 28.5| 77.9] 122| 8,62| 4.70| 1.71
Fagus Sylvatica L. +27.0| +£14.1| +2.12| +2.83| +0.71| +0.13| +3.54| +0.69| +0.78| =+0.04
Common oak 691| 1385 196 277| 60.2| 9.20| 115| 14.5| 3,50 2.47
Quercus robur L. +16.4| +£21.9| +2.12| +4.95| +0.92| +0.14| +0.71| +0.28| +0.57 +0.15
Common hornbeam 1483| 558 141 206, 78.6] 11.7| 3.11] 5.82| 15.3| 2.33
Carpinus betulus L. +14.1| +£3.10| +3.54| +2.83| +0.92| +1.00| +0.03| +0.08| +0.42| =+0.14
Sycamore maple 1478| 1863| 521| 170 57.6| 18.9] 1.71] 9.23| 3.94| 1.47
Acer pseudoplatanus L. +20.5| +£19.6| +12.1| +5.36| +0.78| +0.78| +0.04| +0.29| +0.57| =+0.04
Black locust 1776| 1205| 275 220, 103| 60.3] <0.5] 13,6| 2.59| 1.68
Robinia pseudoacacia L. +8.50| +7.07| +5.66| +1.41| +0.85| +0.88| +0.02| +0.35| +0.12| =+0.29
Silver birch 482| 1240\ 252| 327| 82.5| 88.2| 64.7| 12,1| 23.5] 2.58
Betula pendu|a L. +12.1| +£27.0| +6.36| +8.48| +2.54| +0.61| +0.78| +0.53| +0.57| =+0.03
European ash 834| 1551 244| 233| 107| 34.4/ <0.5| 13.0] 10.3] 2.35
Fraxinus excelsior L. +240| +14.8| +1.91| +3.54| +0.64| +1.10| +0.02| +0.28| +0.46| =+0.11
Black poplar 932| 1517| 271 408| 51.4| 97.7| 1.27| 9,96| 24.3| 4.21
Popu|us nigra L. +15.5| +17.5| +4.95| +2.12| +1.69| +0.60| +0.11| +1.72| +0.42| =+0.15
Black alder 1354| 1832| 385| 368| 74.2| 41.0| 26.9] 29.6| 12.8| 2.47
Alnus g|utinosa L. +21.0| +£19.0| +4.24| +2.83| +0.14| +0.42| +0.42| +0.57| +0.42| =+0.13
White willow 901| 1733] 241| 358| 91.1] 93.7| <0.5| 6,98 21.7| 2.86
Salix alba L. +18.4| +24.0| +1.32| +8.19| +2.26| +0.65| +0.02| +0.66| +0.71| =+0.09
Small-leaved lime 1088| 3412| 440 359, 116| 18.0| 73.7| 19.2| 21.8| 3.91
Tilia cordata Mill. +17.0| +£20.5| +12.0| +3.43| +1.41| +0.21| +0.49| +0.28| +0.42| =+0.11
Royal paulownia 287| 1325| 177| 213| 97.7| 11.0| <0.5| 19,0 19.1| 4.48
Paulownia tomentosa (Thunb) Steud) +12.0| +10.6| +4.24| +4.24| +1.98| +0.57| +0.02| +0.78| +0.74| =+0.12

Wood ash has been commonly used in the past as a fertilizer applied to agriculture
soil. Ca is a valuable element in ash, gives ash the properties of agricultural lime. Ash is also
a good source of K, P, and Mg (SAHOTA 2007). The application of ash to the soil fulfills the
idea not only sustainable soil use, but also the secondary use of waste (FAZEKASOVA 2003).

Fibre characteristics

Fibre length

Fibre length is an important property with respect to paper and paperboard performance.
Length and shape of fibres depends on the tree species (OLUWADARE and AsHIMIYU 2007).
Deciduous trees produce short fibres, whereas coniferous trees produce long fibres. Typical
fibres used in papermaking are short hardwood fibres (1-1.5 mm in length) and long
softwood fibres (3—4 mm in length). Short fibres provide smoothness for printing papers,
while long fibres provide paper strength. Long fibres create a stronger network compared
to shorter fibres (DINWOODIE 1965).

The arithmetic and weighted fibre length distributions of the branch wood which
differed significantly for examined species are showed in Fig. 1-6. European beech
(Fig. 1A) and common hornbeam (Fig. 2A) were characterized by a wide fibre length
distribution. Silver birch (3B), white willow (5B), European ash (4A), black poplar (4B),
royal paulownia (6B), black alder (5A), small-leaved lime (6A), black locust (3A) and
common oak (1B) ranged in a narrower range of fibre lengths. The fibre length distributions
of branch wood of sycamore maple (2B) were in a very narrow range of fibre lengths.

The arithmetic average fibre length and weighted average fibre length of the branch wood
of the examined tree species are given in Tab. 3. The arithmetic average fibre length and the
weighted average fibre length were determined from the fibre length analysis. The arithmetic
average fibre length of the branch woods ranged from 0.40 to 1.20 mm, while the weighted
average fibre length ranged from 0.51 to 1.45 mm. The arithmetic average and weighted average

24



fibre length of the branch woods increased in the following order: sycamore maple < common
oak < black locust < small-lived lime < royal paulownia < black alder < European ash < black
poplar < white willow < silver birch < common hornbeam < European beech.
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Fig. 1 Arithmetic and weighted fibre length distributions of branch wood of European beech (Fagus
sylvatica L.) (A) and common oak (Quercus robur L.) (B).
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Fig. 2 Arithmetic and weighted fibre length distributions of branch wood of common hornbeam
(Carpinus betulus L.) (A) and sycamore maple (Acer pseudoplatanus L.) (B).
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Fig. 3 Arithmetic and weighted fibre length distributions of branch wood of black locust (Robinia
pseudoacacia L.) (A) and silver birch (Betula pendula L.) (B).
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Fig. 4 Arithmetic and weighted fibre length distributions of branch wood of European ash (Fraxinus
excelsior L.) (A) and black poplar (Populus nigra L.) (B).
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Fig. 5 Arithmetic and weighted fibre length distributions of branch wood of black alder (Alnus
glutinosa L.) (A) and white willow (Salix alba L.) (B).
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Fig. 6 Arithmetic and weighted fibre length distributions of branch wood of small-leaved lime (Tilia
cordata Mill.) (A) and royal paulownia (Paulownia tomentosa (Thunb.) Steud.) (B).

The branch wood of Betula platyphyla Roth contained significantly shorter fibre length
than stem wood (ZHAO et al. 2019a). The fibre length of the branch wood of the European
black alder (Alnus glutinosa Gaertn.) was approximately about 0.2 mm shorter than the stem
wood (VURDU 1977). According to the results published in the literature (WANG 1998),
fibres with an average length greater than 0.4 mm are suitable for papermaking. Branch
wood could be suitable for the production of low-grade paper and glued plates due to its
medium fibre length (ZHAO et al. 2019a). Based on the above, it can be stated that the branch
wood of the examined tree species can be used for the production of paper of different quality
alone or in a mixture, with the exception of branch wood of sycamore maple (Fig. 2B) and
common oak (Fig. 1B), which contained which a high proportion of short fibres.

Fibre coarseness

Fibre coarseness is defined as the weight per unit length of fibre expressed as milligrams per 100
m. The number of fibres per unit weight is related to the weight of each individual fibre, to the
fibre coarseness and to the percentage of fibre wall in the fibre volume. There is a strong
correlation between the number of fibres per unit weight and the coarseness of the fibres
(WATsON and BRADLEY 2009). In short, lower fibre coarseness means higher sheet tensile
strength, greater bonding area, and more fibres per tonne of pulp, all of which are attributes
that are highly prized by technically sophisticated papermakers. Measuring the fibre
coarseness has several advantages over measuring the widths of fibres since it is not only much
easier and quicker but also includes the effects of fibre thickness, the size of the central canal
(or lumen), and the density of the cellulosic material composing of fibres. The coarseness of
fibres has an important effect on many properties of paper. Higher fibre coarseness is associated
with thicker walled fibres. These fibres produce a more open and loosened paper structure. The
corresponding papers are more porous, bulkier, and more absorbent. A better consolidation of
the paper web is expected with a large number of fibres per milligram in the paper structure. The
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result is better interconnection and better properties dependent on bonding (tensile, folding,
surface strength, surface smoothness) are achieved.

The fibres coarseness of the branch wood of European beech, common oak, common
hornbeam, sycamore maple, black locust, silver birch, European ash, black poplar, black alder,
white willow, small-leaved lime and royal paulownia ranged from 4.15 to 8.52 mg/ 100 m (Tab.
3). The fibre coarseness of the branch wood of examined tree species decreased in the following
order: sycamore maple > black locust > common oak > European ash > common hornbeam >
small-leaved lime > royal paulownia > European beech > white willow > black alder > black
poplar > silver birch.

According to the results published in the work ZHAO (2019a), the branch wood of
silver birch had significantly shorter fibres and lower coarseness than the stem wood. Branch
wood of sycamore maple has the highest fibre coarseness and the shortest fibres from the
examined tree species, therefore it is the least suitable for paper production.

Branch wood of European beech, common hornbeam, silver birch have fibres with low
coarseness and longer fibre length, so they are the most suitable of the examined tree species for
pulp and paper production. In addition, they have a high content of polysaccharides and a low
content of Klason lignin, which is advantageous from the point of view of pulp production.

Branch wood can be used for light construction purposes or as a mixed material in
paper production (SUANSA and AL-MEFARREJ 2020). The results presented in the work
(SETH 2011) show that the fibres with higher coarseness have thicker walls, a smaller specific
surface and a smaller bonding area as a result of which the pulp have lower strength.

Tab. 3 Fibre length and coarseness of branch wood of hardwood species.

Species Arithmetic average | Weighted average | Fibre coarseness
fibre length £SD fibre length £SD +SD
[mm] [mm] [mg/100 m]

European beech 1.20 1.45 5.36
Fagus sylvatica L. £0,01 +0,01 £ 0,06
Common oak 0,52 0.66 6.96
Quercus robur L. £ 0,00 +0,01 £0,12
Common hornbeam 1.09 1.27 5.93
Carpinus betulus L. +0,01 +0,01 +0,06
Sycamore maple 0.40 0.51 8.52
Acer pseudoplatanus L. +0,00 +0,01 £0,10
Black locust 0.60 0.73 8.06
Robinia pseudoacacia L. +0,00 +0,01 +0,04
Silver birch 0.86 1.01 4.15
Betula pendula L. +0,01 +0,01 +0,08
European ash 0.74 0.91 6.70
Fraxinus excelsior L. +0,01 0,01 0,14
Black poplar 0.76 0.87 4.17
Populus nigra L. +0,00 £0,01 £0,11
Black alder 0.72 0.84 5.24
Alnus glutinosa L. £0,01 +0,01 +0,10
White willow 0.81 0.92 5.29
Salix alba L. +0,01 +0,01 +0,05
Small-leaved lime 0.61 0.74 5.91
Tilia cordata Mill. +0,01 0,01 +0,06
Royal paulownia 0.71 0.84 5.71
Paulownia tomentosa (Thunb.) Steud.) +0,01 +0,01 +0,08
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CONCLUSIONS

Branch wood can be considered to be an important natural resource of future for
production of biofuels, pulp and paper, but it has several disadvantages which limit its
potential for commercial use compared to stem wood.

The content of polysaccharides in the branched wood of the examined tree species
ranges from 63 to 69.6%, it decreases in the following order: common hornbeam > European
ash > European beech > silver birch > black poplar > sycamore maple > white willow >
common oak > black locust > small-leaved lime > black alder > royal paulownia. The Klason
lignin content in branch wood ranged from 15.3 to 23.7%, it increased in the following order:
small-leaved lime < common hornbeam < European beech < silver birch < European ash <
white willow < common oak < black locust < sycamore maple < black poplar < black alder
< royal paulownia. The arithmetic average and weighted average fibre length of the branch
woods increased in the following order: sycamore maple < common oak < black locust <
small-lived lime < royal paulownia< black alder < European ash < black poplar < white
willow < silver birch < common hornbeam < European beech. The fibre coarseness of the
branch wood of examined species decreased in the following order: sycamore maple > black
locust > common oak > European ash > common hornbeam > small-leaved lime > royal
paulownia > European beech > white willow > black alder > black poplar > silver birch.

In terms of industrial use branch wood is important Si concentration, which ranged
from 28.5 to 116 mg-kg, Zn concentration (2.59-24.3 mg-kg?) and Cu concentration
(1.47-4.48 mg-kg™).
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