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Angela LO MONACO, Claudia PELOSI, Giorgia AGRESTI,
Rodolfo PICCHIO, Gianluca RUBINO

INFLUENCE OF THERMAL TREATMENT ON SELECTED
PROPERTIES OF CHESTNUT WOOD AND FULL RANGE
OF ITS VISUAL FEATURES

The use of chestnut wood (Castanea sativa Mill.) is highly relevant in Central
Italy, as it is one of the most important and abundant broad-leaf species in this
geographical area. The comprehension of the modifications induced by thermal
treatment is of crucial importance to define the optimal temperature that could
improve the mechanical and physical properties without affecting significantly the
visual appearance. In this paper a careful and complete investigation on the effect
of thermal treatment on chestnut wood (Castanea sativa Mill.) is reported. The
aim of this study is addressed to understand the chemical-physical modifications
occurred on the surface of wood samples, as a consequence of heating, in order to
choose the most suitable temperature of treatment, also in the view of applying a
possible coating. No such complete and homogeneous study on chestnut wood
was found in the literature, so this paper contributes to add relevant scientific and
technological information on it. Samples of chestnut were thermally treated 6
hours in a conventional oven at 140°C, 170°C and 200°C. Surface properties of
heated wood, in comparison with untreated, were evaluated through the
measurements of: roughness, colour, Vickers and Brinell hardness, surface profile
and contact angle. The behaviour of earlywood and latewood was evaluated by
studying separately the effect of heating on contact angle and surface micro-hardness. Fourier transform infrared spectroscopy was also used to evaluate the
chemical modification of wood components due to thermal treatment. Heating at
140°C has little influence on wood characteristics whereas 200°C has a great
impact on colour, mechanical properties and hydrophobicity behaviour. The
Angela LO MONACO (lomonaco@unitus.it), Department of Agriculture and Forest Sciences,
Tuscia University, Viterbo, Italy; Claudia PELOSI (pelosi@unitus.it), Department of
Economics, Engineering, Society and Business Organization, Tuscia University, Viterbo,
Italy; Giorgia AGRESTI (agresti@unitus.it), Department of Economics, Engineering, Society
and Business Organization, Tuscia University, Viterbo, Italy; Rodolfo PICCHIO
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Viterbo, Italy; Gianluca RUBINO (gianluca.rubino@unitus.it), Department of Economics,
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intermediate temperature, i.e. 170°C, seems to give the best results in term of
improved mechanical properties and also aesthetical appearance of wood
surfaces.
Keywords: Castanea sativa Mill., heat treatment, colour, surface properties,
reflectance spectrophotometry, Fourier Transform Infrared
spectroscopy

Introduction
Thermal treatment is widely used in wood industry because it should increase
the stability of the material, as recently discussed in review papers [Esteves and
Pereira 2009; Candelier et al. 2016]. This process causes a reduction of water
adsorption due to the decrease of available free hydroxyl groups of
carbohydrates [Budakçı et al. 2011]. The thermal treatment, by reducing the
wood hygroscopicity, contributes to the dimensional stability of the treated
material, as swelling and shrinkage are mainly related to water absorption and
desorption phenomena [Enjily and Jones 2006; Korkut and Kocaefe 2009].
It is well-known that wood is a widely used material, from the domestic
decorative market to industrial applications. Wood has been largely used in
buildings indoor and outdoor, in flooring and in furniture. In addition to the
many species of tree that provide wood, there is substantial use of various
composite forms such as plywood and fiberboard [Bulian and Graystone 2009].
Generally wood surfaces require protection to improve resistance to moisture
and solar radiation [Capobianco et al. 2017]. In fact, wood materials, even if
widely used, can suffer degradation phenomena mainly due to moisture and UV
component of solar radiation [Hon and Shiraishi 2001; Chang et al. 2002;
George et al. 2005; Pandey 2005a; Oltean et al. 2008; Sharratt et al. 2009; Genco
et al. 2011; Lo Monaco et al. 2011; Agresti et al. 2013a; Pelosi et al. 2013; Teacă
et al. 2013; Živković et al. 2014; Calienno et al. 2014, 2015]. For this reason,
different kinds of protective and stabilizing systems are used ranging from
thermal treatment to surface protection by means of different kinds of
commercial products such as solvent-borne, water-borne, high solids, powder
coatings and radcure products [Bulian and Graystone 2009; Pelosi et al. 2013;
Bonifazi et al. 2017a].
In this work, a careful investigation on thermal treatment was provided in
order to evaluate the effect of the process on the surface properties of chestnut
wood (Castanea sativa Mill.) [Akyildiz and Ateş 2008; Ateş et al. 2010] as
relevant issues in the perspective of applying protective coating. The choice of
this wood species was due to its wide representation in Central Italy [Calienno et
al. 2015; Venanzi et al. 2016], and wide use for the construction of doors and
windows due to the properties of its heartwood [Agresti et al. 2010]. In fact,
chestnut heartwood contains extractives that give it a pleasant colour and
a natural durability with regard to biotic agents [Annesi et al. 2015].
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The effect of thermal treatment was evaluated by different tests; in particular,
colour measurements, Fourier transform infrared spectroscopy, hardness
measurements, roughness, surface profile and contact angle measurements were
performed in order to understand the surface changes in wood untreated and
thermally modified. A new approach was also applied for evaluating the
different behaviour of earlywood and latewood in regard to thermal treatment,
by measuring separately the contact angle and the micro-hardness.
Complete and homogenous studies on chestnut wood features cannot be
found in the international scientific literature, so the aim of this study was to
investigate the properties of chestnut wood after thermal treatment and in the
perspective of applying a new water-based preservative coating.

Materials and methods
Sample preparation and thermal treatment
Twenty four chestnut flat samples (10 cm length, 5 cm width an 2 cm thickness)
were obtained from a board of chestnut, cut in the heartwood. After cutting, the
samples were stored in darkness in a conditioned room at 65% relative humidity
and a temperature of 22°C to reach 12% moisture content. The radial surface
was used for the measurements. Density of samples had an average value of
0.720 ±0.017 g/cm2.
To obtain regular surfaces and to satisfy the requirements for subsequent
coating application, samples were sanded with 120 grid size sandpaper.
Before thermal treatment, samples were dried in a laboratory oven at
103 ±2°C for 24 h. Then, heat treatments were performed at three different
temperatures for 6 h: 140°C, 170°C and 200°C in a laboratory oven controlled to
within ±2ºC under atmospheric pressure. Four sample sets (each made of six
pieces) were used: one remained untreated and the other three were heated at the
three chosen temperatures. After heat treatment, samples were conditioned at
20ºC and 50% relative humidity (RH) to reach equilibrium moisture content.
During this time, dimensions and weights of the samples were measured by
using a precision caliper and an analytical balance respectively until they
reached constant values. Tests and measurements were performed after mass
stabilization. As selected tests and measurements, colour, surface roughness,
curvature profile, contact angle, hardness and infrared absorptions were chosen
to obtain visual, physical and chemical information, all relevant to understand
the influence of thermal treatments on chestnut wood.
Colour monitoring
Colour was measured through X-Rite CA22 reflectance spectrophotometer
according to the CIELAB colour system (ISO 11664-4:2008). The
characteristics of the colour measuring instrument were the following: light
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source D65; standard observer 10°; fixed geometry of measurement 45°/0°;
spectral range 400-700 nm; spectral resolution 10 nm; aperture size 4 mm.
This parameter was measured before thermal treatment and after in order to
evaluate the changes in chromatic coordinates induced by heating. For each
sample, forty-five measure points were chosen, due to the high colour variation
in wood surface, as previously discussed [Lo Monaco et al. 2011]. In each point
three measurements were performed so that to have 135 values of L*, a* and b*
coordinates for each sample. Then average values and standard deviations were
calculated. Data are reported as L*, a* and b* values and total colour variation
expressed by ΔE, which represents the geometric distance of two points in the
L*a*b* colour space.
In order to evaluate the colour stability after thermal treatment, sample
colour was measured during natural re-hydration of wood.
Roughness measurements
Roughness measurements were performed by a Taylor-Hobson TalySurf CLI
2000 apparatus, according to the standards [DIN 4768:1990; ISO 4287:1997].
A contact gauge surface measured the 3D morphology of the substrates
before and after heat treatments. One hundred and one profiles were stored for
each sample, with a resolution of 1 μm along the measurement direction and
2 μm along the perpendicular direction, over an area of 15 × 2 mm. The profiles
were stored parallel and perpendicular to wood grain. TalyMap software Release
3.1 was used for data analysis and evaluation of the roughness parameters. This
measure allows the main roughness parameters to be evaluated. In particular,
average roughness Ra and ISO10 points height Rz are a measure of the amplitude
parameters of the roughness profile. Spacing R Sm is a measure of the
characteristic wavelength of the roughness profile. The hybrid parameters slope
RDq, RSk and RKu account for the average slope of the roughness profile and for
its distribution and symmetry around the center line. 3D morphological maps
were also stored, using a resolution of 3 μm along both the measurement and
perpendicular direction, over an area of 8 × 8 mm.
Curvature profile measurements
The Hexagon Goddess Global Performance 05 series coordinate measuring
machine (CMM) was used to measure the curvature profiles of the substrates
before and after the heat treatments. The device is equipped with a continuous
scanning head, Renishaw SP25M. Five profiles were stored for each sample, in
the direction perpendicular to wood grain, with a resolution of 50 μm along the
measurement and scan speed of 5 mm/s.

Influence of thermal treatment on selected properties of chestnut wood and full range...
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Contact angle measurement
Contact angle was measured in order to obtain the characteristics of wettability
of the untreated and thermally modified chestnut surface. The method of direct
observation was used: the values are obtained by measuring the angle, in the
liquid phase, generated by the tangent to water drop profile and the wood solid
surface. The measurement was performed by observing the drop through
a FireWire camera with telecentric optics and 55 mm focus length. The
measurements were taken for 120 s because the contact angle varies during the
time after drop application. The software OneAttension elaborated directly the
visual data supplying the values of contact angles every 0.72 s.
The measurements were performed separately on the earlywood and
latewood areas.
Hardness tests
Brinell test

The hardness test allows to evaluate the material strength to the localized elastoplastic deformation. The test that evaluates the penetration resistance according
to the Brinell method has been applied according to the standard [UNI EN
1534:2011].
Totally a number of 52 indentations, on untreated and thermally treated
samples were performed. Before testing, samples were conditioned to the
laboratory environment (22°C and 50% of relative humidity). The device was
a loading head with a hardened steel hemispherical body (diameter D = 10 mm).
A force (F) was applied reaching the value of 1 kN in 15 ±3 s, maintained for
25 ±5 s. At least 3 minutes after, the residual indentation, the concave permanent
deformation of the sample surface, was measured as the surface of the spherical
cap, averaging values of two perpendicular diameters (d).
Brinell hardness (HB) was determined according to:
HB=

F
(0.5 π D)⋅( D−√( D −d ))
2

2

N / mm 2

After checking for normality, one-way ANOVA test was performed to
compare HB in heated treated test.
Vickers test

Depth-sensing micro-indentation (Micro-Combi, CSM Instruments, Peseaux,
Switzerland) was used to perform instrumented micro-hardness measurements.
Standard micro-hardness test (micro-Vickers indenter) was performed on
substrate by applying load of 15 N, to evaluate the heat treatment influence on
the hardness. The measurements were performed separately on the earlywood
and latewood areas.
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Fourier Transform Infrared (FT-IR) Spectroscopy
Infrared spectra were obtained using a Nicolet Avatar 360 Fourier transform
spectrometer. To perform FT-IR analysis, sample powder (10 mg) was mixed
with spectrophotometric grade potassium bromide (KBr, 340 mg) and pressed in
the instrument holder. For each sample 128 scans were recorded in the 4000 to
400 cm-1 spectral range (2500-25000 nm) in diffuse reflection modality (DRIFT)
with a resolution of 4 cm-1. As background the spectrum of the KBr powder was
used. Spectral data were collected and elaborated though OMNIC 8.0 (Thermo
Fisher Scientific Inc.) software. FT-IR spectra were recorded and compared with
untreated and thermal treated wood at the three defined temperatures.

Results and discussion
Colour changes of wood samples
Colour is one of the most important properties of wood when choice is made by
end users because aesthetic aspect is often the prevailing criterion of decision
[Lo Monaco et al. 2015]. Thermal treatment causes darkening of wood as
a consequence of production of coloured degradation compounds from
hemicelluloses and extractives [Bourgeois et al. 1989; Jarosombuti et al. 2010;
Matsuo et al. 2010; Chen et al. 2012; Candelier et al. 2016; Gurleyen et al.
2018]. In the present study, the visual appearance of wood sample colour has
changed (Fig. 1) after mass stabilization of samples. The monitoring of colour
after thermal treatments, during mass stabilization, highlighted that no further
colour changes occurred.

Fig. 1. Four wood samples untreated and thermally treated at 140°C, 170°C and
200°C

Influence of thermal treatment on selected properties of chestnut wood and full range...
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As it can be directly observed with naked eye, colour varies with thermal
treatments and, as general result, wood darkens. This finding is confirmed by the
chromatic coordinates’ values (Fig. 2).

Fig. 2. L*a*b* values of untreated and thermally treated samples with the standard
deviations of measurements

L* values clearly decrease with the increasing of thermal treatment ranging
from 77 in case of untreated sample to 38 for the sample treated at 200°C as
observed also by other authors [Correal-Mòdol et al. 2014; Gonzáles-Peña and
Hale 2009a; 2009b; Tudorović et al. 2012; Marcon et al. 2017]. The chromatic
coordinates a* and b* do not change significantly except for an increase clearly
observed at 170°C and corresponding to an increase of both yellow and red
components. As a consequence of these observations, it can be assessed that ΔE
values, calculated for the three thermal treatments in respect to untreated
samples, depend mainly on L* variations.
Roughness measurements and 3D mapping
The data reported for Ra indicate that average roughness increases with thermal
treatments until 170°C, but it decreases at 200°C with values similar to those of
untreated wood samples (Fig. 3).
On the other hand, Ra increases constantly with thermal treatment if
measured in the perpendicular direction to wood grain (Fig. 4). This same trend
can be observed for Rz values; in fact an increase of average roughness implies
an increase of maximum profile height. The R Sm parameter measured in the
parallel direction (Fig. 3) exhibits maximum values at 170°C, whereas for the
perpendicular one it has higher values at 200°C.
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Fig. 3. Roughness parameters obtained for measurements parallel to wood grain at
the different heat treatments

Fig. 4. L Roughness parameters obtained for measurements perpendicular to wood
grain at the different heat treatments

Influence of thermal treatment on selected properties of chestnut wood and full range...
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The different behaviour between the two directions can be associated to the
anisotropy of wood that changes its properties according to the anatomical
directions. Moreover, heat treatment causes degradation of wood components,
primarily hemicellulose and extractives that degrade thermally in the
temperature range 180-200°C [Korkut et al. 2008a; Gonzáles-Peña et al. 2009;
Laskowska and Sobczak 2018]. The degradation of hemicellulose is mainly due
to the presence of acetyl groups that degrade under thermal treatment [Herrera et
al. 2014; 2016]. Amorphous regions of cellulose are also rapidly changed
structurally becoming less susceptible to reactions with water. Lignin suffers
depolymerisation in a first and rapid phase then repolymerising in a more
condensed material. Crystalline cellulose is largely unaffected below 300°C
[Yildiz et al. 2006; Yildiz and Gümüskaya 2007].
The value of temperature 170°C is a sort of threshold over which
hemicellulose degrades completely: this explains the increasing trend of
roughness parameters until 170°C and the subsequent decrease at 200°C, for the
measurements taken in the direction parallel to wood fibres.
On the other hand, the roughness parameters show an increase with
temperature until 200°C in the case of measurements gathered in the
perpendicular direction. This can be explained with the different degradation
patterns of earlywood and latewood, as can be better observed on 3D maps of
samples (Fig. 5).

Fig. 5. 3D roughness maps of untreated and thermally treated sample surfaces,
obtained for 8x8 mm areas

The 3D map of samples treated at 200°C clearly shows that surface
underwent variations, specifically roughness increased along the earlywood
zones (Fig. 5). So, if roughness parameters are measured parallel to wood grain,
the result is a decrease at 200°C and an increase if taken in the perpendicular
direction.
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The degradation of earlywood in respect to latewood is probably due to the
presence of higher content of hemicellulose in this zone of wood surface.
Contact angle and wettability of the surfaces
The contact angles were reported as function of time, until 120 s. Thermal
treatment affected the wettability properties of wood surfaces by causing an
increase of contact angle and consequently the hydrophobicity of the material
(Fig. 6), which is also in accordance with the literature [Scheikl and Dunky
1998; Kocaefe et al. 2008; Kutnar et al. 2013; De Cademartori et al. 2015;
Miklečić and Jirouš-Rajković 2016; Laskowska and Sobczak 2018]. In all cases
the differences between earlywood and latewood are small. The hydrophobicity
is particularly evident for samples treated at 170°C and 200°C whereas the heat
treatment at 140°C seems to not change significantly the contact angles
especially for latewood. Moreover, untreated samples exhibit a constant decrease
of the contact angle as a function of the time, while the thermally treated wood
samples presented low decrease rates, mainly in the 200°C treatment.

Fig. 6. Trends of the contact angles as function of time after water drop application

The increase of contact angles in thermally treated samples is due to
hemicellulose degradation and amorphous cellulose re-organization causing
a reduction of water adsorption due to the decrease available free hydroxyl
groups of carbohydrates [Pétrissans et al. 2005; Oliveira et al. 2010]. Some
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authors proposed also a different reason for justifying wettability change
especially at lower temperatures [Hakkou et al. 2005]. In particular, they
suggested the plasticization of lignin and consequently the reorganization of the
lignocellulosic polymeric components of wood [Hakkou et al. 2005].
In the present paper the changes of contact angles at lower temperature, i.e.
at 140° C, are observed for earlywood and can be associated to its higher
contents of cellulose and hemicellulose polymers that could be involved in the
above mentioned process of lignocellulosic polymeric reorganization.
At 200°C the contact angle showed lower values, both for late- and
earlywood, in respect to those measured at 170°C. It must be considered that
wettability could depend on macroscopic characteristics, such as porosity,
surface roughness, moisture content and fibers orientation [Kocaefe et al. 2008].
Considering the roughness values, it was observed that they decreased for
thermal treatment at 200°C in respect to 170°C in the direction parallel to wood
fibres, whereas they increased in the perpendicular ones. This behaviour was
explained with the higher degradation of earlywood at 200°C as clearly observed
in the 3D map of the surfaces (Fig. 5). Moreover, the 200°C treatment probably
generated small cracks in the samples surface [Boonstra et al. 2006; Priadi and
Hiziroglu 2013], which could influence wood properties such as roughness and
porosity and consequently contact angle values. So, lower contact angles at
200°C in respect to those measured at 170°C could be explained by the surface
morphology modifications in addition to the hydrophobicity increase due to OH
decrease.
Surface curvature profiles
There was an increase of curvature caused by heating, with no significant
difference between 140°C and 170°C, in respect to untreated samples (Fig. 7).
On the other hand, the curvature is much higher for the sample treated at 200°C,
indicating evident warping of the surface. This result gives further evidence that
the heat treatment at 200°C modifies the chemical and structural characteristics
of wood causing also cupping of the sample boards.
Hardness test
Brinell hardness of chestnut slightly increased, about 5-6%, with temperature up
to 170°C, decreasing with 200°C treatment (about 10%, Fig. 8). Thermo-treated
samples showed no statistically significant differences compared to the untreated
ones, although heat treatment clearly influenced wood colour.
As observed by other authors, heated wood properties depend on both
species and processes [Esteves and Pereira 2009]. In fact, Poncsak et al. [2006]
studied the hardness of birch thermo-treated in an inert gas ambient and they
found a small increase with temperature, observing a maximum of the hardness
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Fig. 7. Surface curvature profiles of untreated and thermally treated samples

Fig. 8. Histogram of Vickers and Brinell hardness tests of untreated and thermally
treated samples
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at 160°C. Boonstra et al. [2007] detected a significant increase in hardness
(48%) on Pinus sylvestris L. (Scots pine) during the heat treatment under
modified atmosphere. On the other hand, Korkut et al. [2008b] ascertained that
Janka-hardness decreased with heat-treatment. Contrasting behaviour on
different species was noticed in broadleaf wood with ThermoWood process also
by other authors [Shi et al. 2007]. Utilizing laboratory oven, as in our case,
hardness was unfavourably influenced by heat treatment and time of exposition
both in oak [Priadi and Hiziroglu 2013; Salca and Hiziroglu 2014] and chestnut
[Ates et al. 2010].
In the case of micro-hardness obtained through Vickers testing, different
results are observed for early and latewood. The first one exhibits a decrease of
hardness with the increase of temperature of thermal treatment, whereas
latewood has a completely opposite behaviour.
As previously assessed, earlywood is more degraded by heat treatment
because it contains higher amounts of polysaccharides and this could produce
hardness decrease. On the other hand, latewood, due to the presence of lignin,
undergoes reorganization of the lignocellulosic polymeric components and this
causes an increase of micro-hardness. Macro-hardness Brinell behaviour is
a combination of micro-hardness in early and latewood.
FT-IR analysis
Band assignment (Table 1) was made according to literature references [Tolvaj
and Faix 1995; Pandey 1999; Moore and Owen 2001; Colom et al. 2003;
Nauman et al. 2007; Antonović et al. 2008; Bonifazi et al. 2015; 2017b].
The most significant change can be observed at 1735 cm-1 in correspondence
of the carbonyl absorption that exhibits a decrease with thermal treatment, and at
1787 cm-1 (Fig. 9).
This last absorption appears well visible at 200°C. This behaviour can be
associated to the cleavage of acetyl groups of polysaccharides and so to
hemicellulose degradation [Hakkou et al. 2005; Tjeerdsma and Militz 2005;
Miklečić et al. 2011], and also to extractives modification with the possible
formation of coloured compounds [Helm et al. 1997; Pandey 2005b; Nzokou
and Kamden 2006; Zahri et al. 2007; Chang et al. 2010].
Another modification is observed at 1667 cm-1, corresponding to the
conjugated carbonyl and H2O (Table 1); the decrease of this absorption may be
attributed to water elimination caused by thermal treatment, as observed also by
other authors [Hakkou et al. 2005; Naumann et al. 2007]. This could be
explained with the decrease of OH groups available for water molecules
absorption. The absorption at 1327 cm -1, which is associated to syringyl ring
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Table 1. Position and assignment of the bands of DRIFT spectra
Band position
(cm-1)
3411
2938

Assignment
stretching of O-H group
C-H and CH2 asymmetric stretching

2904

C-H and CH2 symmetric stretching

1735

stretching of the carbonyl group C=O
conjugated carbonyl and H2O

1667
1592
1503
1457
1420
1374
1327
1233
1156

899

aromatic skeletal vibrations
aromatic skeletal vibrations
C-H deformation and aromatic skeletal vibrations
C-H in-plane deformation
C-H in-plane deformation for polysaccharides
syringyl ring breathing and C-O stretching
guaiacyl ring breathing and C-O stretching
C-O-C antisymmetric bridge stretching vibration in cellulose and hemicelluloses
C-O-C symmetric stretching, aromatic C-H in-plane deformation, glucose ring
vibration
C-O and O-H association bands in cellulose and hemicelluloses
C1-H deformation of cellulose

621

C-OH out-of-plane bending in cellulose

1118
1044

breathing in lignin and C-O stretching of cellulose (Table 1), gives the
appearance of a doublet in the spectrum of the sample treated at 200°C (Fig. 9)
suggesting the modification of cellulose that increase its crystalline character
[Tolvaj and Faix 1995; Hakkou et al. 2005]. The decrease of the absorption at
1420 cm-1 (Fig. 9), due to C-H bending in cellulose (in-plane deformation of
C-H, Table 1) is a further indication of modification of this polymer as
a consequence of thermal treatment.

Conclusions
This study demonstrated that thermal treatments on chestnut wood causes
modifications of chemical and physical properties of its surface and that
different behaviour can be observed for earlywood and latewood due to the
different composition especially in terms of hemicellulose polymer. The tested
temperatures have clearly different effects on the measured parameters.
Specifically, 140°C has in general little influence on wood surface causing little
changes; 200°C treatment modify drastically wood properties also causing
warping of the samples; 170°C seems to be a sort of threshold temperature.
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Fig. 9. FT-IR spectra of untreated and thermally treated wood samples. Focus on
the 850-1850 cm-1 region

In fact, it provokes changes of wood characteristics but maintains visible the
original wood fibres. Moreover, it increases roughness of the surfaces so
allowing a better adhesion of a possible coating, and causes only little warping.
Further, the 170°C temperature increases significantly the wettability so favoring
the application of water based protectives. At last, the intermediate temperature
increases surface hardness, and doesn’t cause significant chemical changes.
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Agnieszka LASKOWSKA

DENSITY PROFILE AND HARDNESS
OF THERMO-MECHANICALLY MODIFIED
BEECH, OAK AND PINE WOOD

Beech (Fagus sylvatica L.), oak (Quercus robur L.) and pine (Pinus sylvestris L.)
wood were volume-densified by means of thermo-mechanical modification. At first
stage the wood was heated in a hydraulic press at temperature 100 °C for 720 s,
and then one-step densified in order to obtain the target thickness. The wood was
cooled in a hydraulic press with unheated plates. Density profiles parallel and
perpendicular to the grain were examined. The analysis of the density profiles was
carried out on the basis of the following parameters: mean density, minimum to
mean density ratio, maximum density, and the distance between the maximum
density area and the wood surface. Wood hardness was determined according to
the Brinell method. Volume-densified pine wood was characterized by
considerably lower susceptibility to densification than beech or oak wood.
Densified beech wood had the highest mean density 921 ±7 kg/m3, and the highest
maximum density 968 ±12 kg/m3. The Brinell hardness of densified beech, oak
and pine wood was twice as high as before the densification. The greatest
hardness after the densification 78.60 ±10.56 N/mm2 was observed in beech
wood.
Keywords: beech, densification, density profile, European oak, hardness, Scots
pine

Introduction
Wood as an organic material is susceptible to elastic and plastic deformation. It
is therefore possible to orientate wood properties. One of the solutions applied in
order to improve the physical and mechanical properties of wood is the thermomechanical (TM) modification. TM modification of wood is a process involving
compression by pressing heated wood. It is usually conducted in a hydraulic
press equipped with heated plates [Ülker et al. 2012; Laine et al. 2016].
Sometimes machines are especially designed or modified, which allows the
introduction of steam during processing [Pařil et al. 2014; Cruz et al. 2018; Fang
Agnieszka LASKOWSKA (agnieszka_laskowska@sggw.edu.pl), The Institute of Wood
Sciences and Furniture, Warsaw University of Life Sciences – SGGW, Faculty of Wood
Technology, Warsaw, Poland
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et al. 2019]. Then the thermo-hydro-mechanical (THM) modification occurs.
TM and THM are one of the wood densification method [Ülker et al. 2012]. The
effect of applying such a solution is an increase in density, and consequently in
the hardness of wood. These characteristics are of particular importance in wood
which is to be used for flooring material. Densification improves the functional
properties of wood.
Density profile is an indicator of physical and mechanical properties not only
in wood-based panels, but also in wood [Ülker et al. 2012; Rautkari et al. 2013;
Laskowska 2017]. The method of processing wood by means of thermomechanical modification is still subject to research whose aim is to find for it
new industrial applications. A major issue is to match the pressing parameters
with particular wood species because of the differences in their chemical and
anatomical structures [Dogu et al. 2010; Budakçı et al. 2016].
Density profile of densified wood is influenced by many factors. The density
profile of thermo-mechanically modified wood depends principally on the
wood’s anatomical structure and treatment parameters [Rautkari et al. 2011,
2013; Laine et al. 2014]. A material factor conditioning the course of wood
densification, and consequently the density profile, is the moisture content
[Ülker et al. 2012]. In principle, it is assumed that the higher the moisture
content and temperature of thermo-mechanical modification, the greater the
wood’s susceptibility to densification [Kutnar and Šernek 2007]. These
conditions ought to be adhered to in order to obtain in short time the glass
transition temperature of the wood’s structural components, and wood softening.
It is stated that the glass transition temperature for lignin is 100°C at about 10%
moisture content [Salmén 1982; Olsson and Salmén 1997]. It ought to be
pointed out, however, that the higher the densification temperature, the greater
the changes in wood colour [Fang et al. 2012; Bekhta et al. 2014]. Moreover,
high temperature of thermo-mechanical modification may bring about
deterioration in the wood’s mechanical properties [Ülker et al. 2012]. Density
profiles differ likewise depending on the degree of densification, which in turn
depends principally on the treatment parameters such as temperature and
pressure [Kutnar et al. 2009; Rautkari et al. 2011]. The density profile of wood is
also affected by the method of thermo-mechanical modification. The profile of
volume-densified wood shows less variability in transverse section than the
profile of surface-densified wood [Rautkari et al. 2013; Laskowska 2017].
Hardness is an important feature of wood which determines its functional
properties. This is particularly relevant to wood species which are used for
flooring materials. Thermo-mechanical modification enables the orientation of
the properties of low density wood, i.e. below 500 kg/m 3 [Kutnar and Kamke
2012; Tu et al. 2014; Zhan and Avramidis 2016]. Research on densification of
high density wood is aimed at improving its mechanical properties, in particular
the hardness, still further [Rautkari et al. 2010; Gašparik et al. 2016; Laskowska
2017]. The most important factor which affects the hardness of wood is its
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density [Pizzi et al. 2005; Gong et al. 2010; Rautkari et al. 2011]. Rautkari et al.
[2013] stated that hardness was mostly affected by the density of the surface
layer, while the depth of the layer with increased density did not influence the
Brinell hardness.
The research object was to determine the impact of thermo-mechanical
densification on the density profile and hardness of beech, oak and pine wood.
An important aspect of this research was to determine the correlation between
the density profile parameters and the hardness of wood subjected to
densification. The wood selected for testing varied in anatomical structure.
Consequently, it was possible to verify and compare the properties of diffuseporous hardwood, ring-porous hardwood, and softwood subjected to
densification.

Materials and methods
The thermo-mechanical modification of wood was carried out in laboratory
conditions in a hydraulic press. The samples used in the tests were of beech
(Fagus sylvatica L.), oak (Quercus robur L.) and pine (Pinus sylvestris L.)
wood, and had the following dimensions: 130 mm (longitudinal), 80 mm
(tangential), 23 mm (radial). The wood was obtained from a forest in central
Poland (Mazowieckie voivodship), managed by the State Forests National Forest
Holding. After the samples were conditioned in a normal climate (temperature
20°C ±2°C, relative humidity 65% ±5%) to an air-dry condition, the moisture
content of the wood was determined according to ISO 13061-1:2014. The
moisture content of the wood subjected to thermo-mechanical densification was
9.8% (± 0.6%). For each variant of thermo-mechanical modification 20 samples
were used. Sample surfaces were finished by planing. The wood densification
process consisted of three stages outlined in Figure 1.

Fig. 1. Thermo-mechanical wood densification
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At the first stage the wood was contact-heated in a hydraulic press to obtain
17 mm target thickness. The temperature of press plates was 100°C, wood
heating time 720 s, wood pressing time 300 s. The wood samples were cooled in
an unheated hydraulic press without exerting pressure. The wood samples were
cooled until the wood surface reached the temperature of 70°C. Then, the
samples were conditioned in a normal climate (i.e. 20°C (±2°C) at 65% (±5%)
for 7 days.
The density distribution on the thickness of wood samples before and after
densification was determined by using Laboratory Density Analyzer DA-X
manufactured by GreCon Inc. (Tigard, Oregon, USA), which enabled the
determinations to be carried out by using X-rays. The dimensions of the samples
tested were 50 × 50 mm length and width, and the measurement speed
0.05 mm/s. The thickness of the samples corresponded to the thickness of nondensified and densified solid wood. Consecutive density values were measured
every 0.02 mm of the thickness of the material tested. Wood density profiles
were determined parallel and perpendicular to the grain in accordance with the
outline presented in Figure 2a. The analysis of wood sample density profiles was
carried out on the basis of the following parameters (Fig. 2b):
1. mean density (DMean);
2. minimum to mean density ratio (DMin/DMean);
3. maximum density on the left-hand side (DMaxL), i.e. the maximum density
of wood determined in the area of wood whose surface touched the upper
plate of the press;
4. maximum density on the right-hand side (DMaxR), i.e. the maximum
density of wood determined in the area of wood whose surface touched the
lower plate of the press;
5. the distance between the maximum density area and the wood surface on the
left-hand side (ADMaxL), i.e. the distance between the maximum density
area and the wood surface touching the upper plate of the press;
6. the distance between the maximum density area and the wood surface on the
right-hand side (ADMaxR), i.e. the distance between the maximum density
area and the wood surface touching the lower plate of the press.
The compression ratio (CR) was calculated according to eq. 1, where t o is the
original thickness (mm), and td is the thickness of wood after densification
(mm).
CR=

t 0 −t d
⋅100(%)
t0

(1)

Brinell hardness was determined on the tangential surface of the sample in
accordance with the requirements of EN 1534:2010, after conditioning wood
samples in a normal climate (temperature 20°C ±2°C, relative humidity
65% ±5%) for 7 days. Hardness measurements were conducted using the

Density profile and hardness of thermo-mechanically modified beech, oak and pine wood

29

a

measuring plane
perpendicular
to the grain

b

Fig. 2. Directions of wood density profile measurement (a) and wood density profile
parameters tested (b)

universal testing machine 3000LDB manufactured by C.V. Instruments Ltd.
(Sheffield, United Kingdom). The machine was equipped with an indenter with a
diameter of 10 mm. The maximum load was 1 kN. The wood hardness was
determined for 20 samples of each variant of non-densified and densified wood.
Statistical analysis was performed using STATISTICA version-12 software of
StatSoft, Inc. (Tulsa, USA). The statistical analysis of the results was carried out
at a significance level of 0.05.
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Results and discussion
Density profiles of particular wood species before and after thermo-mechanical
modification have been presented in Figure 3. No differences in wood density
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distribution measured parallel or perpendicular to the grain were noted (Fig. 3).
This concerned both non-densified and densified wood. As the research showed,
the thermo-mechanical modification resulted in homogenizing the structure of
beech (Fig. 3a, b) and oak (Fig. 3c, d) wood. No differences in density between
earlywood and latewood were noted. In pine wood, however, the differences
between earlywood and latewood were observable after the densification as well
(Fig. 3e, f). Earlywood underwent densification to a higher degree than
latewood. The difference in susceptibility to densification between earlywood
and latewood of coniferous species had been pointed out by other authors as
well. Dogu et al. [2010] and Laine et al. [2016] observed differences in the
densification of early and late pine wood. Schrepfer and Schweingruber [1998],
Navi and Girardet [2000] noted differences between earlywood and latewood
structure in densified spruce wood.
The mean values of the compression ratio (CR) for beech, oak and pine
wood were 30%, 28%, and 23%, respectively (Table 1). This showed that
volume-densified pine wood was characterized by considerably lower
susceptibility to densification than beech or oak wood, and these differences
were statistically significant (Dunnett test, p < 0.05). This resulted from the
wood’s anatomical structure. Earlywood, built of large-diameter thin-walled
cells, has an average density of 340-360 kg/m 3, and latewood, with thick-walled
cells, has an average density of 810-900 kg/m 3, i.e. 2.5 to 3 times greater
[Kollmann and Cöte 1984]. The results of the research have justified a general
statement that the densification of pine wood brought about a 60% increase in
earlywood density, whereas the latewood density after densification was ca. 30%
higher than that of non-densified latewood (Fig. 3e, f).
The density (DMean) of non-densified beech and oak wood amounted to
739 kg/m3 (±5 kg/m3) and 604 kg/m3 (±8 kg/m3), respectively, whereas the
density of non-densified pine wood amounted to 587 kg/m 3 (±16 kg/m3).
According to Wagenführ [2007], beech wood (Fagus sylvatica L.) density in an
air-dry condition ranges from 540 kg/m 3 to 910 kg/m3, with the mean value
720 kg/m3, whereas oak wood (Quercus robur L.) density in an air-dry condition
ranges from 430 kg/m3 to 960 kg/m3, with the mean value 690 kg/m3. Pine wood
with average width of growth rings ca. 1.5 mm attains its maximum density,
which in an air-dry condition amounts to ca. 570 kg/m 3 [Kollmann 1951;
Trendelenburg and Mayer-Wegelin 1955; Kollmann and Cöte 1984]. The
densification of beech, oak and pine wood increased their density by 25%, 26%,
and 41%, respectively, in comparison to non-densified wood of beech, oak and
pine. The highest density after the densification characterized the beech wood
(921 ±7 kg/m3). High increase in pine wood density resulted from the fact that
its density before densification had been the lowest among the wood species
tested. The increase in density contrasted with low initial density resulted in high
percentage of density increase. The tested pine wood, at 23% compression ratio,
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Table 1. Density profile parameters of beech, oak and pine wood (standard
deviation in parentheses)
Properties
Wood
species

Modification

Beech

non-densified

Direction

DMean
[kg/m3]

DMin/DMean
[%]

739 (5)

parallel

95 (1)

perpendicular

95 (1)
16.61 (0.20)

30

921 (7)

parallel

98 (1)

perpendicular

98 (1)

non-densified

23.67 (0.02)

604 (8)

parallel

90 (3)

perpendicular

89 (2)

densified

Pine

CR [%]

23.58 (0.02)

densified

Oak

thickness
[mm]

17.05 (0.60)

28

762 (36)

parallel

95 (1)

perpendicular

96 (2)

non-densified

22.98 (0.07)

587 (16)

parallel

68 (9)

perpendicular

76 (6)

densified

17.63 (0.22)

23

827 (33)

parallel

89 (5)

perpendicular

90 (3)

attained 827 ±33 kg/m3 density (increase by 41%). Laine et al. [2016] densified
pine wood (Pinus sylvestris L.) at 150°C for 1 h. These authors, at 39%
densification ratio, obtained pine wood density 757±2.6 kg/m 3 (increase by
47%). The differences in pine wood density after densification resulted from
different initial densities of the wood.
As a result of densification, the wood structure became homogenized, which
was reflected in higher minimum to mean density ratios (DMin/DMean) for
densified then for non-densified wood. The greatest changes in DMin/DMean
were observed in pine wood. The change in DMin/DMean amounted to 14 and
21 percentage points in density profiles measured perpendicular and parallel to
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Table 2. Distance between the maximum density area and the wood surface
(ADMax), (standard deviation in parentheses)
Modification
Wood
species

Beech

parallel

perpendicular

Oak

parallel

perpendicular

Pine

non-densified

Position

parallel

perpendicular

densified

mean
[mm]

std. dev.
[mm]

mean
[mm]

std. dev.
[mm]

L

0.10

0.02

0.78

0.19

R

0.05

0.01

1.09

0.23

L

0.09

0.01

0.82

0.20

R

0.06

0.01

1.43

0.23

L

0.11

0.03

1.60

0.30

R

0.05

0.02

1.04

0.22

L

0.10

0.01

1.71

0.24

R

0.04

0.01

0.89

0.16

L

5.20

0.51

2.02

1.30

R

0.95

0.21

6.18

1.72

L

5.02

0.40

1.93

1.00

R

1.00

0.20

6.96

0.89

the grain, respectively. The smallest changes in DMin/DMean were observed in
beech wood. They amounted to 3 and 4 percentage points in the density profiles
measured parallel and perpendicular to the grain, respectively.
No significant differences were observed in maximum density of wood
(DMax) measured parallel or perpendicular to the grain. This concerned the
tested species of wood both before and after thermo-mechanical modification.
Densified beech, oak and pine wood was characterized by considerably higher
maximum density than before the densification (Fig. 4a, b, c). The greatest
differences were observed in pine wood (increase in DMax by ca. 25%). The
changes observed in beech and oak were comparable (increase in DMax by ca.
15%). Similarly, no significant differences were observed in DMax measured on
the left- or right-hand side. The lack of significant differences in this respect was
observed in both non-densified and densified wood. This demonstrated the low
variability in wood density, in this case in the density of latewood areas. It is
namely the density of latewood areas which chiefly determines the DMax value.
After the densification, the highest maximum density was that of beech wood,
968±12 kg/m3, and the smallest - of oak wood, i.e. 821 ±11 kg/m3.
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No significant differences were observed in the distance between the
maximum density area and the wood surface (ADMax) measured parallel or
perpendicular to the grain in the wood species tested (Table 2). After the
densification, ADMax was situated further from the sample’s surface. The
exception was pine wood in the cases when the measurements were taken
parallel and perpendicular the grain on the left side. The research results showed
that beech and oak wood became densified to a higher degree than pine wood in
near-surface areas. This was demonstrated by the low value of ADMax which in
the case of beech wood amounted to ca. 0.5 mm on the left side, and ca. 1.5 mm
on the right. ADMax of oak wood amounted to ca. 1.7 mm on the left, and ca.
1.0 mm on the right. In pine wood, however, the DMax areas after densification
were situated at the distance of ca. 7.0 mm on the left, and 1.0 mm on the right.
The impact of temperature on wood surface caused the wood tissue to plasticize
and the maximum density DMax area to “shift” deeper into the sample.
Brinell hardness of densified beech, oak and pine wood was twice as high as
before the densification (Fig. 5a). The smallest hardness after densification
characterized the pine wood (49.60 ±13.11 N/mm2), whereas the greatest
hardness was that of the beech wood (78.60 ±10.56 N/mm2). Significant changes
in wood hardness were likewise observed after different densification processes
[Inoue et al. 1993; Navi and Heger 2004; Kamke 2006]. It ought to be pointed
out that different values of the compression ratio (CR) were obtained for beech,
oak and pine wood as a result of the densification (Table 1). The same increase
in hardness, namely its doubling, was obtained at different wood compression
ratios. Rautkari et al. [2013] also stated that the degree of compression did not
significantly affect the Brinell hardness. The crucial factor for the hardness of
wood is its density, in particular the density of the near-surface layers. The
authors surface-densified pine wood (Pinus sylvestris L.) and obtained over 90%
increase in Brinell hardness. Ülker et al. [2012], after having densified pine
wood (Pinus sylvestris L.) at temperature 120°C, observed the density to
increase by 83% and the hardness to multiply 2.3 times. Laine et al. [2016], after
having densified Scots pine sapwood at 40%, 50% and 60%, obtained increase
in wood hardness from 15.5 N/mm 2 to 19.0 N/mm2 (by 23%), 29.3 N/mm2 (by
89%), and 23.9 N/mm2 (by 54%). Fang et al. [2012] densified wood veneers
made of aspen (Populus tremuloides) and hybrid poplar clone 15303 (Populus
maximowiczii × Populus balsamifera) using heat, steam, and pressure. Authors
stated that the Brinell hardness of densified veneers was about two or three times
that of control for both aspen and hybrid poplar. Gašparík et al. [2016] obtained
considerably lower values of beech wood hardness after densification.
Depending on the treatment parameters, the hardness of beech wood was from
1% to ca. 10% higher after the densification. Minor differences resulted from the
fact that the wood was cold-pressed without prior plasticizing. Linear
dependences between the density of non-densified or densified wood and its
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a

b

Fig. 5. Brinell hardness (a) and relationship between mean density and Brinell
hardness (b) of investigated wood species

hardness may be described by means of equations detailed in Figure 5b. The
hardness of non-densified and densified wood shows high degree of correlation
with wood density, which has been confirmed by the research.
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Conclusions
Thermo-mechanical modification resulted in homogenizing the structure of
beech and oak wood. However, in the case of pine wood, the differences
between earlywood and latewood were noticeable after the thermo-mechanical
modification as well. No differences in density distribution measured parallel or
perpendicular to the grain were identified. Oak and beech wood were
characterized by comparable compression ratios (28-30%), whereas the
compression ratio of pine wood was the lowest and amounted to 23%. As
a result of densification, mean density of beech, oak and pine wood increased by
25%, 26%, and 41%, respectively, in comparison with non-densified beech, oak
and pine wood. The highest density after densification was observed in beech
wood. The maximum density of densified beech, oak and pine wood was
considerably higher than before the densification. As a result of the
densification, the hardness of the tested wood species doubled. The greatest
hardness was observed in beech wood, the smallest in pine wood.
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THE METHODOLOGY OF ACQUISITION
AND STATISTICAL ANALYSIS OF DATA
FROM THE PROCESS OF DRYING THIN WOODEN
ELEMENTS

This paper presents an original methodology of acquisition and statistical
analysis of data from the process of drying thin wooden items, without
interference in the manufacturing schedule or process. The research was aimed at
reducing the duration of the lamella drying process in a convectional drying
chamber, and minimising non-conformities of dry lamellas. The authors discuss
the effective application of convectional drying methods, taking into consideration
non-homogeneous wood quality resulting from over- or under-drying caused by
uneven or insufficient exposure to the drying agent, long duration of the drying
process serving to minimise the internal stress of the material, poor efficiency of
the drying process, and relatively high operational costs. Based on the tests
performed, a quick drying programme is recommended. To reduce the fraction of
non-conforming lamellas, the authors suggest that the arrangement of lamellas in
the cage be changed so that all lamellas are protected against unconstrained
deformation.
Keywords: thin wood element production, drying process, data acquisition, non-conformities, statistical inference

Introduction
The increasing rate of change in customers’ requirements and expectations puts
pressure on manufacturers to reduce the time spent on designing processes,
mastering technologies, and starting up and optimising production [Selech et al.
2014; Gangala et al. 2017; Trojanowska et al. 2018]. Therefore, the importance
of the acquisition of reliable data for analyses, aimed at obtaining insight into
manufacturing processes and improving them, cannot be overestimated [Patalas-Maliszewska and Kłos 2017].
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Tool-supported data analysis finds various applications in the optimisation
and management of manufacturing processes [Starzyńska and Hamrol 2013;
Więcek-Janka et al. 2015], such as the detection of failures, identification of
their causes, and ensuring the robustness of processes to their consequences.
Results of data analyses can support the selection of optimal process settings
against specified criteria. One of the methods used to support manufacturing
processes is Design of Experiments (DoE): an experiment planning and
performance technique [Sika and Rogalewicz 2017; Rogalewicz et al. 2018]. In
a sequence of experiments designed to be performed with changing parameters,
the DoE technology makes it possible to identify the parameters which have the
most significant impact on the result of the process, and determine the impact
value. This manner of experimenting (referred to as “active”) facilitates the
examination of mutual relations between process parameters.
Implementation of the DoE technology may be impeded by a lack of clear
guidelines for a specific industrial application. It may be difficult to put the
concept into practice where no data on the modelled process are available or
where the process is affected by multiple factors. Such is the case in the wood
industry, characterised by relatively complex processes and high manufacturing
costs generated by variability of the input material [Kujawińska et al. 2017]. The
literature shows that many practitioners take the so-called passive experimental
approach, that is to say, they use data from historical records of the process
rather than from specifically designed experiments, with the assumption that
individual realisations of the process can be referred to levels of analysed
factors, since the analysis is performed in compliance with the DoE
methodology [Sedlar and Pervan 2010; Rogalewicz et al. 2018].
When even this approach is economically or technically inviable, it is
recommended to adjust the number and type of experiments to external
constraints and apply traditional statistical inference. The problem applies to
wood manufacturing processes, including the manufacture of the top layer of
a floorboard, the lamella. The lamella is an important element of the floorboard.
Both the aesthetic values of the finished product and the durability of the
flooring depend on its quality. Due to high material costs, active experiments on
this process are not economically viable. According to a previous study
[Orłowski and Walichnowski 2013], the cost of raw wood accounts for the
greatest share (more than 80%) in the total cost of manufacture of the oak top
layer of multi-ply engineered flooring. For comparison, the cost of tools
accounts for 6% of the total in the case of a gater and 5% in the case of a band
saw. Passive experiments on the manufacturing process are limited by the
amount and type of data. Traditional statistical inference seems to be the right
analytical tool for this type of process. It is important, however, to plan the study
taking into consideration the technical and organisational constraints of the
process (including the need to avoid stoppage of production) and the factors
viable for analysis.
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This paper presents a methodology of data acquisition from the process of
drying thin wooden elements, without interference in the manufacturing
schedule.
Drying of lamellas
The lamella is the top layer of a three-ply engineered floorboard (Fig. 1), made
of a European or exotic species of timber of high hardness, such as oak or beech.
The technological process of manufacturing the surface layer begins with the
cutting of logs into planks. Planks are cut into wet, unpolished sheets (lamellas),
to be dried, polished and adjusted in length and width in subsequent operations.
A finished lamella is bonded with the middle and lower layers of the block.

Fig. 1. Three-ply floorboard

The drying operation is of critical importance. It usually improves the
properties of wood, such as dimensional stability, compatibility with coatings or
glues, and mechanical properties. Removal of excess water reduces the wood’s
weight, and in consequence the costs of shipment and handling. Moreover,
drying enhances the acoustic properties and electrical conductivity of wood, and
reduces its biodegradability [Gu et al. 2013]. The drying operation accounts for
40–70% of total energy consumption in the manufacture of a wooden product
[Zhang and Liu 2006].
The key to effective drying is proper supervision of the process. Drying
without supervision increases the number of non-conforming lamellas, affects
their utility and increases the costs of manufacture. Improper drying may cause
cracking of the lamella on the surface or edges, colour change or deformation,
and may therefore affect the quality of the finished product and increase the
costs of waste [Cai and Hayashi 2007; Gu et al. 2013].
There are several basic drying methods, distinguished by the way in which
energy is transmitted into the wood [Zhang and Liu 2006]:
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convectional – heat is transmitted by particles of gas or liquid in constant
motion, which transport the energy between heat sources and the drying
item, mix with the particles of expelled moisture, and carry them outwards;
the convectional drying process is typically carried out in (air or steam)
drying facilities or in the open air;
• contact – this method may be implemented in combination with the
convectional drying process; heat is transmitted to the wood through contact
with the heating surface;
• radiation – based on the transmission of energy through radiation; may be
utilised in drying facilities equipped with infra-red tube lamps;
• hybrid – combinations of the drying methods described above.
Typically, parameters such as temperature, relative humidity and air
circulation are monitored in the drying process. Their values depend on, among
other things, the type of wood, the thickness of the drying element and
requirements concerning the finished product, and affect the cost-effectiveness
of the drying operation. The cost of the drying operation largely depends on its
duration. Quick drying is cost-effective, but poses the risk of non-conformity of
the material surface (e.g. deformation, protrusion, cracking). Slow drying may
be economically inviable, as it compromises process efficiency and increases the
risk of staining of the wood surface due to mould. Therefore, not only scientists,
but first and foremost wood manufacturers are looking for effective ways to
accelerate wood drying processes and minimise non-conformities.
Efficient implementation of the convectional drying methods analysed in this
paper poses many challenges, such as the non-homogeneity of wood quality
resulting from over- or under-drying caused by uneven or insufficient exposure
to the drying agent, long duration of the drying operation serving to eliminate
the risk of high stress of the material, poor efficiency of the process and
relatively high operational costs. Practical ways to overcome these limitations
are sought through empirical studies.
•

Research methodology
The authors undertook research to reduce the time of drying of lamellas in an
industrial convection chamber and minimise the number of non-conforming
lamellas.
Improvement of the drying process in the manufacturing environment is
impeded by the fact that the drying facility cannot be excluded from the
manufacturing schedule without stopping the manufacturing process. In such
circumstances, active experiments are not possible. Another obstacle lies in the
lack of sufficient data on the input material for the drying process, which would
be necessary to conduct passive experiments.
In view of the above, the authors developed a research methodology which
organises the marking and selection of study samples and data acquisition
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(without interference in the manufacturing process or schedule) in such a way
that analysis of the data facilitates reliable statistical inference. The conclusions
inferred may be utilised for improvement of the analysed drying process.
Further in the paper, the authors present a methodology of acquisition and
statistical analysis of data from the process of drying lamellas in an industrial
convection chamber. It consists of the following steps:
1. Preparation of the study:
a. Selection of place, time and manner of carrying out the study
(chamber size, cage size).
b. Determination of organisational factors and their levels which may
have an impact on the quality of the drying process (e.g. the
location of cages in the chamber and the arrangement of lamellas in
the cage).
c. Selection of the input material (type and geometry of wood).
d. Selection of the sample size.
2. Identification of the features of lamellas which may give rise to nonconformities in the drying process.
3. Definition of possible types of non-conformity of lamellas after the
drying operation.
4. Selection of the sample size, in compliance with the assumptions set out
in step 1.
5. Assessment of the study sample before the drying operation, in
compliance with the guidelines set out in step 2, and assignment of
lamellas to groups having the same features.
6. Carrying out of the drying operation, taking into consideration the
factors identified in step 1b.
7. Assessment of dry, unpolished lamellas against the criteria set out in
step 3.
8. Data analysis aimed at identifying the non-conforming fractions as
defined in step 3, taking into consideration the organisational factors
identified in step 1b.
9. Repetition of the drying operation with altered drying parameters.
10. Statistical analysis aimed at comparing non-conforming fractions from
three drying processes against the determined factors – determination of
statistically relevant factors and their values enabling the minimisation
of non-conforming fractions.

Results and discussion
The case study was conducted at the facility of Barlinek Inwestycje Sp. z o.o.,
a floorboard manufacturer, as part of the BIOSTRATEG project [Biostrateg
2016]. The process of drying lamellas was examined in accordance with the
methodology.
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Steps 1 and 2: Preparation of the study; Identification of the features of lamellas
which may give rise to non-conformities in the drying process.
The experiment was performed in a Mühlböck Type 606/1306 convection
chamber, referred to within the company as VAN-28. The manufacturer provides
the following specification for the chamber: heating power 280 kW, water
temperature 115°C, water flow 12.5 m3/h. The chamber is equipped with four
3 kW fans.
The internal dimensions of the loading space of VAN-28 (width × depth ×
height) are 6.5 × 5.3 × 4.2 m. The chamber capacity is 24 cages, 16 large and 8
small, with the following dimensions: large cage 2720 × 1280 × 1480 mm,
small cage 2720 × 1280 × 983 mm.
The arrangement of cages in the chamber is presented in Figure 2.

Fig. 2. VAN-28 chamber (based on data supplied by Barlinek Sp. z o.o.)

The organisational factors identified as possibly affecting the result of the
drying operation included the arrangement of cages in the chamber, the
arrangement of lamellas in a cage, and the class of wood [Biostrateg 2016].
The input material for the experiment was unpolished oak lamellas of rated
dimensions 4.15 × 220 × 2500 mm, both knotless and knotted. It was assumed
that owing to the reversion of ventilation, the right-hand and left-hand sides of
the chamber had comparable drying properties. Therefore, cages with knotless
lamellas were loaded into the left-hand side of the chamber, and cages with
knotted lamellas into the right-hand side (Fig. 3). Such an arrangement of
lamellas was important for efficient logistics in the organisation and preparation
of the experiment and analysis of the results.
The experiment involved the assessment of lamellas from 10 out of 24 cages
in the drying facility. In Figure 3, the cages containing the analysed lamellas are
marked in purple. Knotless lamellas are contained in cages 1-5, and knotted
lamellas in cages 6-10. Details concerning the input material are given in
Table 1.

The methodology of acquisition and statistical analysis of data from the process...

49

Fig. 3. Arrangement of cages for the experiment in the VAN-28 chamber (diagram
by the authors)
Table 1. Detailed characteristics of the input material
Dimensions
No.

Thickness

Width

Length

(mm)

(mm)

(mm)

1.

4.15 ±0.2

220 +5/-1

2450 ±20

2.

4.15 ±0.2

220 +5/-1

2450 ±20

Class of
wood

Moisture
content
(%)

8 large cages and
4 small cages

Knotless

~50-80

8 large cages and
4 small cages

Knotted

~50-80

Quantity

A set of 600 wet lamellas with specified features was prepared for each
experiment. The features of a wet lamella which might cause non-conformity
after the drying operation included knots, cracks, and knotty fibre pattern
[Biostrateg 2016]. Small cages (983 × 1280 × 2720 mm) held ca. 200 lamellas,
and large cages (1480 × 1280 × 2720 mm) held ca. 290. Three zones, upper,
middle and lower, were distinguished in each cage.
Each zone consisted of four layers, each of five lamellas with a particular
material feature. The material features of lamellas were assessed during the
cutting of planks. Four groups of lamellas were distinguished – those with knots,
those with cracks, those with a knotted fibre pattern, and plain, i.e., without any
deficiencies (Table 1).
Step 3: Definition of possible types of non-conformity of lamellas after the
drying operation.
In the next step of the methodology, types of non-conformities which might
occur during the drying operation were defined: cracking of the end, cracking of
a knot, hump (bump), knot hole (a fallen-out knot), cracking of the surface,
banana, and propeller (Fig. 4) [Biostrateg 2016].
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Fig. 4. Example non-conformities after the drying operation (authors’ own work)

Step 4: Selection of the sample size.
The sample size was determined by the loading capacity of the drying
chamber. Sixty lamellas were examined in each cage, having previously been
arranged in specific zones and layers (Table 2). Six hundred lamellas were
assessed in each experiment.
Table 2. Numbers of lamellas with particular features per experiment
Material feature
Knot
Crack
Knotty fibre pattern
Mixed and plain

Number of
lamellas in one
layer
5
5
5
5
TOTAL

Number of lamellas
in one cage
15
15
15
15

Number of lamellas
assessed after one drying
operation
150
150
150
150
600

Step 5: Assessment of the study sample before the drying operation, in
compliance with the guidelines set out in step 2, and assignment of lamellas to
groups having the same features.
Step 6: Carrying out of the drying operation, taking into consideration the
factors identified in step 1.
With the support of the expertise and experience of Barlinek engineers, three
drying programmes were defined. Drying was performed semi-automatically to
control the values of selected parameters at specified stages of the process.
During the process, the content of moisture in the wood, M (%), was
measured by means of sensors placed at selected locations in the drying
chamber. The data collected from the sensors was used to control the values of
process parameters 1-3. It was assumed that the duration of cooling
(parameter 4) would be determined depending on the duration of drying, while
the direction of the fans (parameter 5) would be reversed every two hours for
each drying programme. The values of parameters for individual drying
programmes at specified moisture levels are presented in Tables 3 and 4.
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Table 3. Values of parameters for each of the three drying programmes
Programme 1
M (%)

100

30

20

15

t (°C)

28

28

35

50

dt (°C)

4

UGL

12

5.9

8.5

11

11.7

9

7.8

Programme 2
M (%)

100

30

20

15

t (°C)

28

28

34

39

dt (°C)

4.4

UGL

5.1

13

12

7.8

10.2

9.5

8

Programme 3
M (%)

100

30

20

15

t (°C)

28

28

32

37

dt (°C)

3.1

UGL

3.7

15

14

6.6

9.4

10.5

8.5

Table 4. Comparison of the three drying programmes
Programme

No. of cages

Duration (h)

Notes on the drying programme

1

24

67

Applied to date

2

24

73

Less severe

3

24

121

–

Step 7: Assessment of dry, unpolished lamellas against the criteria set out in
step 3.
After the drying operation, the lamellas were assessed by the company’s
quality control officers against the acceptance criteria presented in Table 5.
Steps 8, 9 and 10: Data analysis aimed at identifying the non-conforming
fractions as defined in step 3, taking into consideration the organisational factors
identified in step 1b; Repetition of the drying operation with altered drying
parameters; Statistical analysis aimed at comparing non-conforming fractions
from three drying processes against the determined factors.
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Table 5. Lamella assessment criteria
Feature

Acceptance criteria

THICKNESS

The thickness criteria are derived from the requirements for
certain types of lamellas. A lamella of thickness
4.15 ±0.2 mm will be used in the experiments in Task 2 and
3. Lamellas with dimensions outside the tolerances will be
marked as non-conforming.

MOISTURE CONTENT

The expected content of moisture of an unpolished lamella
after drying is 12%.

GEOMETRIC
DEFORMATIONS:
‒ lengthwise curvature
Lengthwise curvature: xmax = 15 (mm)
lateral buckling

‒

Lateral buckling: ymax = 1.0 (mm)
twisting (“propeller”)

‒

Twisting: zmax = 15 (mm)

transverse curvature

‒

Transverse curvature: tmax = 2 x thickness of the lamella
LOCAL GEOMETRIC
DEFORMATIONS: HUMP

CRACKING:
–

–

of the surface:

at the end:

For knotless lamellas: frontal cracking of the lamella is
unacceptable.
Knotted lamellas: cracking of a knot hole, or of a knot, of
maximum length 50 mm and width 3 mm, one-sided, or
length 2 × 25 mm and width 3 mm, two-sided; total length of
cracking on a lamella up to 600 mm, total width 3-8 mm,
distributed
For class A: frontal cracking of the lamella is unacceptable
For classes B-F: max. 2 cracks on each end (dimensions as
specified for cracks on the surface)
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Due to the cost of the material, it was impossible to perform a traditional
active experiment on the process of drying the surface layer of a floorboard. At
the same time, there were insufficient relevant data collected to perform
a passive experiment. Following the steps of the described methodology, the
authors ensured that appropriate technical and organisational conditions were in
place to analyse the data by statistical inference.
The Chi-Square test was used for several proportions to compare the
fractions of non-conformities analysed after the drying operation, taking into
consideration the previously specified factors: the class of wood (knotless,
knotted), the drying programme (1, 2, 3), the arrangement of lamellas in
a cage (upper, middle and lower zone), and the location of cages in the
chamber (front, middle section, back). The non-conformities analysed included
humps, cracking of the surface, cracking of knots, knot holes, bananas and
propellers. The total fraction of non-conformities was also considered for
particular factor levels.
An analysis of the relevance of individual factors is presented further in the
paper. The relevance was assessed on the basis of fractions of non-conformities
occurring at specific factor levels. A factor was deemed relevant if, for an
analysed non-conformity/non-conformities, the fraction was statistically
significantly different at any of the factor levels.
Class of wood
The class of wood proved to be irrelevant for each of the analysed drying
programmes (level p > 0.05). No statistically significant differences occurred
between the fractions of non-conforming lamellas in the knotted and knotless
classes (Table 6).
Table 6. Test statistics

Class of
wood

Knotless
Knotted
N
df
chi-sq.
p

Programme 1

88,00%
93,00%
543
1
0.414
0.520

Programme 2

87.7%
99.3%
561
1
2.183
0.139

Programme 3

100%
98,00%
594
1
0.061
0.806

Class of
wood

Knotless
Knotted
N
df
chi-sq.
p

Total fraction of
non-conforming
lamellas for three
drying
programmes
91.7%
96.7%
1796
11.87
0.001

However, the total fraction of non-conforming lamellas in the knotless class
was significantly lower than in the knotted class (p < 0.001) (Table 6). This may
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follow from the fact that knots, knotted fibre patterns and cracks naturally occur
less frequently in the knotless classes of wood (classes A and B), which
translates directly into a smaller number of defects occurring in the drying
process.
Drying programme
A comparison of the three drying programmes shows that on average, the best
result was achieved for Programme 1: ca. 90% of lamellas were non-conforming
in the analysed sample of 600 lamellas. The corresponding values were ca. 94%
and 99% for Programmes 2 and 3 respectively. The differences are statistically
insignificant (p = 0.309) and may be caused by the random selection of the
sample. Therefore, the initial conclusion may be drawn that the drying
programme has no impact on the occurrence of defects (Table 7).
Table 7. Test statistics
Class of wood
Programme 1
Programme 2
Programme 3
N
df
chi-sq.
p

Total fraction of nonconformities for three
drying programmes
90,00%
93.5%
98.8%
1696
2
2.350
0.309

Cracking of
the end

Cracking of
the surface

Knot hole

59.8%
67.7%
70.8%
1190
2
5.820
0.054

4.7%
7.2%
15.5%
164
2
42.378
<0.0001

12.3%
16.3%
20.2%
293
2
11.311
0.003

An analysis of the fractions of particular non-conformities occurring in
lamellas in various drying programmes shows that the drying programme is
relevant for cracking of the end of the lamella (p=0.054), cracking of the surface
(p < 0.0001), and knot holes (p = 0.003) (Table 7). A significantly lower level of
non-conformity was observed for Programme 1, the shortest of the three drying
programmes.
Considering that the input material was of the same quality for the entire
study (there were no significant differences implying that some batches of the
material might be of better or worse quality when leaving the lumber mill), the
above results seem to confirm the conclusion that the drying programme, or
more specifically the duration of the drying operation, does not have any
material impact on the fraction of non-conforming lamellas.
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Arrangement of lamellas in a cage
The results of an analysis of non-conformities by the arrangement of lamellas in
the cage are similar to the results by drying programme (Table 8). The only
exception was observed for humps, which occur mainly in the upper zone of the
cage (35% on average) and only occasionally in the lower zone (8% on average).
For each drying programme, the fraction of non-conformities of the hump
(bump) type is higher in the upper zone of the cage, and the difference is
statistically significant (p < 0.0001 for all three drying programmes). This may
be caused by the fact that lamellas in the lower parts of the cage are pressed by
the layers above them, and cannot freely change their shape. Lamellas in the top
layer, on the other hand, are prone to deformations caused by variable stresses
occurring in the drying process.
Location of the cage in the chamber
The results of an analysis of the location of the cage in the chamber failed to
show any statistically significant differences between the fractions of non-conforming lamellas. This means that the distributions of non-conformities in
the parts of the chamber – at the front, in the middle and at the back – are
comparable.

Conclusions
The tests conducted here show that Programme 1, the shortest of the three drying
programmes, may be used for drying lamellas. Longer and slower drying fails to
reduce significantly the number of non-conforming lamellas. The three drying
programmes produce comparable results.
However, the arrangement of lamellas in the cage should be re-designed to
protect all lamellas from deformation. In this way, the number of lamellas with
humps – a non-conformity of critical importance in the next operation, namely
grinding (it poses a risk of inaccurate grinding) – could be reduced. In the
authors’ opinion, minimisation of the number of non-conforming lamellas after
the drying operation would require the design and implementation of a new
technology for drying thin items (3-6 mm) or lamellas. The VAN-28 type of
drying equipment, used for drying lamellas, is designed for drying wood planks.
The fact that thin lamellas are dried in equipment designed for drying elements
thicker than 25 mm may be the reason for the high unpredictability of the
process.
The diverse physical, chemical, mechanical, biochemical, and other
properties of wet wood, and quality requirements concerning the dry product,
have driven the development of various drying technologies and equipment. It is
difficult to define a universal drying method or an optimal technical solution for
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9
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34.0
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17.5

41.0
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0.36 53.77
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2
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2

68
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1
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1

0.18
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2
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2

3
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0.46

2
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2
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4

2

2

0
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0

3

0.002 0.14

12.18

2

11

1.0

0

4.5

2

Banana/propeller
(%)
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a drying facility which would meet certain requirements. Therefore, there is
a need for empirical experimental studies to select the method and parameters of
the drying process appropriate for specific materials, as well as requirements
concerning quality and efficiency.
The original study method presented in this paper takes into consideration
technical, organisational and financial constraints, that is, the manufacturing
environment (often ignored in scientific papers in this field of study). Contrary
to the traditional approach to planning experiments (compliant with the DoE
methodology and passive experiments), the organisation of the drying process
presented in this paper makes it possible to collect data which may be used for
analyses and statistical inference.
The original method presented in this paper is universal and applicable to
other types of research, not only in the wood industry.
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DETERMINATION OF METAL CORROSION IN WOOD
TREATED WITH NEW-GENERATION WATER-BORNE
PRESERVATIVES

In this study, the corrosion performances of ammonium copper quaternary (ACQ)
and boric acid (BA) wood preservatives were investigated, with micronized
copper quaternary (MCQ) and nano boron (NB) used as reference materials. In
the study, Scots pine (Pinus sylvestris L.) wood samples were impregnated
according to the full-cell process method with ACQ at 2.4% concentration, BA at
4% and MCQ and NB at 1%. The ACQ- and BA-impregnated samples were then
impregnated for a second time using five different water-repellent materials: tall
oil, linseed oil, sodium silicate, methyl hydrogen silicone and N'-N-(1,8naphthalyl)hydroxylamine. Polyethylene glycol (PEG) 600 and aluminum sulfate
were introduced as single impregnations in the form of homogeneous mixtures
with ACQ and BA. The corrosion properties of the impregnated and control
samples, including metal weight loss (MWL) and corrosion depth, were examined.
The MWL values of the ACQ-impregnated samples showed an increase compared
to the control group. The MWL values of the MCQ-impregnated samples were
lower than those of the samples impregnated with ACQ, whilst the MWL values of
the BA-impregnated samples were higher than those of the samples impregnated
with NB.
Keywords: Alkaline copper quaternary (ACQ), boric acid (BA), micronized
copper quaternary (MCQ), nano boron (NB), corrosion test

Introduction
Wood is a material that grows in the natural environment and, in addition to
corrosion, is affected by UV rays, humidity, rainfall, snow, moisture, white frost,
wind, temperature, O2 and polluting gases in the outdoor environment. As
a result of moisture, corrosion occurs in the nails and screws used in the
assembly of wooden construction materials, thus causing serious damage to
buildings. In the conventional sense, corrosion refers to the degradation of
metals and alloys as a result of their chemical and electrochemical reactions with
their surroundings. However, new findings indicate that non-metallic materials
Ahmet CAN (acan@bartin.edu.tr), Bartin University, Bartın, Turkey; Hüseyin SIVRIKAYA
(hsivrikaya@bartin.edu.tr), Bartin University, Bartın, Turkey; Cihat TAŞCIOĞLU
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are also affected in a similar manner by environmental conditions. Corrosion is
known as a surface phenomenon; in other words, it occurs at the interface being
the place of contact between the metal and the environment [Can 2011].
Corrosion constitutes damage and loss incurred by metallic materials.
Consequently, it leads to significant loss in terms of safety as well as in
economic terms. For example, fracturing in some important parts of an aircraft
due to corrosion (e.g., corrosion fatigue, stress corrosion cracking) may cause
the plane to crash. Corrosion is the most significant reason for wastage of the
world’s limited metal resources. Almost half of the metallic materials produced
annually become unusable by the end of the year because of corrosion. Although
deactivated metallic materials can be partially utilized as scrap, one-third of the
total is lost for further recycling. Corrosion pollutes the environment, and also
accelerates metal corrosion in the polluted environment. The loss of metal makes
new metal production a necessity, and consequently increases the amount of
atmospheric and water pollution caused by its production [Yıldız and Can 2012].
Wood is a material that is naturally prone to corrosion, and may become
more corrosive depending on the environment to which it is exposed and the
modification applied. The extractive substances, moisture content and pH of
wood play an important role in the formation of corrosion. As a general rule,
woods with a pH value of less than 4 are highly corrosive. If the content of
moisture within the wood is higher than 20%, corrosion formation is accelerated,
and the corrosion rate increases in parallel with the increase in moisture. If the
wood gets wet, it can be prone to corrosion at any temperature, but especially at
high temperatures, despite being thoroughly dried. The corrosion rate values are
expected to decrease in parallel with a decrease in the absorbed water ratio.
However, although chemical substances used during the impregnation process
reduce the water uptake of the wood, the chemical properties of the materials
can themselves cause corrosion [Yıldız and Can 2012; Anonymous 1999].
The aim of this work was to determine the weight loss and corrosion of
metal in contact with wood treated with ammonium copper quaternary (ACQ)
and boric acid (BA) preservatives, and to compare the findings with those for
untreated wood and wood treated with micronized copper quaternary (MCQ)
and nano boron (NB). The role of the impregnation substances in the reduction
of corrosion due to the effect of moisture was also evaluated.

Materials and methods
Scots pine (Pinus sylvestris L.) sapwood timber with an oven-dry density of
490 kg/cm3 and an average growth ring width of 0.2 cm was purchased from the
Kartal Ahşap Company in Bartin, Turkey. The wood was cut into small samples
with the dimensions 20 × 20 × 45 mm. The samples were free of knots and
showed no visible evidence of infection by mold or fungi. Alkaline copper
quaternary (ACQ) and micronized copper quaternary (MCQ) wood preservatives
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were purchased from the Koppers Company, boric acid (BA) from Eti Maden
İşletmeleri, and nano boron (NB) from Ege Nanotek Kimya Sanayi. Sodium
silicate (SS), aluminum sulphate (AS), polyethylene glycol (PEG), methyl
hydrogen silicone (MHS), and N'-N-(1,8-naphthalyl)hydroxylamine (NHA-H)
were purchased from Duzey laboratory chemicals and devices, all in Turkey. The
substances other than impregnating agents (ACQ, MCQ, BA, NB) can be
classified as water-repellent (excluding PEG).
The concentrations of the preservatives and their formulations are listed in
Table 1 together with the treatment descriptions. The variations were formulated
with BA.
Table 1. Impregnation method variations and samples created
Variations*

Treatment description

2.4% ACQ
2.4% ACQ + 50% TO

1st

impregnation with ACQ then 2nd impregnation with TO

2.4% ACQ + 100% LO

1st

impregnation with ACQ then 2nd impregnation with LO

2.4% ACQ + 30% SS
2.4% ACQ, 20% PEG
2.4% ACQ, 5% AS
2.4% ACQ + 5% MHS
2.4% ACQ + 0.1% NHA-H
1% MCQ
1% NB
TO
LO
SS
PEG
MHS
NHA-H

Impregnated with ACQ only

1st impregnation with ACQ then 2nd impregnation with SS
Single impregnation by mixing ACQ and PEG
Single impregnation by mixing ACQ and AS
1st impregnation with ACQ then 2nd impregnation with MHS
1st impregnation with ACQ then 2nd impregnation with NHA-H
Impregnated with MCQ only
Impregnated with NB only
Impregnated with TO only
Impregnated with LO only
Impregnated with SS only
Impregnated with PEG only
Impregnated with MHS only
Impregnated with NHA-H only

*Variations with ACQ were also formulated with BA.

Wood preservatives were prepared at different concentrations (Table 1) and
were impregnated for 30 min under vacuum and then for 60 min under
a pressure of 0.6 MPa. The weight of the samples was recorded before
impregnation (Mf) and after impregnation (Ms). The retention of the samples
was calculated using equation (1) below. Subsequently, the samples were
conditioned for two weeks in a climate-controlled cabinet at 20°C and 65%
relative humidity.
After the conditioning process, the samples to be subjected to the second
impregnation process were dried at 103°C until they reached oven dry weight.
After recording the oven dry weights of the samples (M1), they were
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impregnated with the solutions prepared at different concentrations (Table 1) for
30 min under vacuum and then for 60 min under a pressure of 6 bar. After the
second impregnation process, the samples were conditioned for one week in
a climate-controlled cabinet at 23°C and 65% relative humidity. After
conditioning, the samples were allowed to dry at 80°C for 2 days (M2). The
weight percentage gain values (WPG%) of the samples after the impregnation
were calculated using equation (2).
For the tall oil (TO) impregnation, oil/water emulsions were prepared with
tall oil in a ratio of 1/1 (weight/weight). Sodium lauryl sulfate (SLS) was added
at a ratio of 15% as the surface active agent. In the preparation of the emulsion,
the oil and surface active agent were thoroughly mixed with a blender
(3000 rpm) and pure water was slowly added while the mixing continued. The
prepared emulsion was then mixed in a magnetic mixer for 1 h. The NHA-H was
prepared with a 0.1% concentration of methanol. Pure water was used for the
preparation of the solutions of MHS, LO and SS.
Retention (kg/m3) = G × C × 10/V
(1)
where G is the amount of the impregnated material absorbed by the sample
(Ms – Mf) (g), C is the concentration of the impregnation solution (%), and V is
the sample volume (cm3).
WPG (%) = (M2 – M1)/M1 × 10
(2)
where M2 is the dry weight after impregnation (g) and M1 is the oven dry
weight before impregnation (g).
The AWPA E12 [2015] standard was used for the corrosion test. For this test,
10 air-dried wood samples with dimensions of 20 × 20 × 45 mm were used. The
screws used had diameters of 2.35 mm and 30 mm. Five samples were used for
each variation. Screws were driven in the middle of the 45 × 20 mm surfaces of
the air-dried samples.
Prior to being driven into the wood samples, the screws were washed with
ethanol to clean them of any grease and sediments. The cleaned screw samples
were numbered and their pre-test weights (M1) were determined at a sensitivity
of 0.0001 g. The area of the metal was 0.000381465 m 2 and the density was
1.18 kg/dm3. The samples were kept at 25°C and 97% relative humidity for eight
weeks.
After the test, the wood samples were split and the screws removed. The
sample carbon steel screws were cleaned by washing with 10% ammonium
citrate. After cleaning, the screws were weighed (M2). From this data, the metal
weight loss (MWL) in the screw samples was calculated using the formula in
equation (3), and the depth of the corrosion formed was calculated using the
formula in equation (4).
Metal weight loss (g/m2) = ((M1 – M2))/(Metal area (m2))
(3)
2
3
Corrosion (µm) = (Metal weight loss (g/m ))/( Metal density (kg/dm )) (4)
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The data were analyzed using the SPSS version 16.0 statistical package
program, based on a 95% confidence level. The data and the statistical
differences between them were calculated by multiple variance analysis. The
Duncan test was performed to determine differences in the variances.

Results and discussion
The weight gain (%) values of the 20 × 20 × 45 mm samples used for the
corrosion test after impregnation are presented in Figure 1.

Fig. 1. Weight percent gain values (%) of samples after impregnation
The retention value obtained was 14.95 kg/m 3 in the samples impregnated
with ACQ, 26.71 kg/m3 in those impregnated with BA, 6.32 kg/m 3 in those
impregnated with MCQ, and 6.63 kg/m 3 in those impregnated with NB. When
the samples were impregnated with water-repellent agents after the first
impregnation with ACQ and BA, a lower WPG value was obtained (except for
LO) than for samples treated with the water-repellents alone. In the samples
which were subjected to the second impregnation process after the impregnation
with ACQ, the lowest weight gain (60.73%) was recorded with TO and the
highest (154.12%) with MHS. Polyethylene glycol (PEG), which was applied in
a single impregnation mixed with ACQ, yielded a WPG value of 75.82%, while
a value of 172.95% was obtained using the aluminum sulfate (AS) mixture.
In the samples which were subjected to the second impregnation process
after impregnation with BA, the lowest weight gain (39.96%) was obtained with
TO and the highest (150.33%) with MHS. PEG, which was applied in a single
impregnation mixed with the BA, yielded a WPG value of 150.09%, while
a value of 156.78% was obtained using the AS mixture. The weight gain values
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obtained in these cases were higher than those for samples impregnated with
ACQ. High weight gain values were observed in the impregnation processes
with water-repellent materials only. The highest weight gain (175.48%) was
observed with MHS, and the lowest in samples impregnated with LO.
MWL values (g/m2) obtained for the materials with ACQ and BA in
combination with water-repellents, the MCQ and NB samples and the control
samples, and the differences in values compared with the controls, are shown in
Figures 2 and 3. In addition, the corrosion depth (μm) of the samples and the
differences generated by the variations relative to the control are shown in
Figures 4 and 5.

Fig. 2. Metal weight loss (g/m 2) of samples impregnated with copper
compounds and metal weight loss change (%) relative to the control
The MWL for the Scots pine wood samples used in the study was found to
be 32.70 g/m2 and the corrosion depth was found to be 33.70 μm. In corrosion
studies using spruce and black larch, respective metal weight losses of
301.2 g/m2 and 256.6 g/m2 and corrosion depths of 38.61 μm and 32.9 μm were
obtained. The low MWL values obtained in this study can be attributed to the
differences between the wood and the metal used. After the impregnation
process, the MWL values with the ACQ-impregnated samples increased relative
to the control, with a statistically significant difference between the control and
the ACQ sample (p > 0.05). Corrosion formation was increased due to the Cu+
ions in the wood materials impregnated with copper compounds [Baker 1988;
Zelinka and Stone 2011]. Past reports have emphasized that the corrosion rate
increases in parallel with an increase in copper concentration [Kear et al. 2009;
Zelinka and Rammer 2011; Zelinka and Stone 2011].
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Fig. 3. Metal weight loss (g/m2) of samples impregnated with boron
compounds and metal weight loss change (%) relative to the control

Fig. 4. Corrosion depth (μm) of samples impregnated with copper
compounds and corrosion depth change (%) relative to the control
In the analysis of the combinations of ACQ with water-repellent agents, the
MWL values decreased in all variations except for the case of AS. The minimum
MWL was obtained as 27.39 g/m 2 with LO used at 100% concentration, while
the maximum MWL was obtained as 100.49 g/m 2 with AS used at
a concentration of 5%. The ACQ (67% copper oxide, 33% DDAC) and AS
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Fig. 5. Corrosion depth (μm) of samples impregnated with boron
compounds and corrosion depth change (%) relative to the control
[Al2 (SO4)3] materials were mixed together for a single impregnation. It was
thought that the copper oxide in this formulation reacted with the sulfate to form
copper(II) sulfate (CuSO4), and that this resulting CuSO 4 increased the MWL
values. In contrast, the MWL obtained with a single impregnation using the BA
and AS mixture was not as high as that of the variation using ACQ (100.49 g/m 2)
[URL-1, 2017]. Like all copper compounds, copper sulfate also has highly
corrosive properties. One previous study also reported that aluminum sulfate
used as a fire retardant demonstrated a corrosive effect [Baker 1980].
LO and TO significantly reduced the MWL values. This is mainly due to the
low water intake of the oil-treated wood samples. Although the moisture content
of the control samples was 22.64% at the end of the test, the moisture content
values of the samples impregnated with TO and LO were 18.14% and 13.50%
respectively. After the impregnation process, the water intake rate of the wood
decreases, because the hemicelluloses and OH groups connected to the cellulose
are blocked as the cell walls are filled with oil, and thus the moisture content,
which accelerates the formation of corrosion, can be lowered [Tomak 2011].
BA, which is not as corrosive as ACQ, reacts like a mild acid and may cause
corrosion in metals. In the wood samples impregnated with BA, 30.67 g/m 2
MWL occurred. Statistically, this was at the same level as in the control
(p > 0.05). The lowest MWL with the variations formulated with BA was
obtained in the samples impregnated with TO (24.64 g/m 2), and the highest in
samples impregnated with SS (33.55 g/m 2). In the case of water-repellent agents
used alone, the maximum MWL value was obtained in samples impregnated
with AS (54.13 g/m2), while the minimum MWL was obtained in samples
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impregnated with TO (22.68 g/m2). When examining the chemical substances
used in micro and nano sizes, it was observed that the metal loss and the
corrosion depth generated were significantly reduced with both MCQ and NB
compared with macro-sized agents. The MWL was found to be 37.16 g/m 2 and
the corrosion depth 31.49 μm in the sample groups impregnated with MCQ,
whereas the MWL was 20.62 g/m2 and the corrosion depth 17.48 μm in the
sample groups impregnated with NB. The NB samples had the lowest MWL
among all variations. The MCQ material, with its copper content, produced an
MWL value close to the control (37.16 g/m 2), and statistically there was no
difference between them. Studies in the literature examining the corrosion
properties of impregnated materials show that MCQ-impregnated materials had
a less abrasive impact [Zelinka and Stone, 2011]. Furthermore, in another study
it was stated that the copper content in MCQ was higher than the copper content
in ACQ, but that it had a less abrasive effect due to the fact that the copper in
MCQ is water-insoluble [Zelinka et al. 2010; URL-2 2017].

Conclusions
In this study, the MWL values obtained using the variations formulated with
ACQ were found to be higher than in the control samples. There were
statistically significant differences in metal weight losses between the samples
impregnated with ACQ and the control samples (p < 0.05). The maximum MWL
was obtained in samples impregnated with ACQ+AS. With some formulation
variations, the corrosive impact of the ACQ material was reduced.
The MWL values of the samples impregnated with MCQ were lower than those
of the samples impregnated with ACQ.
The samples impregnated with BA produced results similar to those of the
control samples. The MWL values of the samples impregnated with NB were
lower than those of the samples impregnated with BA.
In samples impregnated with water-repellent agents only, the maximum MWL
values were obtained with samples impregnated with AS.
Corrosion is an important problem with respect to copper compounds, and the
results obtained in our study confirm this. In the variations formulated with
ACQ, the MWL values after corrosion testing were significantly reduced with
some of the variations. It is recommended that, when they are to be used in
places where the corrosion risk is high, wooden materials should be impregnated
with ACQ variations formulated with water-repellent agents.
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INFLUENCE OF TOP LAYER DENSITY AND THICKNESS
ON HARDNESS OF TWO-LAYER FLOOR ELEMENTS

The subject of this paper is testing the hardness of two-layer floor materials with
top layer made of ash wood in tangential cut, and bottom layer made of pine
wood, radial cut, with cross wood fibre layout in both layers. Tests were carried
out for top layer thickness 6.6 mm, 4.0 mm and 2.0 mm. Strong correlations were
noticed between the hardness of floor elements and the density of the top layer for
each thickness variant. Overall statistically significant influence of bottom layer
density on the hardness of two-layer floor elements was observed in samples
whose top layer was 2.0 mm thick.
Keywords: floor elements, ash wood, pine wood, top layer thickness, wood
hardness, two-layer floor

Introduction
During the last decades, at the turn of the century, we were observing an increase
in the production of parquets (solid wooden floor materials; solid, multilayer
with top layer made of wood and mosaic) in Europe, with a collapse in 2008 and
2009, according to EFP data [The European Federation of the Parquet Industry
2017]. Recently, the production of parquets has been systematically increasing.
In 2016, it was equal to 80.4 million square meters. In 2016, Poland maintained
its position as the leader of parquet production in Europe, having 20.1% of the
market share. Total consumption was 77.0 million square meters, but only 5.1%
of the total parquets sold in Europe were bought by Polish customers. Due to an
increasing demand for parquets, new possibilities for European producers have
emerged. The most popular wood species for floor material in Europe is
European oak (Quercus petraea (Matt.) Liebl. and Quercus robur L.), which
dominates (80.8%) as a material for solid parquets and as a top layer material for
multilayer floors. In such layered floors, the top layer is made of oak wood
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veneer, the middle layer of solid pine wood, and the bottom layer of pine wood
veneer. The second most common material is ash wood (Fraxinus excelsior L.),
5.7%.
Floor is one of the interior architectural elements that have strong influence
on aesthetics, but is exposed to many factors that can cause deterioration of its
visual appearance. Floor materials should have good water resistance, high
thermal isolation (or, in the case of floor heating systems, sufficient thermal
conductivity), acoustic, non-slip and hygienic properties, good aesthetic
appearance, scratch and abrasion resistance, and hardness [Kozakiewicz and
Noskowiak 2012].
Hardness is a measure of resistance to localized plastic deformation
(accompanied by some elastic deformations) induced by either mechanical
indentation or abrasion. This property is very important in case of choosing
wood as floor material [Niemz and Stübi 2000; Heräjärvi 2004; Kozakiewicz
and Noskowiak 2012; Németh et. al 2014; Różańska 2014; Kozakiewicz and
Romanovski 2016]. For hardness determination, different methods are used. For
example: Brinell and Janka methods, but results of the mentioned methods are
significantly different [Starecki 1975; Kollmann and Cöte 1984; Schwab 1990;
Kúdela 1998]. According to Schwab [1990], the Brinell method gives reliable
results. By using this method, we can find differences in hardness in anatomical
directions and along annual growth rings, confirmed in the research of Hirata et
al. [2001]. According to research by Kontinen and Nyman [1977], a more
appropriate way to calculate indentation is by measuring its depth rather than its
diameter as in the original method. Heräjärvi [2004] found no difference
between these two variants for hardness determination of birch wood.
The Brinell method is not perfect, indentation diameter along the wood
fibres and perpendicular to fibres are not of the same length, as indentation is
elliptical in shape, so wood hardness determined with the original method has
lower values than when calculated using the variant with depth measurement
[Grekin and Verkasalo 2013]. Some researchers try to improve this method or
modify it [Niemz and Stübi 2000]. Most researches use the test standard [EN
1534:2000] or its new version [EN 1534:2011; Wang and Wang 1999; Grekin and
Verkasalo 2013; Laine et al. 2013; Merela and Čufar 2013; Różańska 2014;
Kozakiewicz and Romanovski 2016]. Wood hardness determined with the Brinell
method is related to wood density, moisture content and anatomical direction of
wood [Kollmann and Cote 1984; Wang and Wang 1999; Holmberg 2000].
According to research conducted by Grekin and Verkasalo [2013], Scots pine
wood from Finland is characterized by significant density variation and wood
hardness, and wood hardness is directly proportional to wood density with very
high coefficient of correlation.

Influence of top layer density and thickness on hardness of two-layer floor elements
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The top layer is made of elastic material, so local pressure, during floor
application, coming, for example, from high-heeled shoes or a rigid steel ball,
during hardness testing, could generate deformation under the rigid body and
around it. The theoretical aspect of half-space contact problems has been
analysed by Zhou and Gao [2013]. The top layer deformation and deflection
arrow depend on the top layer thickness, elasticity properties and rigidity of the
bottom layer.
There are floor products made of HDF and oak veneers at the top. Because
of the high hardness of the bottom layer and a thin top layer (1 mm), the
hardness of this floor material is about 20% higher than that of solid oak wood.
In Europe, one of the biggest floor materials manufacturer, Barlinek,
produces three-layer floor materials. The top layer of a floor panel is made of
oak wood, 3,2 mm thick, and the middle layer is made of solid pine wood. The
hardness of pine wood is significantly lower compared to oak wood, so in the
case of a two-layer material we can observe a reduction in the hardness of floor
panels compared to the hardness of solid oak wood.
Other producers of floor materials use birch plywood as the bottom layer of
two-layer floor materials. In this case, the difference in the hardness of the top
layer made of wood and the bottom layer is not so high, so we can observe
a lower reduction in the hardness of floor panels.
The purpose of this research is to determine the influence of a bottom layer
made of pine wood on the hardness of two-layer floor elements with the top
layer made of ash wood. Ash wood is the second most popular species used for
parquets – the first one being oak wood – because its hardness is similar to oak
wood hardness. Pine wood is often used for the support layer as a low-cost,
highly available material.

Materials and Methods
The floors used for tests were two-layer floors with top layer made of ash wood
cut in more popular tangential plane (Fraxinus excelsior L.) with more
interesting figure and bottom layer made of solid, pine wood cut in radial plane
(Pinus sylvestris L.) with a share of heartwood from 60% to 90%. The radial
plane used in the bottom layer offers a better support for the top layer for cross
grain gluing in two-layer floor materials. Therefore some producers of floor
materials use this kind of selected softwood. Vertical zones of late wood, which
have higher density, are stiffer than horizontal zones of early wood.
Pine wood is a typical kind of wood used for inner and bottom layers of
multilayer, real-wood floors. Wood for both layers was free from any structural
defects like knots, cracks, rot and insect holes. Layers were glued with glue
Ponal SUPER 3, aqueous polyvinyl acetate dispersion. The two-layer floor
elements had cross fibre layout like in plywood. Before gluing, density of each
layer was determined using stereometric methods according to ISO 13061-
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2:2014-10. Hardness of the parquet was determined in three stages, for 6.5 mm,
4.0 mm and 2.0 mm top layer thickness. There were 10 bottom elements, about
half meter long, for each of three sets of density, i.e. 400-500 kg/m 3, 500-600kg/m3 and 600-700kg/m3. For each bottom element, 5 top veneers of ash
wood were glued and thus 150 samples were obtained. For each sample,
3 hardness tests were carried out for the top layer thickness of 6 mm, 4,5 mm and
2 mm. Hardness was first determined for the top layer which was 6mm thick.
Subsequently, 5 blocked sample was planned to obtain a 4.5mm thick top layer.
The procedure was repeated to finally obtain material for hardness testing with the
top layer of 2 mm. Thus, a reduction in the top layer thickness was achieved by
a planning operation between the subsequent stages of hardness determination.
The measurement points of hardness testing for different top layer thickness
were located close to one another to reduce density changes in ash and pine wood,
but taking into account the influence of the reduction observed in earlier hardness
measurements. The bottom layer thickness was 24 mm. This size is not used in
real floor products, but it was used in the tests to have the bottom layer made of
solid pine wood, without the effect of a thin layer supported by a steel plate during
the hardness test. The bottom layer in the zone of hardness testing was made of
heartwood and sapwood and the average density was determined for these
elements before gluing. No significant changes were observed for the hardness of
pine softwood and heartwood. The hardness of two-layer samples was determined
according to EN 1534:2011 (test method for solid wood).
A 10 mm in diameter, hardened steel ball was used for the tests. A force of
1000 N was applied for 25 s. Hardness was calculated according to the formula
(1):
2⋅F
(1)
HB=
π⋅D⋅( D −√ D2 −d 2 )
where: HB – is the Brinell hardness [MPa], F – is the maximum load force
applied [N], D – is the diameter of the ball [mm], d – is the diameter of the
residual indentation [mm]. (the average of diameters along fibre d1 and
perpendicular to fibre d2).
Moisture content of wood samples was controlled using the oven-drying
method according to ISO 13061-1:2014-10. The total test samples count was 400
for each of the three variants of top layer thickness. Test results were subjected to
statistical analysis.
For selected samples, floor elements were cross cut in the zone of indentation,
after hardness determination. Surface of samples was sanded to prepare the
material for observation and analysis of wood deformation and compression using
Nikon optical microscope model SMZ1500.
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Results and discussion
Ash wood, as a ring porous hardwood species, is characterized by a high
variation in the density of ring zone. The density of earlywood, at absolutely dry
state, varies from 385 to 506 kg/m3, and the density of latewood varies from 721
to 803 kg/m3. The ratio of earlywood/latewood layer thickness depends on the
total annual growth ring. If annual growth ring is narrow, then earlywood layer is
thicker than latewood layer. In wider annual growth rings, latewood layer
dominates [Kollmann and Cöte 1984]. The density of tested solid ash wood with
moisture content about 9% (moisture level accepted for floor materials by EN
13489:2002) varied from 562 to 934 kg/m3 and average hardness was 39.9 MPa.
As a result, hardness, determined with the Brinell method on tangential section
of wood also had high diversity, with coefficient of variation equal to 27%.
Pine wood used for the bottom layer had density that varied from 401 to
648 kg/m3. Average hardness was 18.7 MPa and density 536 kg/m3. Wood with
density from 400 to 500 kg/m3 (average 450 kg/m3) had average hardness of
14.0 MPa; with density from 500 to 600 kg/m3 (540 kg/m3 on average) –
19.9 MPa; and wood with density over 600 kg/m3 (626 kg/m3 on average) –
22.7 MPa, respectively. In all cases, hardness was significantly lower than the
hardness of ash wood used in the top layer.
For floors with top layer thickness 6.5 mm, the average Brinell hardness was
42.3 MPa; for 4.0 mm: 38.8 MPa; and for 2.0 mm: 35.6 MPa, respectively
(Fig. 1). Linear, directly proportional relationships between the Brinell hardness
of ash wood and the density of tested top layer floor elements, with top layer
thickness 6.5, 4.0 and 2.0 mm, are presented on Figure 2. In all the cases, the
coefficient of determination was high, but directional coefficient of straight lines
is lower for the reduced top layer thickness, and lines are located below. This
results from an increasing influence of the bottom layer made of pine wood, with
lower density comparing to ash wood.
To minimize the influence of top layer density variations, samples were
grouped into 20 buckets in such a way that samples with similar bottom layer
density were put into the same bucket. This resulted in random top-layer
densities and practically the same bottom layer densities in each bucket. Then,
the mean of hardness and density values in each bucket was calculated. This
should minimize the influence of varying top-layer densities on the results.
The correlations between the hardness of two layer-floor elements and the
density of the bottom layer made of pine wood, while the top layer made of ash
wood had different thickness, are presented in Figures 3, 4 and 5. For top layer
thickness of 2.0 mm, the coefficient of determination R 2 = 0,3512 (R = 0,59) is
high compared to the data sets concerning other top layer thicknesses.

74

Marek GRZEŚKIEWICZ, Paweł KOZAKIEWICZ, Piotr BORYSIUK, Valerjan ROMANOVSKI, Andrzej CICHY

Fig. 1. Hardness of two-layer floor elements with different top layer thickness and
bottom layer density: top layer made of ash wood, bottom layer made of pine wood

Fig. 2. Correlation between Brinell hardness of two-layer floor elements and density
of top layer (top layer of different thickness)
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Fig. 3. Correlation between Brinell hardness of two-layer floor elements and density
of bottom layer (top layer thickness 6.5 mm)

Fig. 4. Correlation between Brinell hardness of two-layer floor elements and density
of bottom layer (top layer thickness 4.0 mm)
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Fig. 5. Correlation between Brinell hardness of two-layer floor elements and density
of bottom layer (top layer thickness 2.0 mm)

The results of cross-section analysis of two-layer elements in the zone of
indentation after the hardness test are presented in figures 6, 7 and 8. In elements
with lower hardness, higher compression and lasting deformations were
observed in the top layer.

Fig. 6. Cross section of a two-layer (ash/pine) floor element.=
Top layer thickness 2mm and bottom layer thickness 24 mm. Element before hardness
determination. Data regarding wood properties the same as in Figure 7].
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Fig. 7. Cross section of a two-layer (ash/pine) floor element after hardness
determination in the zone of indentation
Initial top layer thickness was about 2 mm. Floor element hardness was 52.5 MPa.
Bottom layer was made of pine wood with density 547 kg/m3 and top layer was made of
ash wood with density 830 kg/m3. Delamination is visible in the indentation zone.

Fig. 8. Cross section of a two-layer floor element (ash/pine) after hardness
determination in the zone of indentation
Top layer thickness was 2 mm. Floor element hardness was 34.7 MPa. Bottom layer was
made of pine wood with density 412 kg/m3 and top layer was made of ash wood with
density 648 kg/m3. Crack in the bottom of the top layer and deformations of rings in the
bottom layer are visible.
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Conclusions
On the basis of research and analysis of results regarding the hardness of twolayer floor materials with the top layer made of ash wood, tangential cut, and the
bottom layer made of pine wood, radial cut, with cross wood fibre layout in both
layers, the following conclusion were formulated:
1. The Brinell hardness of the top layer measured on longitudinal section of
wood is characterized by high variation (coefficient of variation: 27.8%,
26.8% and 27.8% for top layer thickness of 6.5 mm, 4.0 mm and 2.0 mm,
respectively) and was proportional to wood density.
2. In the case of top layer made of ash wood, 6.5 mm thick, the average Brinell
hardness of two-layer floor elements is 42.4 MPa.
3. There is practically no influence of the bottom layer density on the hardness
of two-layer floor elements in samples with top layer thickness of 6.5 mm
and 4.0 mm.
4. Statistically significant influence of bottom layer density on the hardness of
two-layer floor elements was observed in samples with top layer thickness of
2.0 mm.
5. During the hardness determination of two-layer floor elements, indentations
appeared in the bottom layer made of pine wood in samples whose top layer
was 2.0 mm thick.
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CATALYTIC CONVERSION OF LIGNIN BY IMMOBILIZED
Cu[H4]SALEN AND [H2]SALEN COMPLEXES UNDER
HYDROTHERMAL CONDITIONS

A comparative investigation was made of the effect of catalysis by immobilized
Cu([H4]salen) on the hydrothermal conversion of organosolv lignin. The
immobilization and hydrogenation of the complexes led to increased yield of
liquid products compared with the corresponding unimmobilized and
unhydrogenated complexes in catalytic conversion of lignin. In addition, the
method of immobilization of the complexes affected the catalytic performance in
lignin conversion, in which a higher yield of liquid products was obtained with the
SB-immobilized complexes (ship-in-bottle method) than with the IM-immobilized
complexes (impregnation method). The yield of liquid products obtained with
Cu([H2]salen) at 250°C and 4 MPa O2 in water was 6.00%, compared with
16.80% and 22.08% respectively for Cu([H4]salen)/IM and Cu([H4]salen)/SB.
Additionally, the addition of organic solvent had a marked effect on the catalytic
performance of Cu([H4]salen), and the highest yield of liquid products (27.06%)
was observed with Cu([H4]salen)/SB in water/methanol (80/20, v/v). The total
yield of liquid products varied depending on temperature and oxygen pressure,
and reached 46.01% under reaction conditions of 280°C and 6 MPa O2 in
water/methanol (80/20, v/v). GC-MS analysis showed the main compounds in the
liquid products to be phenols, with a yield of 32.16%. Other compounds included
alcohols, ketones, aromatics, olefins, cycloalkanes, and alkanes. A mechanism for
their formation was proposed based on the oxidation of a lignin model compound
under hydrothermal conditions.
Keywords: organosolv lignin; Cu([H4]salen); Cu([H2]salen); hydrothermal
pyrolysis
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Introduction
Lignin is a complex heterogeneous aromatic polymer constituting up to 30% of
plant material. Its aromatic structure suggests that it is a possible green feedstock
for use in the production of biomass-based materials. However, because of the
irregular three-dimensional network structure, the effective utilization of lignin
has been greatly restricted. Therefore, more green processes are needed to
explore possibilities of lignin conversion [Monteil-Rivera 2016].
In the past decades, several strategies have been employed for the
transformation of lignin to value-added products, such as pyrolysis and
gasification. Hydrothermal pyrolysis has been an important process in lignin
conversion, as water is a unique and environmentally benign solvent [Cheng et
al. 2017]. Atta-Obeng et al. [2017] prepared carbonaceous materials by
hydrothermal carbonization (HTC) of technical lignin, and found that the
condensation reaction promoted the carbonization in hydrothermal pyrolysis.
Besse et al. [2015] studied the hydrothermal conversion of eugenol as a lignin
model compound over a Pt/C catalyst and showed that the C=C double bond of
the propenyl chain was hydrogenated, but the hydroxyl and methoxy groups of
eugenol did not react under hydrothermal conditions. Some relevant reports
focusing on the cracking of the inter-unit linkages and the effect of catalysts
have stated that catalysis should be a key factor to fulfill the promise of lignin
depolymerization to specific products. Oxidative pyrolysis has been widely
applied in the conversion process due to its economic feasibility. Organometallic
catalyzed oxidation, polyoxometalate (POM) catalyzed oxidation, biomimetic
oxidation and enzyme-based oxidation have been studied, the aim being the
cleavage of designated inter-unit linkages [Díaz-Urrutia et al. 2016; Chang et al.
2017; De Clercq et al. 2017; Abejón et al. 2018].
Meanwhile, in a new effective path, biomimetic catalysis is employed to
solve the problem of selectivity and efficiency. Reactions have been studied by
many researchers in biomimetic catalysis using lignin [Springer et al. 2016] and
lignin model compounds [Badamali et al. 2011; Ambrose et al. 2013; Elder et al.
2013]. In addition, Tse et al. [2019] observed that immobilization of porphyrin
into carbon-based materials prevented unwanted aggregation of the complex and
increased oxidation. It was thus shown that biomimetic catalysis with salen and
porphyrin complexes promoted the improvement of lignin transformation and
specific product yield. It was also found in our previous research that lignin was
increasingly degraded with the use of biomimetic catalysis, particularly the
β-O-4, β-1, β-5 and β-β linkages, and improvements were obtained due to the
immobilization of a biomimetic catalyst. The products obtained, such as
aldehydes, ketones, alcohols, acids, phenols, furans, cyclohexadienone and
biphenyls, were also found in biomimetic treatment of lignin, as detected by
GC-MS [Tang and Zhou 2015; Zhou and Tang 2016]. In this study, the effects of
biomimetic catalysis on lignin conversion under hydrothermal conditions were
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investigated, where the [H4]salen complex was used as a catalyst in comparison
with the [H2]salen complex. Their suitability for hydrothermal conversion at
elevated temperature and in aqueous environments was evaluated, and
fundamental research on understanding the oxidative process was carried out
using lignin model compounds.

Materials and methods
Materials
The following commercially available reagents were used as received: guaiacol
(Sigma-Aldrich, 99.0%), 1,4-dioxane (Sinopharm Chemical Reagent, analytical
grade), acetone (Sinopharm Chemical Reagent, analytical grade),
tetrahydrofuran (Sinopharm Chemical Reagent, analytical grade), acetonitrile
(Sinopharm Chemical Reagent, analytical grade), acetic acid (Sinopharm
Chemical Reagent, analytical grade), ethanol (Sinopharm Chemical Reagent,
analytical grade), methanol (Sinopharm Chemical Reagent, analytical grade),
anhydrous sodium sulfate (Sinopharm Chemical Reagent, analytical grade). The
other chemicals used in the synthesis of lignin model compounds were reagent
grade and were used as supplied by Aldrich Scientific. An organosolv lignin
(Sigma-Aldrich, China) was used as a lignin sample; its sugar content, lignin
content, ash content and molecular weight were 0.33%, 98.82%, 0.12% and
2832 respectively, and it contained 63.13% C, 5.27% H, 0.31% N, and
31.29% O.
Preparation of immobilized Cu[H4]salen and [H2]salen complexes
The immobilized Cu[H4]salen and [H2]salen complexes were prepared and
characterized as reported in our previous publications. Their textural
characteristics were as given in the reference [Zhou 2014].
Synthesis of lignin model compound
The lignin model compound (Fig. 1) was synthesized as in our previous work
[Zhou and Lu 2016].
Catalytic experiments
20 g lignin, 1.0 g neat or 0.1 g immobilized complex (based on neat complex)
and 100 ml solvent were added successively to a 300 ml Parr reactor. The reactor
was evacuated with nitrogen three times, and filled with oxygen gas until
a pressure of 4 MPa was maintained. The mixture was then heated to the desired
temperature under stirring (600 rpm). In the course of the reaction, direct
samplings were carried out at required intervals.

84

Xue-Fei ZHOU

Fig. 1. Lignin model compound

The sample was filtered using a folded filter paper and washed with DI
water. The liquid was extracted using an equal amount of diethyl ether to obtain
a diethyl ether phase. The water phase obtained in the first extraction was then
extracted using an equal amount of ethyl acetate to obtain an ethyl acetate phase.
The two organic phases were dried with anhydrous sodium sulfate, filtered and
dried in vacuum. Finally, the solid sample was dissolved in chloroform for
GC-MS analysis.
The liquid products were quantitatively determined by GC-MS (Agilent
HP6890-5973, equipped with an Rtx-5Sil MS column, 30 m × 0.25 mm ×
0.25 μm), with undecane used as the internal standard. The temperature program
for GC-MS was as follows: 40°C (10 min) → 280°C (10°C /min), hold for
5 min. Products were identified by means of the Wiley library HP G1035A and
the NIST library of mass spectra and subsets HP G1033A.
The yield of compound was calculated based on the internal standard. Total
yield was obtained by summing the yield of each compound.
Results and discussion
Effect of catalyst on lignin conversion
Biomimetic catalysts were used in this work for the hydrothermal
depolymerization of organosolv lignin. The results are shown in Figure 2. The
main products obtained in hydrothermal conversion included phenols, alcohols,
alkanes, ketones, aromatics, olefins, cycloalkanes, and alkanes.
Compared with the neat complexes, the yields of liquid products obtained in
the catalytic conversion of lignin by the immobilized complexes were
significantly higher; the values were 7.64%, 9.47%, 16.80% and 22.08% for
catalysis by Cu([H2]salen)/IM, Cu([H2]salen)/SB, Cu([H4]salen)/IM and
Cu([H4]salen)/SB respectively. Metal [H2]salen and [H4]salen complexes
immobilized in the pores and void spaces of NaY have been reported to show
improved catalytic activity in oxidation compared with the corresponding neat
complexes, which deactivated easily due to the formation of dimeric oxo- and
peroxo-bridged species [Wang et al. 2017]. Moreover, the quantity of the
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Fig. 2. Conversion of lignin with immobilized catalyst: lignin (2.0 g), catalyst (1.0 g),
water (100 mL), 250°C, 4 MPa O2, 120 min, 600 rpm

immobilized complexes used in the reaction was relatively low, in terms of the
neat complex. Nevertheless, the hydrogenated complexes, both unimmobilized
and the immobilized, were superior to the corresponding unhydrogenated
complexes in catalytic performance according to the yield of liquid products
(Fig. 2). For example, when the same dosage of the complex was used,
Cu([H2]salen) produced a yield of 6.00% of liquid products, Cu([H 2]salen)/IM
gave a yield of 7.64% and Cu([H 2]salen)/SB gave 9.47%, while Cu([H 4]salen)
gave a yield of 11.82% of liquid products, Cu([H 4]salen)/IM gave 16.80% and
Cu([H4]salen)/SB gave 22.08%. The explanation for this may be that the
conversion of the [H2]salen ligand to [H4]salen with sodium borohydride
afforded a more flexible complex due to the hydrogenation of C=N to C-N, thus
enhancing catalytic performance [Yang et al. 2011].
In addition, the use of SB-immobilization in catalyst preparation led to an
improvement in catalytic performance for lignin transformation (Fig. 2). It
increased the yield of liquid products by 31.42% and 23.95% for
Cu([H4]salen)/SB and Cu([H2]salen)/SB, respectively, compared with the
corresponding IM complex. The most important factor leading to the
improvement concerned the textural properties of the catalyst [Zhou 2014]: the
high specific surface area and pore diameter of the SB complex increased the
accessibility of reactants inside supercages [Shah et al. 2015].
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Effect of solvent on lignin conversion
Additionally, the addition of organic solvent had a marked effect on the catalytic
performance of Cu([H4]salen), as shown in Figure 3. Acetone tetrahydrofuran
and acetonitrile as solvents showed little solvolysis, and dioxane exhibited
a negative effect in lignin conversion, as opposed to their normal roles.
Meanwhile, under hydrothermal conditions, the organic solvents – including
acetic acid, ethanol and methanol – used in solvent systems had a positive effect
on the oxidative degradation of lignin. The highest yield of liquid products was
observed in methanol (27.06%), followed by ethanol (25.32%) and acetic acid
(23.34%). Peroxyacetic acid may be generated in situ in the presence of acetic
acid. Then this oxidant (peroxyacetic acid) accelerated the oxidation of lignin.
Similarly, methanol and ethanol might quench the reactive radicals of lignin
fragments to prevent condensation between radicals, enhancing the
depolymerization of lignin. Also, methanol may afford active H species for
hydrogenolysis of the lignin substructures [Deng et al. 2015], increasing the
yield of aromatic products such as phenols (Fig. 3).

Fig. 3. Conversion of lignin with Cu([H 4]salen)/SB: lignin (2.0 g), Cu([H4]salen)/SB
(1.0 g), solvent (100 mL; 80% water + 20% organic solvent), 250°C, 4 MPa O 2,
120 min, 600 rpm
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Effect of reaction temperature and oxygen pressure on lignin conversion
In order to further optimize the hydrothermal pyrolysis, the effect of temperature
and oxygen pressure on lignin transformation was explored within specified
ranges (240-320°C, 2-8 MPa). As the reaction temperature rose from 240°C to
320°C, the total yield of liquid products increased from 23.22 wt% to 40.21
wt%, and the phenol yield rose from 19.37 wt% to 28.06 wt% (Fig. 4a), which
suggested a remarkable reaction selectivity due to the enzymatic properties of
Cu([H4]salen)/SB directed against the β-O-4 cleavage in lignin [Chen and Ma
2016; Jiang et al. 2017]. Moreover, increasing temperature favored the oxidation
reaction, which led to a decrease of aromatics and olefins, and an increase of
alkanes, including cycloalkanes, and oxygenated compounds (alcohols, ketones)
in the liquid products. In addition, the catalyst was most reactive in terms of
product yield when the peak temperature reached 280°C. Figure 4b clearly
shows the influence of oxygen pressure on the pyrolysis behavior of the lignin
samples. The increase in pressure in the range 5.0-6.0 MPa O 2 led to the
evolution of distinctly higher yields of phenols, alcohols/ketones and
cycloalkanes/alkanes, and therefore lower yields of aromatics/olefins, in
pyrolysis. On the whole, while clear plateaus appeared in the other cases after
certain pressure and temperature values were attained, the graphs of aromatics
plus olefins were characterized by a reduced yield for the highest values. This
may be due to the acceleration of secondary pyrolysis of some aromatics and
olefins at high reaction temperature and oxygen pressure [Lui et al. 2017]. The
kinetic model suggested by Forchheim et al. [2014] also confirmed that
decomposition of aromatics and catechols often occurred under harsh conditions,
such as high temperature and high pressure, during the hydrothermal
depolymerization of lignin. Further explanation of the mechanism was provided
with the use of a β-O-4 lignin model compound (see “Mechanism
considerations”).
Mechanism considerations
A lignin model compound with β-O-4 linkage was used as the substrate for
considerations of the mechanism of lignin conversion by Cu([H 4]salen)/SB
under hydrothermal conditions. The dehydrogenation to phenoxy radicals
initiated the degradation of the lignin model compound by L-Cu-O-O·, and
β-O-4 was cleaved simultaneously, producing phenols [Shimazaki and Yamauchi
2011], as shown in Schema 1. Correspondingly, the side-chain oxidation of the
lignin model compound contributed to the production of alkanes, alcohols and
ketones. Further oxidation of quinones derived from phenoxy radicals resulted in
a ring-opening reaction, giving cycloalkanes and olefins. In addition,
epoxidation on double bonds in side-chains by L-Cu-O-O· led to aromatics
[Elder and Bozell 1996], such as compound 1, compound 2, compound 3, and
compound 4.
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(a)

(b)

Fig. 4. Effect of reaction temperature (a) and oxygen pressure (b) on lignin
conversion: (a) lignin (2.0 g), Cu([H4]salen)/SB (1.0 g), solvent (100 mL; 80% water
+ 20% methanol), 4 MPa O2, 120 min, 600 rpm; (b) lignin (2.0 g), Cu([H 4]salen)/SB
(1.0 g), solvent (100 mL; 80% water + 20% methanol), 280°C, 120 min, 600 rpm
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Schema 1. Postulated oxidation of lignin model compound over biomimetic
catalyst: lignin model compound (0.50 g), Cu([H4]salen)/SB (15 mg), solvent
(100 mL; 80% water + 20% methanol), 6 MPa O2, 280°C, 120 min, 600 rpm

Conclusions
The extent of hydrothermal conversion of the studied organosolv lignin
depended upon the type of the biomimetic catalysts and the method of
immobilization of the complexes, namely, Cu([H 2]salen), Cu([H4]salen),
Cu([H2]salen)/IM, Cu([H4]salen)/IM, Cu([H2]salen)/SB and Cu([H4]salen)/SB.
Immobilization and hydrogenation of the complexes resulted in high yield and
selectivity of the liquid products obtained in catalytic conversion of organosolv
lignin under hydrothermal conditions, while immobilization of the complexes
with the SB method also resulted in improvement in the yield and selectivity of
the liquid products. On the other hand, organic solvent, temperature and oxygen
pressure affected the hydrothermal pyrolysis and reaction selectivity of
organosolv lignin. The mechanism was also considered, using a lignin model
compound with β-O-4 linkage. With regard to the real-world applicability of the
proposed system on an industrial scale, consideration should be given to further
study using lower catalyst:lignin ratios (from 1:10 to 1:200).
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CHEMICAL TREATMENT OF RECYCLED PULP FIBRES
FOR PROPERTY DEVELOPMENT:
PART 3. EFFECTS ON OCC PULPS

Chemical treatment with sodium hydroxide, formamide and ethyl acetate is shown
to affect certain properties of paper made from recovered fibres. Sodium
hydroxide treatment improves the brightness of sheets by approx. 0.12–17.2%
under similar recycling conditions. All chemical treatments usually improve the
tensile and burst strengths of sheets to some degree. The highest tensile and burst
strength values of 42.09 Nm/g and 2.60 kPa m 2/g were obtained at the first
recycling stage with 10% ethyl acetate treatment (O10Et 1), and these represent
approximately 142.2% and 100% improvement of tensile and burst strength
respectively. In contrast, although the results revealed that certain chemical
treatments markedly improved both tensile and burst strengths, there is some
variation observed for tear strengths. The largest improvement in tear strength
(72.9%) was found at the third recycling stage with 5.0% formamide treatment
(O5Fa3), followed by O10Et3 (33.9%) and O10Na3 (29.2%). It is important to
note that the highest tear strength value of 9.09 Nm 2/g was found at the second
recycling stage of the control samples. The results clearly show that the tensile
and burst strengths of sheets can be improved by certain chemical treatments, but
there is no correlation with tear strengths.
Keywords: Old Corrugated Container, recycling, chemical treatment, fibre,
paper properties, tensile strength, burst strength

Introduction
The pulp and paper industry is one of the world’s most energy-intensive
industries. Depending on technology and end products, it requires approximately
5000 kW of electrical energy and 400 tonnes of water to produce each tonne of
paper products. However, it also has huge effects on the environment. Among
others, the use and processing of lignocellulosic materials have significant
negative effects on ecology and the natural life cycle [Biermann 1993]. At the
present time, worldwide paper and paperboard production totals around
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400 million tonnes, and is expected to reach 500 million tonnes by 2020 [Bajpai
2014].
One of the main benefits of recycling is the reduction of environmental
impact, with economic advantages. It is already well known that paper recycling
has many advantages in terms of protecting forestlands and reducing investment,
operational and energy costs to the papermaking industry. Hence, the utilization
of waste paper (recycling) has become a rapidly growing industry worldwide
[Sahin 2014, 2016; Twede et al. 2015].
The hydrophilic nature of the fibre surface is very important for fibre–fibre
bonding. However, fibre strength, fibre length, fibre swelling, and bonding
potential are some of the important parameters for the strength properties of
paper made from recycled fibres [Clark 1978; Howard and Bichard 1992; Hubbe
et al. 2007]. Therefore, quantification of the effects of recycling on these fibre
properties may open up possibilities for prevention of strength loss. Beating or
refining, chemical treatment and blending with virgin fibres are reported to be
some potential ways to recover the loss of bonding potential of recycled fibres
[Biermann 1993; Brancato 2008; Bajpai 2014; Sahin 2014, 2016].
Although a number of researchers have reported that sheets made from
recycled fibres can be improved by refining, the recovered fibres are usually
more brittle and sensitive to beating, and misapplication may cause reduced fibre
length, strength and bulk, with a detrimental effect on sheet strengths [Clark
1978; Howard and Bichard 1992; Ellis and Sedlachek 1993]. However, Laivin
and Scallan [1996] reported that hornified fibres are brittle and very susceptible
to fragmentation during beating, and once-dried fibres can be very difficult to re-swell by refining. Moreover, Katz et al. [1981] found that the treatment of waste
paper with sodium hydroxide may improve the strength properties of recycled
fibre, but the degree of improvement strongly depends upon the conditions of
chemical treatment. It has been reported that alkalis (such as sodium hydroxide)
usually promote fibre swelling, thereby increasing fibre flexibility and surface
conformability [Clark 1978; Katz et al. 1981 ; Bajpai 2014]. Wistara [1997] and
Bhatt et al. [1991] and reported that recycling under alkaline conditions could be
used to improve the strength of secondary fibres. De Ruvo et al. [1986] studied
this as a means of improving strength properties in OCC recycled pulp. Alkali
treatment was found to improve bonding and strength characteristics, probably
because of softening and improved re-swelling properties of the fibres. Freeland
and Hrutfiord [1993] reported that soaking of old corrugated containers (OCC)
in sodium hydroxide before the recycling process results in dramatically reduced
re-pulping and refining energy for specified strength requirements. However, it
is important to note that swelling of the cell wall continues until the osmotic
pressure differential is balanced by the residual cohesive forces of the cell wall.
The use of recycled fibres in low or medium grades such as newsprint,
packaging or OCC does not cause noticeable deterioration in product quality and
performance. However, the increase in recovery rates of used paper products
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will require an understanding of the fundamental nature of recycled fibres and
the differences from virgin fibres. It was expected that a study on the recycling
of OCC papers with certain chemical treatments would lead to more desirable
paper products with possible improved strength properties.
It is well known that the recycling of paper-based products is a very complex
phenomenon. However, approaches to the quality development of secondary
fibres need to be established, along with a systematic method to measure the
impact of recycling and recovery on the quality of secondary (recycled) fibres.
Some investigations have already been conducted on certain chemicals and
special types of paper (e.g. newsprint). A systematic investigation has been
carried out with selected types of chemicals on different waste paper and
paperboard (OCC) substrates to determine the effects of recycling approaches
and the chosen methods. The first and second parts of this study, “Chemical
Treatment of Recycled Pulp Fibres for Property Development: Part 1. Effects on
Bleached Kraft Pulps” and “Chemical Treatment of Recycled Pulp Fibres for
Property Development: Part 2. Effects on Old Newspapers” were published in
the journal Drewno in 2017 (Vol. 60, No. 200, pp. 95-109) and 2018 (Vol. 61,
No. 201, pp. 177-192) respectively. In the third part of this study, we seek to
demonstrate clear effects on the properties and strength of recycled fibres from
OCC.

Materials and methods
Used old corrugated container (OCC) boxes were supplied by a store and
disintegrated (re-pulped) in a laboratory-type blender as standard procedure. The
pulps were refined with a PFI mill at a freeness of 400-450 ml (CSF). The
refined pulps were made into hand sheets following TAPPI standard procedures
[TAPPI T205 and T220]. Physical properties of the pulp such as burst, tear and
tensile strengths, and the brightness and air permeability of the paper, were
determined with TAPPI test methods [TAPPI T403; T414; T460; T494 and
T525]. Water retention value (WRV) was measured over a range of
centrifugation conditions, including the condition specified in the Scandinavian
test method SCAN-C 62:00.
The chemical treatments were applied after disintegration of pulps
(recycling) and were designed mainly to increase the swelling capacity of the
pulp. Ethyl acetate, formamide and sodium hydroxide were selected for
chemical treatment of recycled fibres from OCC to study effects on the swelling
and bonding (strength) of fibres during recycling. The detailed selection criteria
for chemicals, hand sheet preparation and experimental testing approaches are
given in the first and second parts of this study.
Fibre fragmentation was conducted in a Bauer McNett ﬁbre classiﬁer. Six
different screens were used to classify fibres (16, 30, 50, 100, 200, >200 mesh).
The fibres were carefully collected on the screens and then dried in an oven at
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105 (±5)°C. After drying the fibre fractions were weighed and each class of fibre
determined. This procedure was repeated three times and an average fibre class
was calculated. The fibre fragmentation of recovered OCC pulps is shown in
Table 1.
Table 1. Fibre classification in Bauer McNett
Screen openings
(mesh)

1st classif.
(g)

2nd classif.
(g)

3rd classif.
(g)

Average
(g)

16

6.105

6.304

6.501

6.303

30

1.465

1.590

1.340

1.465

50

1.002

1.025

1.095

1.041

100

0.163

0.181

0.155

0.166

200

0.542

0.432

0.554

0.509

< 200

0.268

0.249

0.241

0.253

Results and discussion
A comparison of physical properties of sheets made from recovered fibres is
given in Table 2. For the control samples it was found that the densities of sheets
increased as the recycling stage number increased. However, the chemical
treatments had clear effects at the first and second recycling stages: the sheet
densities remained similar (did not decrease or increased) to some degree. It is
important to note that all three chemical treatments had lowering effects at the
third recycling stage. This is probably because the outermost layers of the fibres
(fines) could be removed during recycling. According to Scott and Abbott
[1995], fines are very important for the properties in mechanical pulp, and to
some extent in chemical pulp. Fines may assist inter-fibre bonding, thus
increasing density to some degree. The results obtained for chemical treatment at
the first and second stages clearly support this finding.
However, in contrast to the control samples, where Water Retention Values
(WRV) decreased as recycling continued, the chemically treated recovered fibres
exhibited increasing values in all chemical charge conditions and recycling
stages. The highest WRV value of 3.02 g/g was observed at the third recycling
stage under formamide treatment (O7.5Fa 3), this being approximately 102%
higher than the value for the control (OC 3: 1.49 g/g). These findings are very
significant in terms of the ability of certain chemicals to improve the re-swelling
properties of secondary fibres.
As seen as Table 2, the brightness value is virtually unchanged for the
control samples. Values of brightness are positively affected by sodium
hydroxide treatment in all conditions, with improvements ranging from
approximately 0.12% (O5Na1) to 17.2% (O7.5Na3) compared with the control.
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However, in all formamide treatment conditions, usually similar or somewhat
lower (by 0.1-2.7%) brightness values were observed. Lower brightness
properties were observed for ethyl acetate treated samples. Hence it is clear that
ethyl acetate usually negatively affects the brightness values of sheets.
Table 2. Physical and optical properties of chemically treated recycled pulps
Trt.
OC1
OC2
OC3
O5Na1
O5Na2
O5Na3
O7.5Na1
O7.5Na2
O7.5Na3
O10Na1
O10Na2
O10Na3
O5Fa1
O5Fa2
O5Fa3
O7.5Fa1
O7.5Fa2
O7.5Fa3
O10Fa1
O10Fa2
O10Fa3
O5Et1
O5Et2
O5Et3
O7.5Et1
O7.5Et2
O7.5Et3
O10Et1
O10Et2
O10Et3

Change
Density
rel. to
(g/ cm3) O (%)
1-3
0.37
0.38
0.48
0.41
0.39
0.39
0.45
0.44
0.35
0.37
0.38
0.37
0.38
0.43
0.45
0.38
0.41
0.42
0.43
0.43
0.39
0.46
0.41
0.41
0.46
0.40
0.39
0.46
0.42
0.41

0
0
0
10.8
2.6
-18.8
21.6
15.8
-27.1
0
0
-22.9
2.7
13.6
-6.3
2.7
7.9
-12.5
16.2
13.2
-18.8
24.3
7.9
-14.6
24.3
8.1
-18.8
24.3
10.5
-14.5

WRV
(g/g)
1.91
1.81
1.49
2.37
2.26
2.03
1.99
1.82
1.74
1.87
1.92
1.72
1.96
1.94
2.17
2.39
2.46
3.02
2.50
2.55
2.63
2.20
1.84
2.12
2.92
1.92
1.96
1.82
2.59
2.25

Change
Change
Air Perm.
rel. to
rel. to
2
O1-3 (%) (m /sn) O1-3 (%)
0
0
0
24.1
24.9
36.2
4.2
0.6
16.8
2.1
6.1
15.4
2.6
7.2
45.6
23.6
35.9
102.7
30.9
40.9
76.5
15.2
1.7
42.3
52.9
6.1
31.5
-4.7
43.1
51.0

4.94
8.14
4.67
10.8
3.32
5.64
8.2
5.6
21.4
19.8
10.5
24.1
12.4
5.5
6.24
11.8
6.5
14.5
9.93
12.3
3.75
6.01
9.55
9.87
3.6
9.53
11.1
3.42
6.55
5.95

0
0
0
118.6
-59.2
20.8
65.9
-31.2
358.2
300.8
28.9
416.1
151.1
32.4
33.6
138.7
-20.1
210.5
101.1
51.1
-21.8
21.7
17.3
111.3
-27.1
17.1
137.7
-30.8
-19.5
27.4

Change
Brightness rel. to
(%)
O1-3 (%)
25.49
26.53
25.98
25.52
27.6
30.24
26.24
27.85
30.42
26.91
28.60
29.64
25.98
25.95
26.80
24.91
26.14
26.83
25.31
25.82
26.41
23.57
24.64
24.52
23.36
24.60
24.85
23.51
26.61
24.92

0
0
0
0.12
4.1
16.4
2.9
4.9
17.1
5.6
7.8
14.1
1.9
-2.2
3.2
-2.3
-1.5
3.3
-0.71
-2.7
1.7
-7.6
-7.1
-5.7
-8.4
-7.3
-4.3
-7.8
0.3
-4.1

OC: Control, 1-3: Recycling stage, Na: Sodium hydroxide; Fa: Formamide, Et: Ethyl acetate, 5,
7.5, 10: % chemical charge (based on oven dry pulp)
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To determine correlations between sheet densities and recycling stage with
chemical treatment, these variables were plotted for treatment with sodium
hydroxide (Fig. 1A), formamide (Fig. 1B) and ethyl acetate (Fig. 1C). It can be
seen that sodium hydroxide treatment positively affects sheet density (Fig. 1A)
up to 7.5% chemical charge; it then decreases with increasing chemical charge
and recycling stage. In contrast to sodium hydroxide treatments, all of the
formamide treatment conditions (Fig. 1B) usually have positive effects as the
chemical charge and recycling stage increase. However, ethyl acetate usually
produces little change or a small improvement in sheet density (Fig. 1C).
Similarly, for determining correlation between water retention values (WRV)
and recycling stage with chemical charge, these variables were plotted for
sodium hydroxide (Fig. 2A), formamide (Fig. 2B) and ethyl acetate (Fig. 2C)
treatment. Sodium hydroxide treatment (Fig. 2A) was found to have a positive
effect with 5.0% chemical charge; the values then decreased as chemical charge
and recycling stage increased. However, the formamide treatments (Fig. 2B)
usually had positive effects as chemical charge and recycling stage number
increased. Ethyl acetate usually had positive effects at 7.5-10.0% chemical
charge (Fig. 2C).
All three important strength values of hand sheets are given in Table 3.
Sodium hydroxide treatment normally improves tensile strength by
approximately 4.4% (O10Na3) to 57.3% (O7.5Na2). Similar improvement is
observed for formamide and ethyl acetate treatment of fibres. The highest tensile
strength value of 42.09 Nm/g was recorded at the first recycling stage with 10%
ethyl acetate treatment (O10Et 1); this represents an improvement of
approximately 142.2% in the tensile strength of sheets compared with control
samples at the same recycling stage. Increasing recycling stage usually
negatively affected the tensile strength, but the strength values were still higher
than for the control samples.
Largely similar results were obtained for the burst strength of sheets: all
three chemical treatments had positive effects on burst strength. The highest
burst strength of 2.60 kPa m2/g was again recorded at the first recycling stage
with 10% ethyl acetate treatment (O10Et 1); this represents an improvement of
approximately 100% in burst strength compared with control samples at the
same recycling stage.
The results revealed that certain chemical treatments markedly improved
both tensile and burst strengths, but some variation was observed for tear
strengths. The largest improvement (72.9%) in tear strength was obtained at the
third recycling stage with 5.0% formamide treatment (O5Fa 3), followed by
O10Et3 (33.9%) and O10Na3 (29.2%). It is important to note that the highest tear
strength value (9.09 Nm2/g) was obtained at the second recycling stage for the
control samples.
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Fig. 2. Water retention properties of recycled paper
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The strength results clearly show that the tensile and burst strengths of sheets
can be improved by certain chemical treatments, but there is no correlation with
tear strengths. However, numerous studies show that there is no correlation
between the strengths of pulps, especially in the case of tear strength.
It has been reported by a number of researchers that types of pulp have
different responses to recycling. Moreover, it is speculated that there should be
some variation of strength properties and there is no direct correlation between
them for recycled sheets [Biermann 1993; Scott and Abbott 1995; Fernandez and
Young 1996]. Recycling not only affects the fibres’ physical properties (length,
diameter, etc.), but it also affects chemical degradation or depolymerisation. In
addition to the length and strength of single fibres, the chemical composition of
fibres and amorphous regions in the cellulose are significant factors. In our
study, the difference between pulp (OCC) and fibre characteristics (chemical,
semi-chemical and mechanical) appears to lead to different effects on the tear
strength of recycled fibres. Howard and Bichard [1992] and Howard [1995]
found that refined chemical pulps are more susceptible to reduction in strength,
but mechanical pulps display even small gains in strength. The reason for the
lower rigidity of sheets in case of recycled chemical pulps is probably the loss of
fibre bonding (E modulus). For mechanical pulps, the reason is the loss of fibre
thickness owing to flattening. Howard and Bichard [1992, 1993] reported that
a blend of mechanical and chemical pulp (i.e. OCC) revealed that the effects of
recycling on sheet properties occur at different rates.
It appears that the chemical charge improves the hydrophilic nature of fibres
and bonding potentials. However, there are still questions concerning the
strength development mechanisms for tear strength. It is difficult to evaluate the
development of tear strength because of the possible impact of complex
recycling procedures, which may have effects on all fibre properties.
The tensile strengths of sheets, with correlations with recycling stage and
chemical charge, are shown in Figure 3A-C. It can be observed that all three
chemicals – sodium hydroxide, formamide and ethyl acetate – have positive
effects on tensile strength. Especially ethyl acetate has positive effects in all
recycling conditions (Fig. 3C), whereas sodium hydroxide has positive effects
up to 7.5% chemical charge and then produces some decrease in tensile strengths
(Fig. 3A). In the case of formamide, marked improvement was found only at
a 5.0% charge (Fig. 3B).
The graphs of the burst strengths of sheets (Fig. 4A-C) have a similar shape
to those of tensile strength. Sodium hydroxide (Fig. 4A) and formamide
(Fig. 4B) have marked effects at 5.0% and 7.5% chemical charge respectively.
However, ethyl acetate shows positive correlation with chemical charge and
recycling stage under all conditions (Fig. 4C).
Considerably different plot shapes were observed for the tear strengths of
paper, compared with tensile (Fig. 3) and burst strengths (Fig. 4). It can be seen
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Table 3. Strength properties of chemically treated recycled pulps
Trt.

Tensile
strength
(Nm/g)

OC1

17.11

Change rel.
Burst strength
to O1-3
(kPa·m2/g)
(%)
0

1.30

Change
rel. to
O1-3 (%)

Tear strength
(Nm2/g)

Change
rel. to
O1-3 (%)

0

7.20

0

OC2

16.23

0

1.27

0

9.09

0

OC3

17.01

0

1.13

0

4.69

0

O5Na1

19.64

14.8

1.34

3.1

6.49

-9.7

O5Na2

24.51

51.0

1.78

40.2

6.39

-9.9

O5Na3

18.86

7.2

1.25

10.6

5.66

20.7

O7.5Na1

25.28

47.8

1.62

24.6

8.12

12.8

O7.5Na2

25.53

57.3

1.85

45.7

5.57

-38.7

O7.5Na3

21.42

23.1

1.37

21.2

4.76

1.5

O10Na1

21.99

28.5

1.51

13.9

8.97

24.6

O10Na2

19.89

22.4

1.28

0.8

7.45

-18.1

O10Na3

18.18

4.4

1.24

9.7

6.06

29.2

O5Fa1

19.68

15.0

1.33

2.3

7.59

5.4

O5Fa2

26.25

61.7

1.75

37.8

6.28

-30.9

O5Fa3

22.71

30.4

1.52

34.5

8.11

72.9

O7.5Fa1

22.26

30.1

1.63

25.4

6.28

-12.8

O7.5Fa2

20.27

24.8

1.46

14.9

4.19

-52.1

O7.5Fa3

23.02

32.2

1.34

18.6

4.35

-10.7

O10Fa1

26.18

56.6

1.54

14.9

8.11

12.6

O10Fa2

23.42

44.3

1.48

16.8

4.83

-46.9

O10Fa3

23.59

35.5

1.36

8.8

5.76

22.8

O5Et1

27.59

61.3

2.16

66.1

5.23

-25.0

O5Et2

28.25

74.0

1.83

44.1

5.40

-42.5

O5Et3

30.27

73.9

1.69

49.6

5.40

15.1

O7.5Et1

36.61

113.9

2.39

83.8

4.91

-31.8

O7.5Et2

31.16

91.9

2.08

63.8

5.49

-39.6

O7.5Et3

26.88

54.4

1.65

46.1

5.23

11.5

O10Et1

42.09

145.9

2.60

5.23

-27.4

O10Et2

34.96

115.4

2.27

5.76

-36.6

100
78.8

O10Et3
63.9
76.1
33.9
28.55
1.99
6.28
OC: Control, 1–3: Recycling stage, Na: Sodium hydroxide; Fa: Formamide; Et: Ethyl acetate; 5,
7.5, 10: % chemical charge (based on oven dry pulp).
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Fig. 4. Burst strength of recycled paper
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that sodium hydroxide concentration negatively affects tear strengths up to 7.5%
chemical charge (Fig. 5A). Further increasing the concentration leads to some
improvement in tear strength. With formamide, recycling stage and chemical
concentration showed no correlation with tear strength, although some variation
and decreasing effects were observed (Fig. 5B). Interestingly, ethyl acetate
treatments (Fig. 5C) had clearly negative effects on the tear strengths of sheets,
in contrast to tensile (Fig. 3A and 4A) and burst strengths (Fig. 3B and 4B).
A number of findings reported in the literature have shown that tear strength
in particular is subject to very complicated effects in terms of fibre properties
[Fernandez and Young 1996].
However, recycling affects not only cellulose, but also hemicellulose
degradation or depolymerisation. In addition to single fibre length and strength,
the hemicellulose content of the pulp, especially xylan content, and amorphous
regions in the cellulose are also significant. It seems that the chemical charge
improves the hydrophilic nature of fibres. However, there are still questions
concerning the mechanisms by which hemicelluloses enhance strength. It is
difficult to evaluate the effects of hemicelluloses on strengths because of the
possible impact of complex recycling procedures, which may affect
carbohydrates to various degrees. The results found for tear strength of pulps are
clearly consistent with other findings reported in the literature.

Conclusions
The use of recycled paper products in the papermaking industry is beneficial for
sustainability and for protecting forest resources. There is growing interest in the
use of recycled fibres in the paper industry. For success in paper recycling
processes, it is important to know the physicochemical properties of the
secondary cellulose fibres. On this basis, some interventions during paper
recycling can improve the quality and yield of paper products, while some
undesirable effects can be prevented. However, high-quality paper products can
be obtained only from improved recovered cellulose fibres.
Recovered cellulose fibres have usually been used in low-quality paper
products. However, an alternative approach to the use of recovered cellulose
fibres can provide added value in paper products.
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SILVER-CLAY NANOHYBRID AS A COATING
FOR IMPROVEMENT OF THE ANTIBACTERIAL
PROPERTIES OF PAPER

This comparative study was carried out to investigate the effect of nanosilver,
silver-clay nanohybrid, and silver-milled clay nanohybrid coatings on the
antibacterial characteristics of paper. Nanosilver (25 ppm) was used as a singleand double-layer coating. The results demonstrated that treatment with pure
nanosilver was more efficient in the reduction of microbial growth. Also, milling
of clay enabled better maintenance of silver nanoparticles, and led to a greater
decrease in bacterial growth than in the case of the original silver-clay
nanohybrid. Evaluation of the sustainability of antibacterial characteristics
confirmed that, although pure nanosilver treatment achieved better performance
in the first 15 minutes than nanohybrid samples, the performance of the
nanohybrids improved with the passing of time. As expected, the treatments
decreased the brightness of paper, while the opacity increased significantly; pure
nanosilver treatment led to lower brightness than the others, and the opacity was
higher in the case of the silver-clay nanohybrid than with the other treatments.
Keywords: paper coating; silver-clay nanohybrid; antibacterial property;
Escherichia coli; Staphylococcus aureus

Introduction
The control of microorganisms as environmental contaminants has led to the
development of antibacterial products [Imani et al. 2011]. Antimicrobial agents
are used to prevent the growth of bacteria, viruses and fungi. Many chemicals
and methods are used to accomplish this aim, and attempts have recently been
made to replace them completely with effective chemicals and methods
[Anderson et al. 2012]. In recent years, silver nanoparticles have played an
important role in the development of nanotechnology [Rai et al. 2014]. Colloidal
silver has been especially studied, due to its valuable properties in various
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scientific applications, such as biosensors, labels for cells and biomolecules,
peptide probes, antimicrobial agents, and agents for wound therapy and cancer
therapy [Chen and Chiang 2008; Thanh and Phong 2009; Ge et al. 2014]. The
most important and exciting property of silver nanoparticles is their significant
antimicrobial activity [Wasif and Laga 2009]. Silver nanoparticles have been
successfully applied against various bacteria including E. coli, Staphylococcus
aureus, Staphylococcus epidermis and Bacillus subtilis, and also fungi such as
Aspergillus nigra, Candida albicans and Saccharomyces cerevisia [Kim et al.
2007; Roe et al. 2008; Vertelov et al. 2008]. Among antimicrobial agents, silver
has been used in the widest range of areas, because of its strong ability to
extinguish pathogenic bacteria [Chen and Chiang 2008]. Moreover, inorganic
nanoparticles have a high surface-to-volume ratio; they also possess unique
physical and chemical properties [Bhat et al. 2008]. Therefore, the application of
these nanoparticles to various fibers to create antimicrobial surfaces has been
a subject of investigation. Many studies have been conducted on fiber/silver
nanocomposites, among which the preparation of a suspension of fibers
containing silver nanoparticles has proved very interesting. These investigations
and products play an important role in such industries as textiles [Bhat et al.
2008; Chattopadhyay and Patel 2009; Girase et al. 2011]. By means of an active
oxygen generating mechanism, silver particles act like an electrochemical cell,
which produces oxygen ions via oxidation of oxygen atoms and OH – ions
through water hydrolysis; both of these are active bases and are also recognized
as the most powerful antimicrobial agents [Sondi and Sondi 2004]. The presence
of nanosilver in a paper matrix or composites is necessary to accomplish this
chemical reaction. Also, in another mechanism, silver nanoparticles destabilize
the potential of plasma membrane, reducing the ATP (adenosine triphosphate)
level inside cells [Girase et al. 2011]. This function is performed via targeting of
the plasma membrane of bacterial cells, leading to bacteria death [Sondi and
Sondi 2004]. The application of silver nanoparticles as an antibacterial agent
nonetheless has some major drawbacks, including stability, hydrophobic
characteristics, and accumulation. The silver ions released from silver
nanoparticles are oxidative, which entails a requirement for dissolved oxygen
and protons. Oxidation of silver nanoparticles continues with the generation of
peroxide. Peroxide has more powerful oxidation properties than oxygen, and
under normal conditions it reacts with silver nanoparticles rather more quickly
than oxygen [Girase et al. 2011; Barani 2014]. It seems that greater use of
nanosilver can result in improvement of the antibacterial properties of silver, but
with an increase in its cost.
Recently, the use of silver nanoparticles as an antibacterial agent has been
considered in wet-end processes for some special types of paper, such as security
and hygienic papers. However, adding this relatively expensive agent at the wet-end stage entails certain problems, including material loss during the
dewatering process, random positioning of nanoparticles in the paper tissue, and
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the obtaining of relatively low antibacterial properties. The present research was
based on a previous investigation of the antibacterial effects of adding Ag
nanohybrids in pulp suspension in the wet-end section [Afra and Narchin 2017].
To solve these problems, in this research, antibacterial materials were applied as
a coating layer using a coating process.
Considering the above-mentioned problems and reported research on coating
systems, it appeared that the use of nanoclay in the production of silver-clay
hybrids and the application of a silver-clay nanohybrid can result in
improvement of the antibacterial properties of silver, as well as improving the
surface and resistance properties of paper. This improvement is due to better
stabilization of silver nanoparticles on the nanoclay particles, zero accumulation
during reduction, and the increase in effective surface at the same charge. The
aim of this research is to make a nanosilver/nanoclay composite with the ability
to enhance the permanency of nanosilver, while also improving the surface and
resistance properties of the coated paper.

Materials and methods
Materials
Full-bleached, 80 g·m-2, A4 paper sheets were used as paper samples. Sodium
montmorillonite (Al2O3 · 4SiO2 · H2O) with a primary size of 44 μm was
obtained from Sigma-Aldrich and employed for producing nanohybrid particles.
Silver nitrate (AgNO3) and sodium borohydride were obtained from Merck Co.
Germany, and were also used for producing nanohybrid particles. Anionic starch
(C6H10O5) was supplied by Sigma-Aldrich, and used as binder.
Methods
Processing of silver nanoparticles
A reduction process was applied to produce silver nanoparticles. Accordingly,
200 mL AgNO3 solution (with a concentration of 0.02 mol·L -1) was stirred at
a rate of 1000 rpm at 60ºC for 8 h. The resulting solution was then centrifuged in
two replicates at 25ºC at a rate of 5000 rpm for 15 minutes. Afterwards, the
prepared mixture was dropped into 40 mL solution of sodium borohydride (at
a concentration of 0.04 mol·L -1), which reduced Ag+ ions to permanent metal
nanoparticles. The container with the solution was then wrapped in foil and
placed in a dark room for 24 hours. Finally, the silver nanoparticle solution was
centrifuged at 25ºC at a rate of 5000 rpm for 30 min, and then washed twice.
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Clay milling
To form discrete tactoid layers of nanoclay, natural clay was milled using
a Narya MPM 2250/Amincomill apparatus, with 10 minutes of milling at a rate
of 350 rpm followed by a 10-minute pause, for a total time of 20 h.
Nanohybrid processing
The process was initiated by adding 1 g of natural montmorillonite to 0.34 g of
0.02 mol·L-1 AgNO3. The mixture was vigorously agitated manually for 30 min,
and at 60ºC at a rate of 1000 rpm by a magnetic stirrer for 8 h. The resulting
solution was thermally centrifuged at 25ºC at a rate of 5000 rpm for 15 min,
twice. In the next phase, the resultant mixture (Ag + + montmorillonite) was
added dropwise with stirring to a solution containing 0.03 g of 0.04 mol·L -1
sodium borohydride, and this was then wrapped in foil and placed in a dark
room. The mixture was finally reduced from ionic to metallic form and was
centrifuged again under the above-mentioned conditions for 30 minutes, when
silver-clay nanohybrid was eventually obtained.
The procedure for preparing silver-milled clay nanohybrid was similar to the
processing of simple silver-clay nanohybrid, except that clay that had been
milled for 20 hours was used instead of natural montmorillonite.
Analysis of nanoparticles
Active light spectroscopy – dynamic light scattering (DLS) – was applied to
measure the dimensions of the processed nanoparticles. The quantity of
condensed silver nanoparticles on the clay layered surfaces was determined by
inductively coupled plasma (ICP) spectroscopy.
Paper coating
After the processing of nanosilver and its hybrids with nanoclay, 2 g of anionic
starch was prepared under continuous agitation in a water bath at 80-90ºC, and
then applied to paper as a coating. After coating, air drying was employed to dry
the paper. After 24 hours of drying of one side of the paper, it was placed on the
coater again to coat the other side. These procedures were carried out for all
three treatments: silver-clay and silver-milled clay nanohybrids, and nanosilver.
Treatments and their specifications are shown in Table 1.
Measurement of paper properties
Physical tests including air resistance, burst strength, tear strength, opacity, and
brightness were all conducted according to TAPPI standard test methods (T 460
om-96, T 403 om-97, T 414 om-98, T 425 om-96, and T 452 om-98).
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Table 1. Coating treatments
Treatment code

Treatment description (coating of both sides of the paper)

C
Ag1
Ag2
NHAgC1
NHAgC2
NHAgMC1
NHAgMC2

control
nanosilver based on 25 ppm for coating once
nanosilver based on 25 ppm for coating twice
silver–clay nanohybrid based on 25 ppm for coating once
silver–clay nanohybrid based on 25 ppm for coating twice
silver–milled clay nanohybrid based on 25 ppm for coating once
silver–milled clay nanohybrid based on 25 ppm for coating twice

Biological testing was carried out in two different ways in this study. The
first aimed to examine the antibacterial characteristics in various treatments. The
second test was carried out to evaluate the permanency of antibacterial
characteristics in various treatments, and also to assess the antibacterial activity
in different treatments containing nanoparticles [Shrivastava et al. 2007; Sotiriou
and Pratsinis 2010; Brooks et al. 2013]. The test was performed on E. coli and
Staphylococcus aureus bacteria at the Provincial Health Center Laboratory of
Gilan University of Medical Sciences (Gilan province, Iran).
FE-SEM, energy dispersive X-ray (EDX) and MAP images of coated papers
were obtained to evaluate the percentage by weight, particle size and distribution
of nanoparticles and silver-clay nanohybrids in the produced papers, and to
assess the particle size and distribution of silver nanoparticles in nanoclays in the
fabricated nanohybrids.

Results and discussion
Coating analysis
Figure 1 shows the results of DLS analyses. The diagram for the sample before
ultrasonication (a) shows a sharp maximum peak of average-sized silver
particles near 243 nm. The particle size distribution of the obtained silver
particles ranged from 64 to 423 nm. Silver nanoparticles with smaller size are
reported to have greater antibacterial activity than coarser ones [Mohtashemi et
al. 2012]. It can be observed that after ultrasonication, the diagram (b) consists
of two peaks; the larger peak contains approximately 92% of particles with sizes
varying between 50 and 180 nm, while the particles belonging to the smaller
peak lie in the range 10-25 nm. Since most of the particles were coarse before
ultrasonication, it can be concluded that silver nanoparticles have a tendency to
accumulate and agglomerate.
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Fig. 1. DLS analysis of silver nanoparticles: (a) before ultrasonication and (b) after
ultrasonication

In addition to atomic absorption spectroscopy (AAS), ICP spectroscopy was
applied to confirm the desired concentration of nanosilver in the silver-clay and
silver-milled clay nanohybrids (Table 2). The results revealed that the silver
contents of the silver–clay nanohybrid and milled nanohybrid were respectively
5.3% and 10.85% of their dry weight.
Table 2. ICP results to calculate silver content in (a) silver-clay nanohybrid, and (b)
silver-milled clay nanohybrid
(a)
Dosage (ppm): 10

V (ml): 25

Weight (g): 0.2508

Nanosilver
(%)

Calculated
dosage

Int.
(c/s)

RSD
%

SD

Unit

Solution
dosage

Wavelength
(nm)

Element

5.30

13250

42886

0.4

0.36659

ppm

13.2924

328.068

Ag

(b)
Dosage (ppm): 25

V (ml): 20

Weight (g): 0.2507

Nanosilver
(%)

Calculated
dosage

Int.
(c/s)

RS
D%

SD

Unit

Solution
dosage

Wavelength
(nm)

Element

10.85

54250

271131

1.3

1.1210

ppm

27.20095

328.068

Ag

The ICP results showed that the quantity of nanosilver absorbed onto silver-milled clay nanohybrid was twice that obtained for the silver-clay nanohybrid.
This may be due to the milling process of the nanoclays: tactoid layers of clay
were isolated and hence the exposed specific surface area of clay was increased,
as the available negative charge of clay increased to create linkages with silver
ions [Girase et al. 2011].

Silver-clay nanohybrid as a coating for improvement of the antibacterial properties of paper

115

To study the particle size of solitary nanosilver and of nanosilver deposited
on a clay surface and on milled clay in nanohybrids processed in a paper
structure, and also the variation of clay particles during milling, FE-SEM
imaging was applied. Figure 2 shows microscopic images of papers coated with
nanosilver magnified by 5000×, 20000×, and 75000×. As can be seen, the silver
nanoparticles have a uniform distribution on the paper surface. In the second and
third rows of images, papers coated with silver-clay nanohybrid and silver-milled clay nanohybrid are shown. The silver particles are observed to lie in
a size range around 50 nm.

Fig. 2. FE-SEM images of papers coated with nanosilver, silver-clay nanohybrid,
and silver-milled clay nanohybrid

Map images were taken at 5000× magnification from the surface of papers
coated (once and twice) with silver–milled clay nanohybrid and nanosilver,
based on 25 ppm of nanosilver. As the definition implies, map images show the
elemental distribution on the surface [Wassilkowska et al. 2014].
The first row of images in Figure 3 shows paper coated with nanosilver and
a map of silver nanoparticles, where the silver nanoparticles had a uniform
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distribution on the paper surface. The second and third rows of images show the
surfaces of papers coated with silver-clay nanohybrid and silver-milled clay
nanohybrid respectively, and also the distribution maps for these papers.
Comparing the distribution maps of silver in nanohybrid silver coatings, it was
found that the silver distribution in the hybrid treatments exhibits aggregation,
where the formed aggregates vary depending on the use of unmilled or milled
nanoclay.

Fig. 3. FE-SEM map images. 1st row: (a) silver-coated paper, (b) map image of
silver nanoparticle distribution; 2nd row: (a) paper coated with silver-clay
nanohybrid, (b) map image of silver nanoparticle distribution; 3rd row: (a) paper
coated with silver-milled clay nanohybrid, (b) map image of silver nanoparticles

Figure 4 illustrates the elemental composition of papers coated with silver
nanoparticles. EDX analysis was used to specify the elemental composition of
antibacterial coated paper [Wassilkowska et al. 2014]. As can be seen, silver
accounts for 6.71 wt.% of the final paper surface in once-coated paper (Fig. 4a)
and 7.50 wt.% in twice-coated paper (Fig. 4b). Thus, the quantity of nanosilver
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Fig. 4. EDX analysis of (a) paper coated once with nanosilver, (b) paper coated
twice with nanosilver, (c) paper coated once with silver-clay nanohybrid, (d) paper
coated twice with silver-clay nanohybrid, (e) paper coated once with silver-milled
clay nanohybrid, and (f) paper coated twice with by silver-milled clay nanohybrid

on the fiber surface is 11.70% greater in the case of twice-coated paper than for
once-coated paper. For silver-clay nanohybrid treatments, the values obtained
were 1.70 wt.% for once-coated paper (c) and 3.46 wt.% for twice-coated paper
(d). It was also found that silicon accounts for 2.57 wt.% and 4.85 wt.% of the
respective silver-clay nanohybrid-coated papers. The papers treated twice with
silver-clay nanohybrid exhibited larger values (nearly twofold) for nanosilver
and silicon than the singly treated papers, which confirmed the greater
deposition of the hybrid coating on the paper. This significant difference
between pure silver and silver-clay nanohybrid treatments is attributed to the
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lower concentration of nanosilver in the hybrids than in the suspension, which
results in greater permeation and deposition of silver into paper surface pores.
Finally, silver-milled clay nanohybrid-coated papers were subjected to elemental
analysis. The measurements indicated that nanosilver accounted for 2.4 wt.%
and 4.6 wt.% of the once-coated paper (e) and twice-coated paper (f)
respectively, while silicon constituted 4.47 wt.% and 6.95 wt.% of the coated
papers. As in the previous case, twice-coated paper had higher contents of
nanosilver and silicon, which confirmed the larger quantities of hybrid coating in
the paper. The higher levels of silver and silicon in the silver-milled clay
nanohybrid-coated papers may be attributed to greater permeation of silver-milled clay nanohybrid into paper pores, due to its smaller dimensions in
comparison with the nanohybrid with unmilled clay [Afra and Narchin 2017].
The silver contents of papers coated with nanosilver, silver-clay nanohybrid and
milled clay nanohybrid were 6.71%, 1.70% and 2.40% respectively. This
compares with reported values for retained silver of 0.49%, 2.76% and 1.23%
when 25 ppm silver suspensions were used in the wet end of the papermaking
process [Afra and Narchin 2017]. The reason for the greater deposition of
nanosilver in coating than in wet-end application is the small dimension of the
particles applied in coating, while in the wet-end case the retention of fine
particles is a problematic issue [Mirshokrayi and Sadeghifar 2001].
Analysis of coated paper

Air-Resistance (Second)

The results revealed that air resistance was enhanced in all papers compared
with the control sample (Fig. 5). Due to the presence of silver nanoparticles in
the fine pores of paper, these particles increased air resistance to a certain extent.
On the other hand, nanoclay and milled nanoclay enhanced the air resistance to
a greater degree, because these particles could cover ultra-fine pores in the paper
structure [Imani et al. 2011; Ottesen et al. 2017].
225
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Fig. 5. Air permeability of various coating treatments
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Mechanical properties, including burst and tear strengths, were not
significantly changed by the various coating treatments (Fig. 6). This might be
due to the fact that the relative bounded area was not affected during the coating
process, and only weak coverage was created on the paper surface [Soares et al.
2012].

Fig. 6. Strength properties of different coatings: (a) burst and (b) tear

Figure 7 shows the effect of various treatments on paper brightness. As
expected, the maximum brightness value was obtained for the control sample.
Brightness decreased more in papers containing silver nanoparticles than in
those containing nanohybrids. Silver nanoparticles were used in the form of
a brown suspension, which absorbed light at 457 nm and decreased the
brightness. Because nanoclay is more colorless than nanosilver, it will have
a smaller effect on brightness; the content of silver in the hybrids is much lower
than in the case of pure nanosilver, thus papers coated with pure nanosilver
displayed a greater loss of brightness than those coated with nanohybrids [Afra
and Narchin 2017]. Figure 7b shows the opacity of paper coated with nanosilver
and nanohybrids compared with the control sample. Pure nanosilver increased
the opacity via high absorption of visible light and a slight influence on the light
scattering coefficient. However, papers treated with nanohybrids produced

Fig. 7. Optical properties of coated paper
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intense light scattering and average absorption of visible light, leading to
opacity. The opacity of paper sheets is influenced by thickness, porosity, value
and type of filler, degree of bleaching of fibers, coating, and the like [Zeinaly et
al. 2016]. Coating increased the thickness of the paper, and so the opacity was
increased.
Antibacterial activity

Staphylococcus aureus growth (%)

According to bacterial test results, pure nanosilver treatment showed better
performance than the hybrid treatments in terms of decreasing bacterial growth
(Figs. 8 and 9). Based on elemental measurements, the silver contents in papers
coated once with nanosilver, silver-clay nanohybrid and silver-milled clay
nanohybrids were 6.71%, 1.70% and 2.40% respectively. Thus, it is deduced that
25
20
15
10
5

Treatments

Escherichia coli growth (%)

Fig. 8. Effect of various coating treatments on Staphylococcus aureus growth
2.4
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2
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1.4
1.2
1
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Fig. 9. Effect of various coating treatments on Escherichia coli growth
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Staphylococcus aureus Stability
(%)

the higher silver contents in paper treated with pure nanosilver may be the
reason for its more significant influence on bacterial growth [Vondruskova et al.
2010; Lafi and Al-Dulaimy 2011; Soares et al. 2012]. It was also found that
antibacterial activity was enhanced when the coating procedure was performed
for a second time, as this increased the quantity of silver deposited onto the
paper.
Antibacterial tests revealed that the impact of nanosilver on Escherichia coli
was more substantial than on Staphylococcus aureus. On the other hand, since
small amounts of nanosilver can have a significant effect on Escherichia coli
growth, the range of variation of growth retardation for this bacterium is small,
and considerable reduction can be observed even for the minimal amount of
nanosilver present in the silver-clay coating.
An antibacterial stability test was carried out to investigate the effectiveness
of antibacterial activity for the treatments. Clearly, greater absorption of
nanoparticles results in antibacterial activity of the paper. As shown in Figure 10,
pure nanosilver coating was more efficient in reducing growth of
Staphylococcus aureus for all mixing times (5, 30 and 45 minutes) due to higher
silver deposition on the paper. When the time was increased to 30 and 45
minutes, however, the nanosilver coating displayed a constant effect on the
growth of bacteria and was not able to improve it, which is attributed to the
instability of silver particles and their rapid release from the paper surface
[Girase et al. 2011]. Comparison of the two prepared nanohybrids showed that
the silver-clay nanohybrid had a more durable influence than the milled
nanohybrid. This is due to reclamation of silver particles in the layered structure
of nanoclay tactoid layers, where slower and more regulated release of silver
nanoparticles resulted in maintenance of their antibacterial effectiveness on
paper [Girase et al. 2011].
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Fig. 10. Stability of antibacterial activity against Staphylococcus aureus over time
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Escherichia coli Stability (%)

The stability of antibacterial activity against Escherichia coli was similar to
that against Staphylococcus aureus, but since the effect of silver nanoparticles on
Escherichia coli is greater than on Staphylococcus aureus, and accordingly the
maximum reduction in microbial growth was reached at 15 minutes, the
subsequent differences were small and insignificant (Fig. 11).
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Fig. 11. Stability of antibacterial activity against Escherichia coli over time

Conclusions
The aim of this study was to prepare nanosilver, silver-clay nanohybrid, and
silver-milled clay nanohybrid to be used as antibacterial coatings on paper.
Elemental dispersive X-ray and FE-SEM imaging confirmed that the silver
nanoparticle content in the pure silver coating was much higher than in the
nanohybrid coatings. Antibacterial evaluations proved the higher efficiency of
the pure nanosilver coating compared with the nanohybrids against both
Escherichia coli and Staphylococcus aureus bacteria. The embedding of silver
nanoparticles into nanoclay, or the formation of a silver-clay hybrid, improves
the antibacterial characteristics of paper, particularly with the passing of time.
Although the milling of nanoclay induced greater silver absorption than in the
case of the silver-clay coating, the antibacterial properties of paper coated with
silver-clay nanohybrid were maintained over time more effectively than when
milled nanoclay was used, due to the regulated release of silver.
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ECONOMIC ANALYSIS OF THE COLLECTION
AND TRANSPORTATION OF PRUNED BRANCHES
FROM ORCHARDS FOR ENERGY PRODUCTION

This economic analysis contains a case study for a 100 ha apple orchard where
a pruning-to-energy (PtE) strategy is employed. Technical aspects of pruned
biomass harvesting in apple orchards are outlined, with emphasis on the efficient
harvesting of pruning residues using a dedicated baling machine. Economic
aspects are approached using economic performance metrics such as the net
present value (NPV) and internal rate of return (IRR). It is found, for a 10-year
project on the 100 ha orchard, that the NPV is €5650, the IRR is 8.71% and the
payback time is about 8.0 years. Sensitivity analysis revealed that the economic
metrics are highly influenced by the quantity of prunings, orchard area, and the
price of pruning residues at the final user. The distance from the orchard to the
final user (6 km in the analysed case) and orchard labour costs are both less
impactful. The analysis shows that pruned biomass harvesting is technologically
feasible in apple orchards, while the obtained values of the economic metrics
indicate the economic feasibility of such bioenergy solutions.
Keywords: pruning, apple orchard, biomass harvesting, energy, economic
analysis

Introduction
The scarcity of fossil fuels for electricity and heat production, together with
needs for environmentally friendly development, make sustainable energy
provision to meet existing and future demands one of the main concerns for
growing European economies [Eurostat 2015]. Therefore, more and more
attention has been paid to new directions of renewable energy harvesting,
especially from sources that are available locally while meeting the demands of
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specific regions. These conditions might be fulfilled by the use of biomass
residues obtained from the pruning operations carried out regularly in fruit
plantations. In Europe, the most common types of plantations are those of
grapes, olives and apples [Eurostat 2016], whose geographical distribution
depends on factors such as weather conditions, climate, soil properties, and local
traditions.
In Poland, all of the abovementioned factors are favourable for apple
cultivation. Consequently, that country has ca. 350,000 hectares of orchards, of
which more than 50% are apple orchards [GUS 2016]. This crop requires annual
pruning to maintain good fruit productivity, and thus generates a substantial
amount of wooden residues [Rabcewicz et al. 2010; Dyjakon et al. 2016], which
must be removed from the orchard or mulched in situ [Romański et al. 2014].
Removal of branches from the inter-row area significantly reduces the risk of
puncturing the tyres of the tractor during its further use in the orchard. The
development of feasible techniques for using these problematic residues would
allow wastes to be converted into valuable products and used to achieve
additional financial revenues, and would ultimately reduce the operating and
maintenance costs of orchards [Spinelli and Picchi 2010]. An interesting option
for pruned biomass is its utilization for energy purposes, which has many clear
advantages. Among the positive features of pruning-to-energy (PtE) is the fact
that it does not compete with food production. It can also reduce CO 2 emissions
[Bertrand et al. 2014], and the flue gas emissions from pruned biomass
combustion are low, not exceeding environmental emissions thresholds
[Carvalho et al. 2013]. Moreover, PtE supports the achievement of EU targets in
heat and/or electricity production from renewable energy sources (RES) and the
development of a decentralized energy market (The Climate and Energy
Package, Directive 2009/28/EC). Finally, if the pruned biomass is burned locally
in domestic or middle-size boilers, it increases regional energetic independence
and supports social integration.
However, implementation of the PtE strategy requires good logistic
performance [Bosona et al. 2016]. The total logistic costs of the whole chain,
including pruned biomass harvesting, storage and transportation to the final
consumer, must be lower than the revenue from sale of the biomass.
Technologies used in the implementation of PtE include chipping or baling.
Many manufacturers offer specialized machinery and devices for the harvesting
and treatment of pruned biomass. Such machines may be designed for a single
operation (pickup, baling, chipping, collecting or packing) or may be
sophisticated systems able to perform all of the actions necessary to prepare the
final product for storage or transportation to the final consumer [Spinelli et al.
2010; Magagnotti et al. 2013; Frąckowiak et al. 2016]. Storage is also an
important part of the logistic chain. Different storage options may be applied:
open air storage, undercover storage, tank storage, storage with drying, etc. The
material may be stored at the orchard, at the final user, or in an intermediate
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location [Rentizelas et al. 2009]. A crucial issue in the PtE logistic chain is
transportation. The distance between the orchard and the final consumer, as well
as the quantity of pruned biomass to be transported, are of critical importance in
the estimation of the total costs of the supply chain [Alfonso et al. 2009]. Finally,
the price of the pruned biomass delivered to the user as a source of heat is
a decisive parameter regarding the sustainability of biomass utilization for
energy purposes. It should fulfil customer requirements and be competitive with
respect to other fuels available on the market [Asztemborski and Wnuk 2015].
As yet there are no published data relating to the final cumulative costs of
the use of pruning residues for energy purposes including all logistic steps, or
information on sensitivity analysis of the main parameters influencing the
profitability of the management of pruning residues.

The aim of the research
The aim of this work was to study the economic performance of the utilization
of pruned biomass for energy purposes, considering the logistic chain from the
harvesting stage at the orchard to the gate of the local heat-generation plant. The
study was supported by a sensitivity analysis of the most important factors
(orchard area, labour costs, transportation distance, bale price, quantity of
pruned biomass) influencing the economic feasibility, as well as IRR and NPV
values, based on a case study.

Materials and methods
The data used in the analysis were obtained from an orchard enterprise located in
Poland (Wieniawa municipality, Mazowieckie province, location: 51°22'56.6"N;
20°44'05.8"E). The logistic chain (and the boundary of the case study) of the use
of pruned biomass for energy purposes on the local market is shown in Figure 1.

Fig. 1. Scheme of the logistic chain in the PtE strategy
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The owner of the 100-hectare apple orchard prunes the trees every year in
the winter–spring period and harvests the cut branches using a biomass baler and
tractor (Table 1). The baler (Wolagri model R98) requires a power of ca. 38 kW
to produce bales (diameter 1.2 m and width 1.0 m). The width of the machinery
is less than 2.0 m, enabling its use in an orchard with rows spaced at a minimum
of 2.5 m (more details are available at www.tonutti.it). The power of the PTO in
the tractor is 46.3 kW, which is sufficient for performance of the harvesting
process with the use of the Wolagri R98 baler (more details are available at
www.kubota.com.au).
Table 1. Basic technical data of the baler and tractor used PtE strategy
Feature

Biomass baler

Feature

Tractor

Model
Bale diameter, cm
Bale width, cm

Wolagri R98
120
98

KUBOTA M7040DHC
V3307-DI (4 cyl.)
68/50.7

Pick-up width, cm

130 or 190 disc end

Pressing chamber

fixed 32 crossbars

Model
Engine
Net Power, HP/kW
Total displacement,
cc
Max. travel speed,
km∙hr-1

PTO shaft

PTO shaft
homokinetic

PTO power, HP/kW

62/46.3

11.5/80-15

PTO type

optional

Tire size front/rear

Live-independent,
hydraulic
9.5x24/16.9x30

standard

Overall length, mm

3445

standard
standard

Overall height, mm
Overall width, mm

2545
1860

38/50

Turning radius, m

3.6

1,71
1940

Lift capacity, kg
Tractor weight, kg

1500
2440

Tires supplied as
standard
Lubrication
Swiveling eyebolt
Ø35
Road signaling kit
Road homologation
Required power
(kW/HP)
Transport width – mt
Weight, kg

3331
31

The bales are collected and stored on-site in the orchard. The bales are stored
along internal roads in the open air. They are stored for ca. 6-12 months,
enabling the natural drying of the pruned bales and a decrease in the moisture
content from ca. 45% to 15-20% [Velázquez-Marti et al. 2011]. Following mid-term storage in the orchard, the bales are delivered by the farmer (using his own
trailer) to the final user (Fig. 2). The customer is a local high school, where
heating boilers adapted for bale combustion are installed. Here the pruned
biomass is converted into heat. The distance between the orchard and the final
user is 6 km.
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a) apple orchard

b) apple pruned biomass

c) biomass baler

d) pruned biomass bale

e) pruned biomass size

f) storage in the orchard

g) pruned bales trailer

h) boilers house
(2×300 kWth)
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i) boiler for bales
combustion

Fig. 2. Pruning to Energy (PtE) strategy in the apple orchard (source: own
materials, www:ogrodyinfo.pl, www.metalerg.pl)

In order to perform an economic analysis of the utilization of pruned
biomass from an apple orchard for energy purposes, the following assumptions
were made:
– depreciation rate for agricultural machines (Act Dz.U. 1991 no. 80 item
350): 14%;
– discount rate: 5.0%;
– considered period of operations: 10 years.
The operation period of 10 years was considered reasonable based on recent
studies on PtE value chains in Europe [EuroPruning 2016] and the service life of
agricultural machines. The other techno-economic data required for the analysis
are presented in Table 2. In the analysis the following costs are distinguished
(Table 3):
– investment costs (disposable cash flow at the initial period);
– O&M costs (annual costs of operation and maintenance of the
undertaking).
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Table 2. Characteristic data related to PtE strategy in the apple orchard
Orchard

Unit

Value

Area of the orchard
Yearly pruning potential (moisture content ca. 45%)
Harvesting

ha
Mg∙ha-1

100
1.25

Baler machinery capacity

h∙bale-1

0.2

Bales production

bale∙ha-1

5

Mass of the bale (during harvesting, moisture content ca.
45%)

Mg∙bale-1

0.25

Cost of tractor operation in the orchard during harvesting 1
Cost of baler operation in the orchard during harvesting

€∙h-1

10.0

€∙h-1

8.0

Staff cost in the orchard during harvesting

€∙h-1

4.0

dm3∙bale-1

1.0-1.25

dm3∙Mg-1

4.0-5.0

€∙bale-1

0.5

bale∙trans-1

30

€∙km-1

0.85

Fuel consumption during baling
Transportation
Cost of internal transport and loading of bales in the
orchard
Transport capacity
Transportation costs of bales to the consumer (full load,
30 bales)
Staff cost during transportation of bales to the consumer
Bales unloading time at consumer
Transportation distance (orchard-final consumer)

€∙h-1

6.0

h∙trans-1
km

0.8
6.0

m
m

0.9-1.0
1.2

Mg∙bale-1

0.18

€∙bale-1

12.5

€∙tDM-1

90.9

Bale
Bale diameter
Bale height
Mass of the bale (after 6 months of storage, moisture
content ca. 15%)
Bale price at the final consumer gate
Mulching

1Similar

Mulcher operation in the orchard

€∙h-1

4.4

Mulching capacity

h∙ha-1

0.9

value is available in the literature [Gaworski and Malinowski 2011, Niemiec, 2013].

The investment costs include a trailer and a baler (harvesting machinery), as
these constitute additional equipment which is certainly required in the orchard
to enable the farmer to pursue the PtE strategy. The purchase cost of the tractor
is not included in the investment costs, because the farmer owned that item of
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machinery before beginning this new activity. Moreover, a tractor is used for
many other activities in orchards (fruit transportation, spraying and fertilizing,
water pump powering, etc.) which are outside the scope of this study. However,
the tractor costs were determined based on the time of its operation in the
orchard during the harvesting process. The cost of the tractor’s operation was
estimated to be 10 €∙h-1 (Table 2).
The O&M costs included expenses such as the labour costs of employees
engaged in harvesting, storage, loading and transportation to the final user. Here,
costs related to internal transport and storage on-site (in the orchard) and the
loading of bales on the trailer (for transportation to the final user) are
accumulated and assumed to be 0.5 €∙bale -1. In turn, the costs of transportation
of bales from the orchard to the final user are assumed as 0.85 €∙km -1
(www.pwik-konin.com.pl), which is an average market price for tractors or
trucks performing this activity. The labour costs related to bale transportation
and unloading are 6.0 €∙h-1. Other costs used in the analysis are presented in
Table 2.
Table 3. Summary of expenditures and revenues related to PtE strategy in the apple
orchard (100 ha)
Initial investment

Unit

Value

Baler (baling machinery)

€
€

28500
1500

€

30000

Trailer (used platform for bales transportation)
Total:
Operational and Maintenance costs
Baler (baling machinery) maintenance
Trailer (platform for bales transportation)
maintenance
Baling of the pruned biomass
Internal transport and loading of bales in the orchards
Transportation costs of bales to the consumer
(6 km distance)
Total:

€∙year-1

500

€∙year-1

50

€∙year-1
€∙year-1

2200

€∙year-1

290

€∙year-1

3290

€∙year-1
€∙year

6250
1650

€∙year-1

7900

250

Revenues
Bales selling

-11

Avoided mulching costs
Total:
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It should be remarked that the baling of prunings also generates some
avoided costs, namely mulching costs. Without the baling process the farmer
would have to remove the cut branches from the orchard by applying other
solutions, like mulching or pushing-out. These activities require additional costs
(Table 2). As farmers mainly use mulching, in the analysis the cost of this
operation is assumed to be 16.5 €∙ha-1 (including labour and machinery costs).
Additionally, Table 3 summarizes the expenditure and revenue related to the
sale of the bales of pruned biomass.
Based on the costs generated during the harvesting and baling of the pruned
biomass, logistics operations (loading, unloading, transportation to the final local
customer) and the avoided costs (mulching), the financial consequences of this
strategy were investigated.
The study used the Net Present Value (NPV) and Internal Rate of Return
(IRR), which are among the most frequently used dynamic financial indicators
[Berk et al. 2015]. In dynamic methods, the value of monetary flows depends on
the time at which the transaction takes place. In the investigated Pruning-to-Energy strategy the flows include a one-off payment of investment costs,
operating costs, avoided mulching costs, and future revenues from the sale of
biomass for energy purposes. The present value of such cash flows is calculated
by discounting future flows with a corresponding factor that depends on the
interest rate adopted and the length of time between the payment and a reference
time (in most cases, the beginning of the project) [Morvay and Gvozdenac
2008]. The equations used (eq. 1, 2, 3) were as follows [Brealey et al. 2009]:
T

NPV =∑
t =1

CF t
(1+r)t

−I 0

(1)

where: NPV is the Net Present Value, CFt is the net cash flow at time t, r is the
discount rate, I0 is investment costs, t is the time of the cash flow, and T is the
total number of periods (the duration of the calculated investment project in
years).
The normal rule is to accept the investment if its NPV (in the time period
assumed as satisfactory) is positive, and to reject it if the NPV is negative.
Comparing several investments, the project with the highest positive NPV (in
the same time period) is usually the most attractive.
A second indicator for the economic appraisal of investment projects is the
IRR, which is based on the net present value method. The internal rate of return
is calculated from the NPV equation on condition that there is such an interest
rate for which the NPV is equal to zero:
T

CF

t
=0
∑ (1+IRR)
t
t =0

(2)
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Additionally, the Discounted Payback Period (DPP), as a simple capital
budgeting method, is calculated to evaluate the time period needed for a project
to bring in enough profits to recoup the initial investment. The formula for the
DPP is as follows:
DPP= A+

B
C

(3)

where:
A is the last period with a negative discounted cumulative cash flow;
B is the absolute value of discounted cumulative cash flow at the end of
the period A;
C is the discounted cash flow during the period after A.
Finally, a sensitivity analysis was performed, as results of the economic
appraisal of investment projects are uncertain because they are based on the
future values of variables that are not known with certainty at present. The aim
of a sensitivity analysis is to quantify the economic consequences of alternative
values of crucial input parameters, including in this case: bale price, orchard
area, quantity of pruned biomass, labour costs, and transportation distance.

Results and discussion
Based on the assumptions and real data obtained during the measurements in the
apple orchard (Tables 2 and 3), the NPV and the cash flows in the considered
period of 10 years were determined (Fig. 3). The analysis showed that the NPV
for a period of 10 years is €5644. The investment return period (when NPV = 0)
is 8.04 years (Fig. 4), and the IRR is 8.71%. Considering that the PtE strategy
represents an investment in the energy market, the result achieved can be
classified as acceptable and satisfactory.
It should be remarked that the positive result obtained for the described
investment in this apple orchard depends on many parameters, including
quantity of pruned biomass, price of the final product, labour costs, orchard size,
storage costs, distance to the final user, orchard management, machinery and
maintenance costs, etc. [Spinelli and Picchi 2010; Velázquez-Martí et al. 2012;
Bosona et al. 2019; Dyjakon 2019]. Therefore, a sensitivity analysis of selected
parameters was carried out (Fig. 4), applying changes to the values of important
factors in a range from –25% to +30%. The discounted payback period was
calculated for the respective changed values. The results revealed that the major
influence on the return on the investment comes from the selling price of the
biomass (the bale price in this case). If the reference price is 12.5 €∙bale -1
(90.9 €∙tDM-1) then the DPP indicator varies from 13.4 years (if the bale price
falls by 25%) to 5.5 years (if the bale price increases by 25%). The undertaking
is thus fairly sensitive to variation in the biomass price. To minimize the
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prospective negative effect, middle- and long-term contracts for biomass
delivery should be prioritized.

Fig. 3. Undiscounted and discounted cash flows of the PtE strategy for a 100 ha of
the apple orchard

Other parameters influencing the profitability of the PtE strategy include the
quantity of pruned biomass harvested from one hectare of the orchard. Research
performed in different orchards and vineyards [Magagnotti et al. 2013] revealed
that pruning harvesting costs (and therefore DPP) increased with the extraction
distance and decreased with residue concentration. Assuming this concentration
as 1.25 Mg∙ha-1, the DPP is 8.04 years. A reduction of the concentration by 25%
causes the DPP to increase to 10.3 years (over two years longer). A 25% increase
of the amount of pruned biomass leads to a shortening of the DPP to just 5.5
years. Although this factor seems to be significant, in practice it is not as
important, because the quantity of prunings in an apple orchard (especially in an
intensive one) is stable over several years of cultivation, or may slightly increase
(due to growth of the tree mass). If the initial pruning concentration is
satisfactory (at the beginning of the PtE strategy), the risk of a decrease in
pruning availability is marginal.
In turn, the smallest influence on the DPP comes from labour costs.
Increasing the labour costs in the harvesting process by 25% causes a change in
the DPP by less than 0.02 of a year (the DPP increases from 8.04 to 8.05 years).
This can be explained by the fact that pruned biomass harvesting does not
require many workers. Therefore, a potential increase in labour costs does not
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play a very important role in the total calculation of the DPP. Hence, small
variations in employee wage costs are not crucial for the PtE strategy.

Fig. 4. Sensitivity analysis of the main parameters influencing PtE strategy

However, the orchard size is very important in this respect, because it
determines the harvesting (baling) machinery load time. If the baling machinery
is not used for long enough during the pruning season, then the income from the
sale of biomass is not sufficient to cover the expenses related to the purchase of
the machinery. Hence, there is a minimum orchard size that needs to be served
by the baling machinery to maintain adequate profitability. In the case
considered, the area served by the machinery is 100 ha. A decrease in the
orchard area by 25% increases the DPP by ca. 4 years, whereas an increase in
the orchard area by 25% shortens the DPP by 2.0 years. This means that
a decrease in the accessible area in the orchard would have a more significant
impact than an increase. In this regard, it is very important to determine the
minimum orchard size for which the use of the specialized machinery is
economically justified. Therefore, for deeper analysis, the harvested orchard area
was increased from 100 hectares up to 300 hectares and decreased down to
55 hectares. More detailed calculations showed (Fig. 5) that with an orchard area
below 80-85 ha the DPP increases significantly, and with a further decrease in
the orchard area the DPP continues to increase (for instance, reaching 21.3 years
for an orchard size of 55 ha). This indicates that when the orchard area is
reduced by almost half (from 100 ha to 55 ha), the DPP becomes more than
2.5 times as long. On the other hand, a doubling of the orchard area (from 100 ha
to 200 ha) shortens the DPP from 8.04 years to 3.3 years. This very positive
effect on the DPP is caused by the more intensive use of the harvesting machine
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in the orchard and higher income from the sale of bales. As a consequence, the
investment cost related to the baler (harvesting machine) is returned faster.
However, this trend is subject to some limitations for larger orchard areas.
A further increase of the orchard area still brings some benefits, but they are not
so substantial. When the area is increased further from 200 ha to 300 ha, the
DPP falls from 3.34 years to 2.15 years. For an area of 400 ha, the DPP is
reduced to 1.63 years. It appears that above ca. 200 ha the size of the orchard no
longer has a significant influence on the DPP. Similar results, concerning
different machinery and technologies, have been obtained in another study [Fiala
and Bacenetti 2012]. For large orchard areas, the fall in the cost of harvesting
operations flattens out [Spinelli et al. 2010]. For very large orchard areas (above
500-1000 ha), the purchase of additional harvesting machinery might be
necessary, not only to ensure the timely completion of the work in the orchard,
but also to maintain operational capacity in case of failure of one machine.

Fig. 5. Influence of orchards size and transportation distance to final consumer on
DPP

If the transportation distance is short (local range), the costs of pruned
biomass delivery are not significant. The change in the DPP is less than
0.02 years in both directions on the horizontal axis of Figure 4. The small impact
of the transportation distance on the DPP results from the fact that in the case
considered the final customer is located only 6 km from the orchard. To obtain
more information about the effect of the distance to the final user on the DPP,
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additional calculations were performed assuming transport distances up to 50 km
and more (Fig. 5).
The results indicated that transportation of the pruned biomass over longer
distances significantly affects the profitability of the undertaking. When the
transportation distance of the bales is up to 25 km, the DPP remains below
10 years. However, for longer distances the DPP starts to increase faster. For
a distance of 35 km the DPP is ca. 11.0 years, whereas for 50 km the DPP is ca.
13.3 years. For a distance of 65 km, the DPP is over 18 years, making the PtE
strategy financially unacceptable. The importance of the distance between the
farm and final user for the economic balance of the PtE strategy has also been
indicated in other works [Toscano et al. 2018; Bosona et al. 2019]. Moreover,
long-distance transport reduces the value of the activity in terms of local
resource utilization in the local market, and affects regional sustainable
development. Also, environmental aspects start to play an important role when
transport distances become longer.

Conclusions
The biomass from orchard pruning is regarded as wooden residue that needs to
be removed from the plantation. On the other hand, as a lignocellulosic material,
it is a valuable renewable fuel for heat production. In the management of apple
orchards in Poland, farmers may reduce costs and generate income by avoiding
burning or mulching pruned biomass and instead selling it to local heat plants.
However, to adopt the PtE strategy, many factors and dependences related to the
logistic chain must be adjusted to ensure revenue for the farmer.
The main objective of this paper was to verify the importance and the
influence on the discounted payback time of such factors as quantity of prunings
in the apple orchard, orchard area, final biomass price, labour costs and
transportation distance. To achieve this goal, a case study was made of a 100 ha
apple orchard. Investments and operating costs were defined and used to
calculate the NPV, IRR and DPP indices. Finally, using sensitivity analysis, the
most significant parameters for the PtE strategy were identified and discussed.
The case study analysed in this paper allowed us to draw some general
conclusions:
– if the PtE strategy is planned properly, it can generate additional profits
for the farmer;
– the selling price of the pruned bales is the most important parameter
influencing the profitability of the use of wooden residues from an apple
orchard for energy purposes;
– the size of the apple orchard served by the baling machinery and the
distance from the heat plant are crucial for maintaining a positive NPV in
a period up to 10 years;
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– for smaller orchards the baling machine is too expensive, and the profits
from the sale of biomass are not sufficient to cover its costs;
– the distance of transportation of the pruned bales should not exceed ca.
25 km.
The case study proves that the PtE strategy might be a very good option for
farmers to increase their income and to propagate the use of a local renewable
energy source in small or middle-size boilers for local heat production. On the
other hand, it also shows that a farmer should research the local market before
taking a decision, to ensure that there is demand for pruned biomass residues in
the close surroundings. Similar case studies on PtE strategies should be made to
enable farmers to improve their economic performance and to promote
sustainable development in regions with orchards producing adequate pruning
residues.
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PRODUCTION OF FUEL WOOD CHIPS AS AN EXAMPLE
OF SUPPLY CHAIN REORGANISATION RESULTING
FROM SOCIOECONOMIC CHANGES IN POLAND

An analysis was made of the production of fuel wood chips and associated
logistics operations in the Wejherowo Forest District in the years 2000-2017.
Detailed observations of the fuel chip harvesting process and an analysis of the
supply chain were made in the context of socioeconomic changes. In addition, the
total cost of production was calculated and the price of 1 m 3 of fuel chips in the
years 2009-2017 was analysed. As a result of socioeconomic changes, seven
variants of the forest fuel chip supply chain were observed in the years analysed.
The unit production cost of forest fuel chips was 25 USD per m 3. The average
price of 1 m3 of forest fuel chips in the analysed period was 30 USD.
Keywords: supply chain, fuel wood chips, production, costs

Introduction
Until the end of the 1980s, all tasks related to forestry work in Polish state
forests were conducted by internal organisational units of the State Forests
National Forest Holding. The changing economic environment forced the State
Forests to implement economic and organisational transformations. This
involved mainly the privatisation of economic activities of the Forest Districts.
Forestry work was to be commissioned to private companies through a system of
contracts and tenders. The establishment of the private forestry sector was an
integral part of this transformation, aimed at improving the economic efficiency
of the State Forests organisational units [Kocel 2000, 2010, 2013a, 2013b, 2014;
Łyp and Zychowicz 2007; Więsik and Wójcik 2008; Zastocki et al. 2012; Glazar
and Polowy 2015]. Indeed, the takeover of forestry operations by private
contractors caused a significant decrease in costs of forest production [Więsik
2000].
In the initial period of transformation most private firms were single-person
(self-employed) entities. As a result of market forces, in the mid-1990s small
Katarzyna SZEWCZYK (katarzyna.szewczyk@up.poznan.pl), Krzysztof POLOWY (krzysztof.
polowy@up.poznan.pl), Faculty of Forestry, Poznań University of Life Sciences, Poznań,
Poland
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firms were gradually eliminated due to their limited capabilities. Furthermore,
larger companies increased the scope of their services and investments in
modern equipment, which was more efficient, safer and better for the
environment [Więsik 2000].
The rules on the contracting of forestry work to private entities altered
significantly with Poland’s accession to the European Union. This obliged the
State Forests to implement the provisions of the Act of 29 January 2004 titled
Public Procurement Law [Kocel 2013a; Glazar and Iwanicki 2016]. Tender, as
the main form of commissioning of forestry work, led to strong competition
between companies, in terms of both price and the quality of their operations
[Kocel 2002]. The contracting of various tasks necessary for a company’s own
operations to specialised external units is generally known as outsourcing. In the
case of tasks that are directly connected to the core operations of the company, it
is called ‘production outsourcing’. Entities realising successive phases of the
manufacture of a final product and its distribution to the customer constitute the
so-called ‘supply chain’. Each link of the chain generates some added value. The
sum of these values provides a final value for the customer. A proper distribution
of tasks along units in a supply chain maximises the value for the customer,
ensuring adequate competitiveness for individual companies and for the whole
supply chain [Gołębiowski 2003].
The aim of this study was to evaluate changes in the forest fuel chip supply
chain from a logistics perspective in the context of socioeconomic changes in
Poland in the years 2000-2017, based on the example of the Wejherowo Forest
District.

Materials and methods
In this study an analysis was made of forest fuel chip production and associated
logistics operations in the Wejherowo Forest District in the years 2000-2017.
Detailed observations of the fuel chip harvesting process and the supply chain
were analysed in the context of socioeconomic changes. In accordance with the
Polish Standard BN-76/9195-01, the total time of operations in the forest chip
production process was determined as a multiple of 8-hour control shifts (T 07)
(Fig 1).
In addition, the total cost of production was calculated based on the methods
developed by Szramka et al. [2016].
The following assumptions were made in the calculation:
1. The machines were new. The number of hours previously worked was
zero.
2. Machine purchases were financed from the company’s own financial
resources.
3. Machine purchase prices consisted of the net purchase price, including
any additional purchase costs (transport and assembly costs).
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T08

T07

T04

Control
shift time

Total shift
time

Working
shift time

Time category
T02

T1

Operative
active
time

Effective time
T21

T2

Subsidiary
time
T22
T23
T31

T3

Technical service time

T32
T33

T4
T5
T6
T7

Faults deletion time

T41
T42

Rest time
Transport drive time

T61
T62

Time of daily miantenance of accompanying
machines
T81

T8

Loses of time from independent reasons on
researched machine

T82
T83

Fig. 1. Classification of working time according to BN-76/9195-01 [Laurow 1999]
T1 – effective time; T2 – subsidiary time T2 = T21 + T22 + T23, T21 – turning back time,
T22 – waste drive time in work-place, T23 – technological dead time; T3 – maintenance
time T3 = T31 + T32 + T33, T31 – daily maintenance time, T 32 – machine preparation for
work time, T33 – regulation time; T4 – repair time T4 = T41 + T42, T41 – technological
defects removal time, T42 – technical defects removal time; T6 – transport drive time T6
= T61 + T62, T61 – drive time from berth to work-place and return, T 62 – drive time
between work-sites; T8 – losses of time due to reasons independent from researched
machine T8 = T81 + T82 + T83, T81 – losses of time from organizational reasons, T 82 –
losses of time from meteorological reasons, T83 – losses of time from other reasons.

4. Depreciation rate: for a chainsaw and chipper – 14%, increasing factor
1.4; for a horse and truck – 20%.
5. Insurance cost index: 2% – chainsaw and truck; 1% – chipper; fixed
insurance for a horse: 286.57 USD (1 USD=3.8385 PLN, according to
the NBP table of average exchange rates for 9 September 2016).
6. Deposit interest rate: 3%, capitalisation period: 1 month.
7. Repair cost index: 100% for a chainsaw and a chipper, 75% for a truck.
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8.
9.
10.
11.

Horse feed: 782 USD per year.
Stable: 3804 USD per year.
Costs of veterinary services and horse-shoeing: 156 USD per year.
Oil and lubricant consumption indicator: for a chipper and a truck – 20%
of the value of fuel consumption.
12. Price of gasoline/diesel – 0.91 USD per litre.
13. For a chainsaw: price of engine oil – 4.69 USD, engine oil consumption
– 0.01 l/engine hour (e.h.), price of oil for the cutting system – 2.34
USD, consumption of oil for the cutting system – 0.3 l/e.h., petrol
consumption – 0.5 l/e.h.
14. The cost of machine transportation was not included in the calculation.
The price of 1 m3 of fuel chips in the years 2009-2017 was analysed based
on information from ‘Notifications of the best bid selection’ for the supply of
fuel chips to the F. Ceynowa Specialist Hospital in Wejherowo.

Results
In the years 2000-2008 the average quantity of fuel chips harvested in the
Wejherowo Forest District was approx. 1500 m3 per year, with the F. Ceynowa
Specialist Hospital in Wejherowo being the only consumer. In 2009 the Forest
District ceased to produce fuel chips, but continued to supply the material for
chipping – poles and rods, mostly of Scots pine. The chipping material was
harvested in Scots pine stands, on fresh mixed coniferous forest sites during
thinning in age class II (20-40 years). The average dbh of harvested trees was
13 cm, and their average height was 13 m.
Chips were produced from poles and rods harvested in two variant
operational processes. In the first variant (A) poles and rods were cut to the same
length (4.5 m) and chipped. The other variant (B) was used for larger trees,
where first pulpwood (length 2.4 m) was produced, and the rest of the tree was
cut into poles and chipped.
The process of obtaining fuel chips was divided into the following
operations: felling, delimbing and cross-cutting, manual extraction, extraction by
horse, chipping, and haulage of chips. Harvesting was carried out by two teams
consisting of a chainsaw operator and an assistant. The chainsaw operator felled
the trees and performed delimbing and cross-cutting into specific types of log,
while the assistant extracted the logs manually. The logs were placed alongside
the extraction routes, cut by the chainsaw operator and then extracted by horse.
Extraction was carried out by two teams consisting of an operator and a horse.
The logs were then stacked alongside the forest road where the chipping
operation took place. Produced chips were blown directly from the chipper into
the hauling truck container and delivered to the customer. Chip transportation
consisted of the following phases: driving loaded, unloading, and driving empty.
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In one production cycle an average of 30 m 3 of chips and about 10 m3 of
pulpwood were harvested. The mean times of particular operations within one
full production cycle were as follows:
- felling, delimbing, cross-cutting and manual extraction – three 8-hour
shifts;
- extraction by horse (average distance 80 m) – 2.5 8-hour shifts;
- chipping and chip transport (average distance 5 km) – half of an 8-hour
shift (chips were blown directly to the truck container during chipping).
Horse skidding could be carried out simultaneously with felling, delimbing,
cross-cutting and manual extraction, but this was not always done.
The average time of one fuel chip production cycle under variants A and B is
shown in Figure 2.

Fig. 2. Average time of one fuel chip production cycle under variants A and B

Initially, before the privatisation of forestry work, the supply chain of forest
fuel chips in the Wejherowo Forest District consisted of only two links: the
producer, namely the forest district; and the customer, the hospital heating plant
(Fig. 3.I). All operations within the chain were carried out by the Forest
District’s own employees and equipment.
In the course of privatisation, some tasks were contracted to external private
companies. Work involving harvesting and extraction was the first to be
outsourced (Fig. 3.II). The final stage of privatisation involved the
commissioning of chipping and transport to private contractors (Fig. 3.III). Thus,
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Fig. 3. Transformation of the forest fuel chip supply chain in the Wejherowo Forest
District in the years 2000-2016
Variants I-VII; A – felling, delimbing, cross-cutting and manual extraction by service
providers (SPs); B – horse or mechanical extraction by SPs; C – chipping by SPs; D –
chip transport by SPs; AB – felling, delimbing, cross-cutting and manual extraction by
SPs; CD – chipping and chip transport by SPs; E – felling, delimbing, cross-cutting and
manual extraction by consortia of service providers.

a complete ‘production outsourcing’ was accomplished. At this stage, four units
were involved in the production of forest fuel chips. In this study these units are
denoted with the following letters:
- A – company carrying out felling, delimbing, cross-cutting and manual
extraction
- B – company extracting wood by horse or mechanically
- C – company carrying out chipping
- D – chip transport company1
With time, this model of forest fuel chip production was also transformed.
Smaller quantities of fuel chips were sold to the original customer – the hospital
heating plant. Certain companies were interested in buying the chipping material
1

The letter symbols used here (A-D) need not represent the number of companies involved in
carrying out the tasks, e.g. harvesting and extraction were not done by the same company in all
cycles. Tasks could be contracted to different companies.
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(poles and rods) and chipping it to be sold to other customers. Some companies
were interested in buying timber of better quality, also for chipping and sale. As
a result, a new supply chain was formed (Fig. 3.IV). The new chain was longer –
it included links C and D, which up to that time had been included in production
outsourcing. The Forest District became a producer of the chipping material,
rather than of the chips themselves.
As a consequence of market forces, weaker companies were gradually
eliminated from the market. Larger and stronger firms survived, expanded, and
invested in newer technologies. Modern equipment was safer, more efficient and
more environmentally friendly. This resulted in new variants of the forest fuel
supply chain (Fig. 3.V-VI).
A major change in the development of forest service companies came with
Poland’s accession to the European Union and the obligation of the State Forests
to comply with the Act of 29 January 2004 titled Public Procurement Law. At
that time forestry companies were typically small and unable to influence their
market environment effectively. Forest Districts began to commission tasks in
larger batches (packages) and it was difficult for smaller companies to meet the
requirements of the tender terms of reference. This incentivised smaller firms to
form consortia. In the case of the Wejherowo Forest District, the first consortium
bid in a tender procedure for forest services in the year 2011. Since 2012 there
have been two consortia working in the District. The current forest fuel chip
supply chain is shown in Figure 3 as variant VII.
Table 1 shows examples of costs of particular operations within the forest
fuel supply chain, divided into fixed and variable costs. Workers’ remuneration
was excluded from the analysis.
The cost of chainsaw work was estimated at 2 USD/h and the cost of horse
extraction at 2.70 USD/h. Costs of using a Vermeer chipper with manual feeding
and a transport truck were 29 USD/h and 36 USD/h respectively.
Table 2 presents the total cost of forest fuel chip production for an example
production process. The total cost of producing 30 m 3 of forest fuel chips was
estimated at 755 USD, which gives a unit cost of 25 USD per m3.
The average price for 1 m 3 of forest fuel chips in the analysed period was
30 USD.

Discussion
The supply chain is primarily interpreted as a set of entities that are directly
involved in the flow of products, services, finance and/or information from the
supplier to the customer [Mentzer et al. 2001; Sieniawski and Porter 2012;
Antonowicz 2016].
The ultimate goal of each supply chain is to reduce costs and ensure
continuous improvement of service quality [Waściński 2014]. This principle is
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Table 1. Average unit costs of particular operations in the forest fuel chip supply
chain, divided into fixed and variable costs, excluding staff remuneration

Type of machine

Felling, delimbing
and cross-cutting

Extraction
by horse

Chipping

Chip
transport

Chainsaw
3.5 kW

Horse

Vermeer BC1800A
77 kW

Truck
235 kW

Net purchase price
[USD*]

782

1954

41683

109418

Number of working
hours/year

1000

2000

1500

1500

Fixed costs
[USD/engine hour]
including

0.19

2.20

6.57

18.27

Depreciation

0.15

0.13

5.45

14.59

Insurance

0.02

0.14

0.28

1.46

Opportunity costs

0.02

0.03

0.84

2.22

Cost of garage

–

1.90**

–

Variable costs
[USD/engine hour]

1.78

0.47***

22.56

18.17

Spare parts and repair

0.57

–

4.63

10.94

Fuel, oil

1.21

–

17.93

7.23

Total

1.97

2.67

29.13

36.44

–

*1 USD=3.8385 PLN (according to the NBP table of average exchange rates for 9 September
2016).
**Cost of stable
***For a horse, variable costs included feed, veterinary costs and horseshoes

especially important in the supply chain of forest fuel, when profitability is
oftentimes at risk [Hudson and Hudson 2000; Gunnarsson et al. 2004; Cambero
and Sowlati 2014; Wolfsmayr and Rauch 2014]. In the market economy the
basic criterion for evaluating market entities is the profit generated. This applies
also to forestry. In order to improve the economic efficiency of the State Forests,
forestry work has been outsourced to external companies.
According to Kocel [2013a], the best economic result was achieved by the
privatisation of work in reforestation and afforestation. When selecting private
companies to carry out forestry work, forest districts prefer bids with the lowest
price, which leads to considerable savings. On the other hand, the prices offered
are often insufficient to cover all of the private company’s costs. High
competition forces companies to lower their prices. In some cases this makes it
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Table 2. Production costs of forest fuel chips, including cost of equipment and staff
remuneration
Type of
machine/Personnel

Work time
[engine hour/hour]

Engine hour cost/gross
hourly wage
[USD]

Total costs
[USD]

FELLING, DELIMBING, CROSS-CUTTING AND MANUAL EXTRACTION*
Chainsaw

10

1.97

19.70

Chainsaw operator

48

3.91

187.68

Assistant

48

3.13

150.24

EXTRACTION BY HORSE*
Horse

40

2.67

106.80

Horse operator

40

3.13

125.20

29.13

72.82

CHIPPING
Chipper

2.5

Chipper operator

4

3.13

12.52

Assistant

4

3.13

12.52

36.44

54.66

CHIP TRANSPORT
Truck

1.5

Truck driver

4

3.13

12.52

Total

–

–

754.66

*Personnel working time shown above consists of total working hours of two teams involved in
production.

impossible to generate profits when operating within the boundaries of the law.
Some companies attempt to ‘bend’ the regulations and create a ‘grey zone’.
According to Kocel [2013a], in every year most of the workers active in
reforestation and afforestation are not legally employed.
In times of increasing interest in renewable energy sources, the timber
market is impacted by increasing demand for wood biomass for energy
generation [Hudson and Hudson 2000; Laitila 2008; Tahvanainen and Anttila
2011; Kärhä 2011; Röser et al. 2011; Kaputa and Sucháň 2012; Ratajczak et al.
2012; Ratajczak and Bidzińska 2013; Murphy et al. 2014; Wolfsmayr and Rauch
2014; Drábek et al. 2015], including forest fuel chips. Initially in Poland
organisational units of the State Forests were the only producers of fuel chips
[Maciejewska 2005]. Later, certain companies became interested in purchasing
the raw material for chipping and resale. As a result, forest districts switched
from the role of producers of fuel chips to that of suppliers of the raw material.
The outsourcing of chipping and transportation of chips to private companies
allowed the forest districts to avoid costly and time-consuming operations. On
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the other hand, chipping and transporting companies usually offer more
competitive prices.
USD
50
45
40
35
30
25
20
15
10
5
0
2009

2010

2011

2014

2015

2016

2017

Years
1 USD = 3.8385 PLN (according to the NBP table of average exchange rates for 9 September
2016).

Fig. 4. Price offered per cubic meter in tenders for a continuous supply of fuel wood
chips to the F. Ceynowa Specialist Hospital in Wejherowo in 2009-2017

The total production cost of forest fuel chips is strongly related to transport
[Röser et al. 2011; Wolfsmayr and Rauch 2014] and the equipment used [Laitila
2008; Kärhä et al. 2011]. It includes mostly the operating costs of chipping
machinery and remuneration of workers.
To determine the total costs of machine use, it is essential to know the
maintenance costs and operating costs. Maintenance costs are classified as fixed
costs and include depreciation, insurance, garage cost, scheduled maintenance
costs, loan repayment or unpaid interest. Operating costs are classified as
variable costs and include repair and spare parts, fuel, oil and lubricant.
The operating costs of machinery may be significantly reduced by
employing cheaper and smaller machines, providing that their size is suitable for
the task when their full potential is used [Glazar and Wojtkowiak 2009]. Correct
estimation of the offer price by the contractor is essential for the smooth
completion of work and for the economic stability of the company. It requires
a comprehensive calculation of all costs, including labour, equipment operation
and all required indirect taxes. Furthermore, additional costs resulting from the
natural qualities of the forest, terrain conditions, climate, etc. should be taken
into account [Asikainen et al. 2011]. On the other hand, from the commissioning
entity’s point of view, the work should be carried out in a timely manner, to
a good quality and at the lowest price.
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In practice, the offer price is the most important factor in the selection of
bids. Forest districts prefer companies that offer the lowest prices, which may be
insufficient to cover all costs, including employment costs. This situation forces
forestry contractors to expand into other sectors, such as wood processing or
trading in timber.
An important opportunity for the development of forestry contractors is
provided by the possibility of forming consortia. Forestry companies are usually
small and are not able to influence their market environment. The forest districts
commission work in packages, which are usually rather large (1-3 packages per
district), and small companies might not fulfil the requirements stated in the
terms of reference for tender procedures. The formation of a consortium allows
small companies to cooperate and submit a valid bid. For forestry contractors
this means less competition in the market. Small companies often treat
cooperation through consortia as an alternative to independent operations, or as
an undesired circumstance in their economic relations with the State Forests
[Kocel 2013a].
The number of companies paying attention to logistics and the improvement
of logistic operations in order to keep their market position and gain
a competitive advantage is increasing every year. Logistics is an effective
instrument in innovation process management [Loučanova et al. 2016]. This
applies also to the organisational units of the State Forests, because – apart from
many non-productive functions (e.g. conservation, social functions) – their main
goal is to supply the market with wood.
The example considered in this study, namely the forest fuel chip supply
chain with all of its modifications, proves that informed logistic decisions can
generate profits not only for the forest owner, but also for the participating
contractors.
The main task of management within the State Forests, forestry contractors
and timber merchants is to overcome the space–time gap between supply and
demand. Wood should be delivered to buyers just when they need it. According
to the definition of logistics, this should be in a timely manner, to the agreed
place, in the quantity ordered, and with the agreed parameters relating to quality
and dimensions [Moskalik 2006].
Supply chains are likely to undergo changes. Their users will expect
flexibility, transparency, objectivity, and the integrity of the goods and services
they order. These modifications will be evolutionary and will result from
changes in the market environment as well as the need to adapt the supply chain.
Such changes may also be seen as a source of competitive advantage. This may
involve the creation of new organisational forms or business models of supply
chain logistics, in the context of employing innovative technologies to achieve
better efficiency [Windisch et al. 2013; Antonowicz 2016].
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Conclusions
As a result of socioeconomic changes, seven variants of the forest fuel chip
supply chain were observed in the years analysed.
Initially, before the privatisation of forestry work, the supply chain of forest
fuel chips consisted of only two links: the producer, namely the forest district;
and the customer, a hospital heating plant.
As a result of changes in the timber market, a new supply chain was formed.
The new chain was longer, including two links (chipping and chip transport)
which up to that time had been included in production outsourcing. The forest
district became a producer of the chipping material, rather than of the chips
themselves.
A precise analysis of the wood market with respect to the potential for
selling wood of accepted quality at an accepted time and place can facilitate a
decision-making process that would be expected to yield a financial gain. An
efficient logistics system is crucial for proper response to market change.
Logistics processes have become an integral part of planning in every
enterprise. By taking measures to utilise their own logistics infrastructure more
efficiently, or by modifying their own logistics systems, companies may gain
considerable savings and ensure a competitive advantage.

References
Antonowicz M. [2016]: Wyzwania logistyczne firm-elastyczne łańcuchy dostaw (Logistics
challenges of companies – flexible supply chains). Studia Ekonomiczna. Zeszyty
Naukowe Uniwersytetu Ekonomicznego w Katowicach Nr 255: 215-229
Asikainen A., Röser D., Laitila J., Sikanen L. [2011]: Feasibility of the Nordic forest
energy harvesting technology in Poland and Scotland. Biomass and Bioenergy 35 [11]:
4565-4569
Cambero C., Sowlati T. [2014]: Assessment and optimization of forest biomass supply
chains from economic, social and environmental perspectives – A review of literature.
Renewable and Sustainable Energy Reviews 36: 62-73
Drábek J., Jankovský M., Jankovský J. [2015]: New opportunities on the market with
wood chips in central Slovakia. Proceedings of: Wood Processing and Furniture
Manufacturing Challenges on the World Market. Wood-Based Energy Goes Global, 5-10
October 2015. Dubrovnik, Croatia: 61-68
Gołębiowski T. (ed.) [2003]: Marketing na rynku instytucjonalnym (Marketing in the
Institutionalised Market). PWE, Warsaw, pp. 14-15
Glazar K., Iwanicki P. [2016]: Pozycja strategiczna przedsiębiorstwa sektora usług leśnych
z obszaru RDLP w Poznaniu, Pile i Szczecinie (Strategic position of a forest service
company in the Poznań, Piła and Szczecin RDSF). Sylwan 160 [1]: 11-20
Glazar K., Polowy K. [2015]: The organisational and legal forms of enterprises in forestry
sector in selected state forests directorates. Acta Scientiarum Polonorum Silvarum
Colendarum Ratio et Industria Lignaria 14 [1]: 15-30
Glazar K., Wojtkowiak R. [2009]: Koszty pracy maszyn leśnych (Costs of Forestry
Machinery Operations). PIMR, Poznań

Production of fuel wood chips as an example of supply chain reorganisation...

153

Gunnarsson H., Rönnqvist M., Lundgren J.T. [2004]: Supply chain modelling of forest
fuel. European Journal of Operational Research 158 [1]: 103-123
Hudson B., Hudson B. [2000]: Wood fuel supply chain in the United Kingdom. New
Zealand Journal of Forestry Science 30 [1-2]: 94-107
Kaputa V., Sucháň R. [2012]: Slovak Wood Biomass Market. Intercathedra 28/1: 24-30
Kärhä K. [2011]: Industrial supply chains and production machinery of forest chips in
Finland. Biomass and Bioenergy 35 [8]: 3404-3413
Kärhä K., Jylhä P., Laitila J. [2011]: Integrated procurement of pulpwood and energy wood
from early thinnings using whole-tree bundling. Biomass and Bioenergy 35 [8]: 3389-3396
Kocel J. [2000]: Prywatyzacja działalności gospodarczej nadleśnictw. Stan i rozwój
prywatnego sektora usług leśnych. In: Prywatny sektor usługowy w leśnictwie. Stan
i perspektywy rozwoju (Privatisation of Forest District Economic Activity. Current State
and Development of Private Forest Service Sector. In: Private Sector in Forestry
Services. Current State and Prospects for Development). Wyd. MTB Sawo, Tuchola: 19-29
Kocel J. [2002]: Stan i uwarunkowania rozwoju prywatnego sektora usług leśnych w Polsce
(Current State and Determinants of Development in the Private Forest Service Sector in
Poland). Prace Instytutu Badawczego Leśnictwa, seria A, 931: 6-25
Kocel J. [2010]: Prywatny sektor usług leśnych z perspektywy 20 lat (Private Forestry
Services Sector – 20-year perspective). Forum leśne: Człowiek las drewno. Wyd.
Ornatus, Poznań, 9-19
Kocel J. [2013a]: Firmy leśne w Polsce (Forest companies in Poland). CILP, Warsaw
Kocel J. [2013b]: Rola sektora usług leśnych w otoczeniu społeczno-ekonomicznym Lasów
Państwowych (Private Service Sector in Socio-economic Environment of Polish State
Forests). Poznańskie Towarzystwo Przyjaciół Nauk. Wydział Nauk Rolniczych
i Leśnych. Forestry Letters 104: 23-33
Kocel J. [2014]: Prywatne przedsiębiorstwa leśne – stan obecny, bariery i możliwości
rozwoju (Private Forest Service Companies – Current State, Threats and Potential for
Development) [accessed 12.03.2015]. Panel Ekspertów „Rozwój”. Lasy i gospodarka
leśna jako instrumenty ekonomicznego i społecznego rozwoju kraju, Sękocin Stary.
Available from: http://www.npl.ibles.pl/sites/default/files/referat/referat_j.kocel_.pdf
Laitila J. [2008]: Harvesting technology and the cost of fuel chips from early thinnings.
Silva Fennica 42 [2]: 267-283
Loučanova E., Parobek J., Palus H., Kalamarova M. [2016]: Logistic as a part of
innovation process. Acta Logistica 3 [1]: 1-4
Łyp K., Zychowicz W. [2007]: Funkcjonowanie nadleśnictwa w gospodarce rynkowej
(Forest district in market economy). In: Technika i technologia w leśnictwie polskim
(Technique and Technology in Polish Forestry). Wyd. SGGW, Warsaw: 180-183
Maciejewska K. [2005]: The operative labour consumption of technologies of fuel wood
harvesting from improvement cuttings in pine stands. Acta Sci. Pol., Silvarum
Colendarum Ratio at Industria Lignaria 4 [1]: 41-50
Mentzer J.T., DeWitt W., Keebler J.S., Min S., Nix N.W., Smith C.D., Zacharia Z.G.
[2001]: Defining Supply Chain Management. Journal of Business Logistic Vol. 22, No. 2
Moskalik T. [2006]: Logistyka transportu drewna (Wood transport logistics). Forum leśne:
Człowiek las drewno. Wyd. Ornatus, Poznań, 65-72
Murphy F., Devlin G., McDonnell K. [2014]: Forest biomass supply chains in Ireland: A
life cycle assessment of GHG emissions and primary energy balances. Applied Energy,
116, 1-8

154

Katarzyna SZEWCZYK, Krzysztof POLOWY

Ratajczak E., Bidzińska G. [2013]: Rynek biomasy drzewnej na cele energetyczne (Market
of Woody Biomass for Energy). In: Biomasa leśna na cele energetyczne (Woody
Biomass for Energy). IBL, Sękocin Stary
Ratajczak E., Szostak A., Bidzińska G., Herbeć M. [2012]: Demand for wood biomass for
energy purposes in Poland by 2015. Drewno 55 [187]: 51-63
Röser D., Sikanen L., Asikainen A., Parikka H., Väätäinen K. [2011]: Productivity and
cost of mechanized energy wood harvesting in Northern Scotland. Biomass and
Bioenergy 35: 4570-4580
Sieniawski W., Porter B. [2012]: Zrównoważony łańcuch dostaw drewna na przykładzie
wybranego zakładu (Sustainable Wood Supply Chain based on a selected sawmill).
Studia i Materiały CEPL w Rogowie. R. 14. Zeszyt 32/3: 254-264
Szramka H., Adamowicz K., Glazar K., Starosta-Grala M, Rutkowska A. [2016]:
Katalog kosztów minimalnych prac leśnych (Minimum costs of forest works).
Wydawnictwo Uniwersytetu Przyrodniczego, Poznań
Tahvanainen T., Anttila P. [2011]: Supply chain cost analysis of long-distance transportation
of energy wood in Finland. Biomass and Bioenergy 35 [8]: 3360-3375
Waściński T. [2014]: Procesy logistyczne w zarządzaniu łańcuchem dostaw (Logistics
processes in supply chain management). Zeszyty Naukowe Uniwersytetu Przyrodniczo-Humanistycznego w Siedlcach, Administracja i Zarządzanie 30 [103]: 25-38
Więsik J. [2000]: Rozwój i wyposażenie techniczne prywatnych firm leśnych (Development
and technical equipment of private forest companies). In: Prywatny sektor usługowy
w leśnictwie. Stan i perspektywy rozwoju (Private Sector in Forestry Services. Current
State and Prospects for Development) Wyd. MTB Sawo, Tuchola: 38-39
Więsik J., Wójcik K. [2008]: Wpływ mechanizacji na zatrudnienie robotników w firmach
leśnych (Influence of mechanisation on employment of workers in forest companies) In:
Tendencje i problemy techniki leśnej w warunkach leśnictwa wielofunkcyjnego (Trends
and Problems of Forest Technology in Multifunctional Forestry). UP Poznań: 77-86
Windisch J., Röser D., Mola-Yudego B., Sikanen L., Asikainen A. [2013]: Business
process mapping and discrete-event simulation of two forest biomass supply chains.
Biomass and Bioenergy 56: 370-381
Wolfsmayr U.J., Rauch P. [2014]: The primary forest fuel supply chain: A literature review.
Biomass and Bioenergy 60: 203-221
Zastocki D., Moskalik T., Sadowski J., Mokrzyński Ł., Dytkowski M. [2012]: Lokalne
uwarunkowania rozwoju prywatnych firm leśnych na przykładzie wybranego
nadleśnictwa (Local conditions for the development of private forest firms based on
a selected forest district). Studia i Materiały CEPL w Rogowie. R. 14. Zeszyt 32/3: 231-237

List of standards
BN-76/9195-01 Maszyny rolnicze. Podział czasu pracy. Symbole i określenia (Agricultural
machines. Working time distribution. Symbols and definitions)

Submission date: 10.07.2018
Online publication date: 15.05.2020

Drewno 2020, Vol. 63, No. 205
DOI: 10.12841/wood.1644-3985.333.09

Kadri Cemil AKYÜZ, İbrahim YILDIRIM, Nadir ERSEN, İlker AKYÜZ,
Doğan MEMIŞ

COMPETITIVENESS OF THE FOREST PRODUCTS
INDUSTRY IN TURKEY: THE REVEALED COMPARATIVE
ADVANTAGE INDEX

This study, aimed to determine the competitive position of the forest products
industry in Turkey between 2001 and 2017 using the revealed comparative
advantage approach. One of the three product sectors of the forest products
industry (wood and articles of wood, wood charcoal;sector 21) was examined at
the level of product subgroups. This sector was found to be far from the desired
position in terms of competition. When the sector was analysed by sub-group,
especially the product subgroups 4411, 4413 and 4415 had a competitive position.
Moreover, it was found that the trend in Turkey's imports of wood and wooden
articles was not high. However, imports under specified product groups were
above the general level of imports in Turkey.
Keywords: wood and articles of wood, wood charcoal; comparative advantage;
trade balance

Introduction
The existing resources and the imbalance in the structure of existing and everincreasing needs at individual and social levels make it necessary to search for
new resources and make best use of existing ones. The fact that the phenomenon
of globalization eliminated borders in the economic sense, especially after the
1980s, strengthened the reliance of countries on each other, and the resulting
improved access to resources, caused an increase in the number of production
units. This increase has led to problems in resource use, which is limited, while
bringing a serious dimension to competition. In this structure, production units,
faced with many opportunities and threats, must seek success and continuity in
competition and limit their production efforts to specific areas. The effort to
attract the largest share in international markets brings about an increase in
competition among companies and countries.
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The development of countries is closely related to the success of foreign
trade. In evaluations where the export level is one of the success criteria, the
strategic successes and production forces of companies are accepted as the
starting point in the development of the sector in which they are active and in
achieving international success. The changes in foreign trade figures over the
years at the sectoral level indicate the fields where focus and resources should be
allocated. An increase in the level of exports at the sectoral level cannot be
considered as a comparative advantage at international level, and it should also
be acknowledged that a decrease is not a failure. Accurately interpreting these
increases and decreases, which may occur due to various factors, ensures that
past years are evaluated in an integrated way.
Micro-level sectoral power and success of countries are the determinants of
macro-level success and power. In order to achieve success at an international
level, it is necessary to determine the sectoral competitive advantages. The
projections made for the coming years indicate that a certain number of
countries in the world, including Turkey, will gain a larger share of world value
added and will increase their global competitiveness [Erkan 2012].
The forest products industry, which is part of manufacturing industry and
include hundreds of different products and production types, is divided into two
sub-groups: intermediate goods and consumer goods. According to the
International Standard Industrial Classification of All Economic Activities
(ISIC), the forest products sector is grouped in three main fields: wood, wood
products and fungi; paper and paper products; furniture. Although there are
occasional differences in the classifications made internationally, the accepted
classifications are those of the Statistical Classification of Economic Activities
in the European Community (NACE) and ISIC.
In order for social and economic changes in society to increase the demand
for forest products and affect the sector’s a share in the expanding market, it is
necessary to track the developing technologies and determine consumer needs
accurately. Therefore, it is important to accurately evaluate the competitive
advantage in terms of product variety and make analyses that contribute to the
country's economy.
In this study, it was sought to determine the comparative advantages of the
forest products industry in Turkey on the basis of product subgroups using
various competitiveness indices. Within the scope of the study, the period
between 2001 and 2017 was examined in two parts. Moreover, the changes that
occurred in the product subgroups over the years, and the product groups that
should be given weight in production and export by the most appropriate
resource distribution based on comparative advantage were determined. The
study also detailed how periodic trends change at subgroup level.
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Competition, competitiveness and theoretical approaches that explain
competitiveness
The concept of competitiveness, on which there is no consensus regarding its
exact definition, is a concept that includes phenomena such as continuity in
production, increase in value added, sustainable income increase, and production
in compliance with standards.
The theory of absolute advantage, which was introduced by Adam Smith
[Smith 1776] and accepted as the first theory of international trade, states that
the export of goods produced inexpensively and the importation of expensive
goods will give countries an advantage. While this theory evaluates the
individual production superiority of countries, Ricardo [1817] stated that
countries and production units are not internationally independent and operate in
competition, and argued that production should be carried out considering
corrections to the prices of other countries. According to this theory, which is
known as the theory of comparative advantage and is one of the oldest
international trade theories, it is not necessary for countries to have an absolute
advantage over another to carry out international trade. According to Ricardo,
countries should act on the basis of relative price differences in the international
arena. In other words, countries do not have to produce goods cheaper than each
other.
Countries should specialize and export in the areas in which they have
comparative advantage, and import the products which would be costly to
produce. In such cases, the exporting and importing countries will all profit
[Miral 2006]. On this basis, the actions of all the countries and production units
will contribute positively to the welfare and development of the countries and
the world [Sharma 2004]. In order to eliminate the shortcomings of the theory of
comparative advantage, the factor density theory developed by Heckscer [1919]
and Ohlin [1933] bases superiority among countries on the countries’ means of
production. The excessive use of intensively owned factors will provide an
advantage over other countries in production. While these classical approaches
try to explain international competitive advantage on a national basis, in the
modern approaches pioneered by Michael Porter, competitiveness is explained
as industry-based. Porter stated that the available resources will decrease and
consequently the comparative advantage may change, and that the new
competitiveness factors will be cost, quality, product differentiation,
technological differences and market structures [Porter 1998].
In the literature, there are many studies on these indices used to make
comparisons between countries and sectoral evaluations. Bojnec [2001]
examined the countries that have an important share in world agricultural trade
in terms of comparative advantage, and determined that South American
countries have such an advantage. The objective of the study by Dieter and
Englert [2007] was to analyse the competitiveness of the German forest industry
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sector against international timber markets. In order to determine the
competitiveness of the Turkish furniture industry in the international arena,
Altay and Gürpınar [2008] analysed data collected between 2001 and 2006 with
the help of the Balassa and Volltrath indices. They determined the changes in the
sector and made various recommendations. De Carvalho et al. [2009] analysed
the competitiveness of Brazil in the international wood pulp market with RCA
and the Relative Position in the Market (RPM) indices. Aini et al. [2010]
examined the comparative advantage of Malaysian timber products in the
European market. Erkekoğlu et al. [2014] examined the competitiveness of the
furniture sector in Kayseri using the Balassa and Volltrath indices, and explained
that this sector has comparative advantage both in Turkey and internationally.
Sujova and Hlavackova [2015] evaluated the level and development of
competitiveness of the wood processing industry in the Czech Republic in a subsectoral structure. In a study by Palus et al. [2015], the trade performance and
competitiveness of the Slovak wood processing sectors and their comparison
with the Visegrad group countries were analysed. In another study, the
competitiveness of wood and semi-finished wood products in Slovakia and
selected other Central European countries was compared [Parobek et al. 2016].
Maksymets and Lönnstedt [2016] evaluated changes in the international
competitiveness of the forest products industries in three countries; Sweden, the
US, and Ukraine. Maxir and Masullo [2017] analysed Brazil’s international trade
in forest products between 2000 and 2014, emphasizing its role using the RCA
and Revealed Comparative Disadvantage (RCD) indices. In a study by Milicevic
et al. [2017], the competitiveness of the wood processing industry in the
Republic of Serbia between 1995 and 2015 was determined using six partial
indicators of competitiveness. De Souza et al. [2018] determined the
competitiveness of exports of sawn wood and tropical plywood and compared
the performance of both products.

Materials and methods
Material
In the present study, the paper and paper products and furniture sectors were
excluded and all of the subgroups of the ”wood and articles of wood, wood
charcoal” sector were analysed with regard to the determined indices. The
reason for focusing on this sector is that many businesses produce such goods in
Turkey and they are used as inputs in many other sectors. The analysis covered
the period between 2001 and 2017, which was divided into two sub-periods:
20012009 and 20102017. Therefore, it was attempted to determine the
differences in terms of periodic changes in competitive characteristics. The data
were taken from the TradeMap website, and the product groups defined by that
site were considered.
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Wood and articles of wood, wood charcoal

The contribution of wood and articles of wood, including wood charcoal, to
production and employment in Turkey, with thousands of enterprises operating
on different scales was defined in relation to 21 product subgroups (Table 1).

Table 1. Wood and articles of wood, wood charcoal
Product
codes
4401

4402

4403

4404

Definition
Fuel wood, in logs, billets, twigs, faggots or similar forms; wood in chips or
particles; sawdust and wood waste and scrap, whether or not agglomerated in logs,
briquettes, pellets or similar forms
Wood charcoal, incl. shell or nut charcoal, whether or not agglomerated (excluding
wood charcoal used as a medicament, charcoal mixed with incense, activated
charcoal and charcoal in the form of crayons)
Wood in the rough, whether or not stripped of bark or sapwood, or roughly squared
(excluding rough-cut wood for walking sticks, umbrellas, tool shafts and the like;
wood in the form of railway sleepers; wood cut into boards or beams, etc.)
Hoopwood; split poles; piles, pickets and stakes of wood, pointed but not sawn
lengthwise; wooden sticks, roughly trimmed but not turned, bent or otherwise
worked, for the manufacture of walking sticks, umbrellas, tool handles or the like;
chipwood, wooden slats and strips and the like (excluding hoopwood cut to length
and chamfered; brush surrounds and shoe trees)

4405

Wood wool; wood flour (wood powder able to pass through a fine, 0.63 mm mesh,
sieve with a residue of  8% by weight)

4406

Railway or tramway sleepers (cross-ties) of wood

4407

Wood sawn or chipped lengthwise, sliced or peeled, whether or not planed, sanded
or end-jointed, of a thickness of > 6 mm

4408

4409

4410

4411

Sheets for veneering, incl. those obtained by slicing laminated wood, for plywood
or for other similar laminated wood and other wood, sawn lengthwise, sliced or
peeled, whether or not planed, sanded, spliced or end-jointed, of a thickness of
 6 mm
Wood, incl. strips and friezes for parquet flooring, not assembled, continuously
shaped (tongued, grooved, rebated, chamfered, V-jointed beaded, moulded,
rounded or the like) along any of its edges, ends or faces, whether or not planed,
sanded or end-jointed
Particle board, oriented strand board (OSB) and similar board (e.g. waferboard of
wood or other ligneous materials, whether or not agglomerated with resins or other
organic binding substances) (excluding fibreboard, veneered particle board,
cellular wood panels and board of ligneous materials agglomerated with cement,
plaster or other mineral bonding agents)
Fibreboard of wood or other ligneous materials, whether or not agglomerated with
resins or other organic bonding agents (excluding particle board, whether or not
bonded with one or more sheets of fibreboard; laminated wood with a layer of
plywood; composite panels with outer layers of fibreboard; paperboard; furniture
components identifiable as such)
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4412
4413
4414
4415

4416

4417

4418

4419

4420
4421

Plywood, veneered panel and similar laminated wood (excluding sheets of
compressed wood, cellular wood panels, parquet panels or sheets, inlaid wood and
sheets identifiable as furniture components)
Metallised wood and other densified wood in blocks, plates, strips or profile
shapes
Wooden frames for paintings, photographs, mirrors or similar objects
Packing cases, boxes, crates, drums and similar packings, of wood; cable-drums of
wood; pallets, box pallets and other load boards, of wood; pallet collars of wood
(excluding containers specially designed and equipped for one or more modes of
transport)
Casks, barrels, vats, tubs and other coopers products, parts thereof, of wood, incl.
staves
Tools, tool bodies, tool handles, broom or brush bodies and handles, of wood; boot
or shoe lasts and shoetrees, of wood (excluding forms used in the manufacture of
hats, forms of heading 8480, other machines and machine components, of wood)
Builders joinery and carpentry, of wood, incl. cellular wood panels, assembled
flooring panels, shingles and shakes, of wood (excluding plywood panelling,
blocks, strips and friezes for parquet flooring, not assembled, and pre-fabricated
buildings)
Tableware and kitchenware, of wood (excluding interior fittings, ornaments,
cooperage products, tableware and kitchenware components of wood, brushes,
brooms and hand sieves)
Wood marquetry and inlaid wood; caskets and cases for jewellery or cutlery, and
similar articles, of wood; statuettes and other ornaments, of wood; wooden articles
of furniture (excluding furniture, lighting fixtures and parts thereof)
Other articles of wood, n.e.s.

Method
There are many different methods developed to measure international
competitiveness. These methods, primarily use foreign trade data to measure the
competitiveness of companies, industries and countries. In this study, RCA,
which was proposed by Liesner [1958] and developed by Balassa [1965], and
three different indices, formulated by Volltrath [1991], were used. The Balassa
and Voltrath indices are commonly used to measure competitiveness. The first
index formulated by Voltrath is the Relative Trade Advantage (RTA), which
consists of the difference between Relative Export Advantage (RXA) and
Relative Import Advantage (RMA). The second index was ln RXA, which is the
simple logarithm of the Relative Export Advantage Index. The third index was
the Revealed Competitiveness (RC) index, which consists of the difference
between the logarithmic forms of RXA and RMA.
Balassa index (or Revealed Comparative Advantage, RCA)

Balassa's [1965] index, which stands out in terms of measuring specialization in
international trade, allowed the share of a targeted group of goods in the total
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exports of a country to be expressed relative to the corresponding share of the
world's total exports. As a result of the analysis, a value of RCA less than
1 indicates that the country is not competitive in terms of the revealed
comparative advantages at the level of the relevant product, and a value of RCA
greater than 1 indicates that the country has a revealed comparative advantage in
the product group [Balassa 1965; Kum 1999; Altay and Gürpınar 2008]. The
Balassa index compares the specialization of a country in a product group with
that of the world. Here, it is determined whether it has comparative advantage at
the product group or sectoral level, rather than the elements that determine the
comparative advantage [Beningo 2005; Mykhnenko 2005]. The index developed
by Balassa is shown in Equation 1.

RCAij=

( )
( )
X ij
X it

X wj
X wt

(1)

where: Xij is country i’s exports of goods j
Xit is country i’s total exports
Xwj is the world’s exports of goods j
Xwt is the world’s total exports
Vollrath’s Revealed Comparative Advantage indices

The Balassa index, which is criticized for taking only export data into account,
was revised by Vollrath [1991]. The new calculation, which was made by
subtracting the total export data in order to prevent the export data in the product
group from being counted twice, consists of three different measurements to
determine the export competitiveness.
Relative Trade Advantage (RTA)
The Relative Trade Advantage index, which has a more complex structure than
the RCA index, is equal to the difference between the RXA index and the RMA
index [Vollrath 1991; Utkulu and İmer 2008]. The index, which determines the
net trade effect by using export and import values, is shown in the equation
below.
RTAij=RXAij −RMAij

(2)

If the result obtained from the calculation is greater than 0, it indicates that
the country has a competitive advantage at the product or sector level, and if it is
smaller than 0, this indicates that it has a competitive disadvantage.
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Relative Export Advantage (RXA)

Vollrath's RXA index prevents the country and product (sector) from being
counted twice, unlike in the Balassa index. This index can be defined as the ratio
of domestic specialization of a country's exports of a particular product or sector
to the world specialization of the same product or sector exports [Sarıçoban and
Kösekahyaoğlu 2017]. The index is formulated in the equation below:

RXA=

(
(

X ij
X it − X ij
X wj −X ij
X wt −X it

)
)

(3)

If RXA > 1, this means that the share of this goods group in the country's
exports is greater than its share in the exports of the world or other compared
country groups. In this case, it is concluded that there is an export competitive
advantage of the country in this goods group. RXA <1 indicates that the country
has a competitive disadvantage. A value of 1 indicates a balance in export
competitiveness.
Relative Import Advantage (RMA)

The RMA index shows the situation of a country in the world in terms of an
imported commodity. The equation for the index is given below [Fronberg and
Hartmann 1997]:

RMA=

(
(

M ij
M it− M ij

)
)

M wj −M ij
M wt −M it

(4)

where: Mij is country i’s imports of goods j
Mit is country i’s total imports
Mwj is the world’s imports of goods j
Mwt is the world’s total imports
It can be concluded that there is a competitive disadvantage at the level of
this product group if the RMA value is greater than 1 and there is a competitive
advantage if it is smaller than 1.
Simple logarithm of the Relative Export Advantage (ln RXA)
This index is widely used because it allows comparison of competitiveness
based on the export performance of competitor countries. In the classification of
ln RXA values, the following results are obtained:
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If ln RXA ranges between 0.5 and , the comparative advantage is high;
If ln RXA ranges between 0.5 and 0.5, the comparative advantage is marginal;
If ln RXA rhanges between - and 0.5, the comparative advantage is low. The
index logarithm formula is shown below [Erkekoğlu et al. 2014].
ln RXA=ln [ X ij /( X it− X ij )/( X wj − X ij )/( X wt − X it )]

(5)

Revealed Competitiveness (RC)
This index consists of the logarithmic forms of the RXA and RMA indices.
A positive value obtained for this index shows that there is a competitive
advantage, and a negative value shows that there is a competitive disadvantage.
This is a preferred measurement over ln RXA and RTA in terms of reflecting the
supply and demand balance [Sarıçoban and Kösekahyaoğlu 2017].
RC=ln RXA−ln RMA

(6)

Results and discussion
Wood and articles of wood, wood charcoal
The period between 2001 and 2017 for the defined product sector was divided
into two sub-periods with the aim of comparing the periodic values of the
competition index. Data on foreign trade in the products within the defined
periods are summarized in Table 2 [TradeMap 2018].
It may be that a significant foreign trade deficit occurred within the period
examined at the level of products subgroups within the wood, wooden articles
and wood charcoal sector. In a significant number of subgroups (4401, 4402,
4404, 4405, 4408, 4409, 4410, 4411, 4413, 4414, 4415, 4416, 4417, 4418, 4419,
4420 and 4420), there was an increase in exports in the periods examined. When
the import level was examined within the periods, it was observed that there
were increases in the subgroups 4401, 4402, 4404, 4407, 4408, 4409, 4410,
4411, 4412, 4413, 4414, 4415, 4416, 4416, 4417, 4418, 4419, 4420 and 4421.
Although a foreign trade surplus was observed in the subgroups 4404, 4408,
4410, 4413, 4415 and 4418 in the period 20012009, the values obtained were
low. Considering the averages for the period 2010 2017, a foreign trade surplus
was observed in the subgroups 4410, 4411, 4413, 4415 and 4418. In the
comparative evaluation of the two periods, the product subgroups that were
positive in the period 20012009, but turned negative in the period 20102017,
were 4404 and 4408, while subgroup 4411 turned from negative to positive in
the period 2010 2017. In addition, it is noteworthy that the trade deficit in the
products of subgroups 4401, 4402, 4407 and 4412 increased significantly.
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Table 2. Foreign trade figures for “wood and articles of wood, wood charcoal” at
product subgroup level (000 dollars)
Product
codes

2001-2009
Imports

2001-2009
Exports

2001-2009
Balance
of trade

2010-2017
Imports

2010-2017
2010-2017
Exports
Balance of trade

4401

80378

96.555

-80281.445

231394

772

-230622

4402

2875

7.777

-2867.223

26787

653.375

-26133.625

4403

159334

3176

-156158

108184

2850

-105334

4404

112

128.111

16.111

998

157.875

-840.125

4405

1473

9.777

-1463.223

1361

35.75

-1325.25

4406

1588

294.555

-1293.445

689

253.625

-435.375

4407

73317

17649

-55668

230126

12633

-217493

4408

15094

20257

5163

41654

26247

-15407

4409

10994

9253

-1741

16368

15540

-828

4410

41296

48971

7675

84320

91032

6712

4411

171998

95102

-76896

216362

289708

73346

4412

60530

16305

-44225

288003

14895

-273108

4413

3361

7310

3949

8884

26615

17731

4414

1692

810

-882

3391

1587

-1804

4415

3062

19239

16177

8102

33160

25058

4416

714

87

-627

1503

181

-1322

4417

634

486

-148

2117

993

-1124

4418

30406

46676

16270

71197

158730

87533

4419

2394

990

-1404

11577

2685

-8892

4420

4370

770

-3600

8325

1897

-6428

4421

10571

8033

-2538

26177

18688

-7489

Table 3 summarizes the index values for the subgroups of ”wood and articles
wood, wood charcoal” obtained using Balassa's RCA and Volltrath’s RCA.
The RCA index for “wood and articles of wood, wood charcoal” had an
average value of 0.48 between 2001 and 2009. It exhibited no competitiveness
during this period. With an average of 1.08 between 2010 and 2017, it indicated
a revealed comparative advantage. The identification of the product subgroups
that caused this change will contribute to a realistic discussion of the competitive
advantage of the sector. As a result of the evaluations, it was seen that four
product subgroups (4410, 4411, 4413 and 4415) had a revealed comparative
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Table 3. Competitiveness of “wood and articles of wood, wood charcoal” at product
subgroup level
2001−2009

2010−2017

Codes
RCA

RXA

RMA

RTA

In RXA

RC

RCA

RXA

RMA

4401

0.004

0.004

1.86

-1.85

4402

0.003

0.002

0.52

-0.52

4403

0.042

0.042

1.16

4404

0.113

0.112

0.05

4405

0.023

0.023

4406

0.194

0.193

4407

0.087

4408

0.945

4409
4410

RTA

-5.49

-6.11

0.01

0.01

2.12

-2.11

-4.37

-5.12

-5.87

-5.23

0.09

0.08

1.87

-1.78

-2.4

-3.03

-1.11

-3.15

-3.3

0.02

0.02

0.45

-0.42

-3.71

-2.92

0.05

-2.18

0.7

0.08

0.08

0.34

-0.25

-2.42

-1.35

2.72

-2.69

-3.74

-4.74

0.04

0.04

1.35

-1.31

-3.09

-3.4

0.63

-0.44

-1.64

-1.19

0.09

0.09

0.16

-0.06

-2.31

-0.52

0.086

0.22

-0.13

-2.44

-0.96

0.04

0.04

0.49

-0.44

-3.11

-2.4

0.945

0.43

0.5

-0.05

0.77

1.13

1.14

1.04

0.1

0.13

0.303

0.302

0.22

0.07

-1.19

0.3

0.39

0.39

0.26

0.12

-0.93

0.39

1.064

1.065

0.62

0.44

0.06

0.53

1.48

1.49

0.88

0.61

0.4

0.52

4411

1.832

1.845

2.4

-0.56

0.61

-0.26

3.62

3.71

1.8

1.91

4412

0.226

0.225

0.53

-0.3

-1.49

-0.86

0.12

0.12

1.66

-1.54

4413

2.49

2.518

1.32

1.19

0.92

0.64

11.5

12.6

2.47

10.2

ln RXA

1.31
-2.1

RC

0.09

0.72
-2.61

2.54

1.63

4414

0.118

0.117

0.16

-0.04

-2.13

-0.33

0.2

0.2

0.29

-0.08

-1.57

-0.35

4415

1.222

1.224

0.13

1.08

0.2

2.18

1.29

1.3

0.21

1.08

0.26

1.79

4416

0.022

0.022

0.13

-0.11

-3.81

-1.78

0.02

0.02

0.36

-0.33

-3.54

-2.54

4417

0.271

0.269

0.26

0.007

-1.31

0.02

0.37

0.37

0.22

0.14

-0.98

0.51

4418

0.594

0.593

0.28

0.3

-0.52

0.72

1.3

1.31

0.42

0.88

0.27

1.13

4419

0.232

0.23

0.29

-0.06

-1.46

-0.25

0.35

0.34

0.78

-0.43

-1.05

-0.81

4420

0.088

0.087

0.26

-0.17

-2.43

-1.09

0.14

0.14

0.36

-0.21

-1.92

-0.9

4421

0.287

0.285

0.21

0.06

-1.25

0.27

0.41

0.41

0.33

0.07

-0.88

Mean

0.48

0.48

0.68

-1.82

-0.95

1.08

1.13

0.85

0.29

-1.4

-0.2

0.19
-0.9

advantage between 2001 and 2009. It is accepted that the higher the RCA
coefficient, the higher the competitiveness and competitive advantage. As
a result of the calculation carried out by taking the average of the values for the
period 20102017, the product subgroups that had a comparative advantage,
increased numerically. It was seen that six out the 21 subgroups (4408, 4410,
4411, 4413, 4415 and 4418) had a revealed comparative advantage, and that this
sector reached a better position in terms of export data in the period 20012009.
It is noteworthy that the subgroups 4408 and 4415, which did not have
a comparative advantage in the period 20012009, had a comparative advantage
in the period 20102017. In addition, it was determined that only five subgroups
(4403, 4404, 4406, 4407 and 4412) showed a downward trend in the product
subgroup comparisons, while all the other subgroups showed an upward trend.
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The values observed demonstrated that the disadvantageous situation was
reduced; however, the competitiveness remained far from the desired level.
RXA, which is a relative export advantage index, was calculated within the
periods examined and showed significant similarities with RCA.
In the calculations made in the context of the relative import advantage
index, results of 1 and above are indicative of a competitive disadvantage in
imports. Within the periods examined, it was seen that the sector averages
remained within the limits of competitive advantage, but increased in the period
20102017. The product subgroups, which caused this change, were 4401, 4402,
4413 and 4415. As a result of the calculations made considering the average
values for the period 20012009, it was determined that five subgroups (4401,
4403, 4405, 4411 and 4413) had values of 1 and above. The subgroups 4401,
4403, 4405, 4411 and 4413 had a disadvantage in terms of imports, while the
other sub-groups had an advantageous situation. This showed that there was an
advantageous situation in the production of wood and articles of wood in the
period 20012009. Considering the period 20102017, seven product subgroups
(4401, 4402, 4405, 4408, 4411, 4412 and 4413) had a disadvantage in imports.
The highest disadvantage was that of subgroup 4405 in the period 20012009,
and that of subgroup 4413 in the period 20102017. It was found that the trend in
Turkey' s imports of wood and articles of wood was not high. However, imports
under specific product groups were above the general level of imports in Turkey.
As a result of the calculations made regarding ln RXAN, which allows the
comparison of competitiveness with respect to export performances, the low
level of advantage in the wood and articles of wood sector in the period
20012009 changed positively in 20102017. Although the wood and wood
products sector had low levels of advantage, it is noteworthy that the competitive
advantage of the product subgroups 4411 and 4413 in the period 20012009 was
high. In the subgroups 4410 and 4415, it was seen that the competitive
advantage took marginal values. Other product groups gave values below the
desired levels in terms of competition. In the analyses for the period 20102017,
it was seen that the subgroups 4411 and 4413 increased their competitive
advantages. Four subgroups (4408, 4410, 4415 and 4418) had values within the
marginal limits in the period 20102017, and this indicated the existence of
a positive change in the competitiveness of the sector.
The negative value of the RC index, which consists of the logarithmic forms
of the RXA and RMA indices and shows the relative competitive advantage of the
sector, indicates the existence of a competitive disadvantage. It was observed
that there was a competitive disadvantage in the sector within the periods
examined, and that the trend leaned towards negative between 2010 and 2017.
Considering the averages for the period 20012009, it was seen that there was a
competitive advantage in eight product subgroups (4404, 4408, 4409, 4410,
4413, 4415, 4417 and 4418). The high value for subgroup 4415 among these
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subgroups was remarkable. Considering the period 20102017, the number of
product subgroups with competitive advantage increased to nine (4408, 4409,
4410, 4411, 4413, 4415, 4417, 4418 and 4421). Subgroup 4404, which had
a competitive advantage in the previous period (20012009), lost its advantage,
while subgroups 4411 and 4421, which had a competitive disadvantage in the
previous period, now showed an advantage. Within this period (20102017),
subgroup 4415 still had the highest value, even though it experienced a decline
compared to the previous period (20012009). As regards the RC index value,
product subgroups that negatively affected the competitive average of the sector
were 4401, 4402, 4403 and 4405 in 2001 - 2009 and 4401, 4402, 4403, 4405,
4407, 4412 and 4416 in 20102017. Kayacan [2004] stated that forest-based
sectors do not have sufficient advantages and power in international markets.
Yıldırım et al. [2008] claimed that Turkey ’s wood panels industry can compete
with EU countries. Şahin [2016] found that the SITC 24 (cork and wood) and
SITC 25 (pulp and waste paper) sectors have low competitiveness in Turkey.
Moreover, it has been found that the competitiveness of SITC 63 (cork and wood
manufacture, excluding furniture), SITC 64 (paper, paperboard and articles of
paper pulp, of paper or of paperboard) and SITC 82 (furniture) have increased in
recent years. In a study by Keskingöz [2018], it was determined that the "wood
and articles of wood, wood charcoal" sector in Turkey has a comparative
disadvantage and is a net importer. In another study, Turkey was found to have
a competitive advantage with respect to products in the subgroups 4410 (particle
board, oriented strand board and similar board), 4411 (fibreboard of wood or
other ligneous materials), 4413 (metallised wood and other densified wood in
blocks, plates, strips or profile shapes) and 4415 (packing cases, boxes, crates,
drums and similar packings, of wood) [Kara et al. 2019]. Müftüoğlu and
Kayacan [2019] found that Turkey has low competitiveness in products of SITC
63 (wood and cork manufactures excluding furniture), whereas it has no
competitiveness in products of SITC 24 (wood, lumber and cork). Briefly, the
results are seen to be similar to those of the studies conducted here.

Conclusions
In the present study, in which the competitive position of the Turkish forest
products industry in the international arena was analysed, one of the industry’s
three main production sectors (wood and articles of wood) was investigated. The
determined periods were evaluated in two sections covering the periods
20012009 and 20102017, in order to determine periodic trends. A total of 21
product subgroups within the sector were investigated within the defined
periods. Based on the results obtained, the following suggestions can be made:
• It was seen that the ”wood and articles of wood, wood charcoal" sector
cannot be evaluated as having reached an adequate level, and it is far from
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the desired position in terms of competition. Although there are positive or
negative changes over time in the ability of different subgroups to compete,
there seems to be a positive trend. In particular, the preservation of the
competitive position of products in the subgroups 4411, 4413, and 4415 and
assurance of a sustainable quality, are important for other sub-groups of the
sector to reach the desired level.
The calculations showed that these subgroups are the pioneers in
competition. However, it should be kept in mind that if the problems in the
supply of raw materials are not solved, these subgroups may lose their
advantage in terms of competitive position. It is known that problems
concerning raw materials and by-products, which limit competition in
exports, constitute obstacles to various investments in sub-sectoral groups
and limit technological development. Measures should be taken to eliminate
import dependency in the procurement of raw materials in all areas, and the
quality of domestic production should be increased to world standards.
The brand value of products in Turkey should be increased, and Turkish
production expressions should be used frequently. Industrialists who plan to
be permanently present in foreign markets and to enter new markets should
not be left without support. All obstacles to participation in trade fairs and
market events must be removed. New, and especially high value-added
products should be mobilized, and the advantages gained should be
increased.
Finally, rational measures should be taken to enable the disadvantaged
products to be able to compete.
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VARIABILITY OF SELECTED MACROSTRUCTURE
FEATURES, DENSITY AND COMPRESSION STRENGTH
ALONG THE GRAIN OF “TABÓRZ” SCOTS PINE WOOD
(PINUS SYLVESTRIS L.)

The aim of the study was to determine the variability of annual ring width, share
of latewood, density and compression strength along the grain of “Tabórz” Scots
pine wood (Pinus sylvestris L.). The wood samples for examination were obtained
from three trunks of 260-year-old Scots pines felled in the Sosny Taborskie Nature
Reserve. In total, 106 samples were obtained, with cross-sectional dimensions of
20 × 20 mm and a length of 30 mm along the grain . The mean values for all
tested wood samples were as follows: annual ring width 1.28 mm, share of
latewood 28.9%, wood density 0.487 g·cm-3, and compression strength 47.3 MPa.
The least variability within trees was found for wood density and compressive
strength along the grain. Very high positive correlation was found between wood
density and compressive strength, and high positive correlations were found
between share of latewood and wood density and between share of latewood and
compressive strength. To the authors’ knowledge, the results presented here are
the first empirical data published concerning the features of wood
macrostructure, density and compression strength along the grain of the Tabórz
Scots pine, the trunks of which are considered a valuable timber in Europe.
Keywords: pine, annual ring width, share of latewood, physical and mechanical
properties

Introduction
High-quality timber obtained from “Tabórz” Scots pines has been known in
Poland and across Europe since approximately the 16 th century. The trunks of
these pines are full-bodied and knotless within their butt-end parts [Dziekoński
1994, 2004]. Despite the fact that this timber is well-known and highly valued in
Poland and Europe, to the authors’ knowledge there are no empirical data
available in the existing literature that describe this valuable resource in detail.
Radosław WĄSIK (radoslaw.wasik@urk.edu.pl), Krzysztof MICHALEC (krzysztof.
michalec@urk.edu.pl), Anna BARSZCZ (anna.barszcz@urk.edu.pl), Krzysztof MUDRYK
(krzysztof.mudryk@urk.edu.pl), University of Agriculture in Krakow, Krakow, Poland

172

Radosław WĄSIK, Krzysztof MICHALEC, Anna BARSZCZ, Krzysztof MUDRYK

In 2014 the research team of the Department of Forest and Wood Utilisation,
University of Agriculture in Krakow, began studies on the wood of Tabórz Scots
pines, the first part of which addressed the variability in its bending strength
[Wąsik et al. 2016]. The aim of the present research was to determine the
average values and variability of macrostructural features of Tabórz Scots pine
wood, such as annual ring width and share of latewood, as well as the wood
density and compression strength along the grain.

Materials and methods
The research material consisted of wood obtained from three pine trees removed
in the course of sanitation cutting treatments performed in compartment 94a in
the Tabórz subdistrict of Miłomłyn Forest District. Logs of 50 cm length were
cut from the felled trees. The samples were taken halfway along the length of
each trunk. From each log, a radial board containing the trunk pith was cut along
the previously established N-S direction, followed by another radial board cut
along the E-W direction. From these boards, longitudinal beams were cut. The
beams had square-shaped cross-sections with dimensions of 20 × 20 mm, and a
length of 300 mm. The beams were numbered with digits referring to sections of
the trunk radius in ascending order: the outermost beams (closest to the bark
layer) were given the number 1 (section 1), and the highest number was given to
the innermost beams (closest to the trunk pith). Detailed information, including a
description and mensuration data of the stand, as well as the methodology
employed for sampling the beams, appears in a previous article presenting the
results of analyses of variability in the bending strength of Tabórz Scots pine
wood, as cited above [Wąsik et al. 2016]. Upon completion of the test of
resilience of the investigated wood against static bending, from both ends of the
broken beams samples of thickness 30 mm were cut perpendicular to the grain.
To improve the visibility of the annual rings, one of the cross-sections of every
sample was polished using sandpaper. The cross-sections prepared in this
manner were scanned at a resolution of 1200 dpi, to obtain digital images in the
form of bitmaps. Then the widths of annual rings (ARW) and widths of latewood
zones were measured on these digital images using CooRecorder 7.6 software
[Cybis Elektronik & Data AB 2012a]. The measurements included all
completely preserved annual rings identified on the cross-section of the sample.
Empirical data referring to the annual ring widths and the latewood zone widths
were obtained by exporting the results of measurements from CooRecorder 7.6
to the program CDendro 7.6 [Cybis Elektronik & Data AB 2012b]. On this basis,
the share of the latewood zone (SLW) was computed for each annual ring. Next,
each sample was dried to an absolutely dry state in a Wamed heating chamber
(model KBC-65G) at a temperature of 103 ±2°C. The weight of absolutely dry
wood was measured to an accuracy of 0.001g with the use of a Radwag
laboratory balance (model WPS 210/C). Linear dimensions of the samples were
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measured in three anatomical directions, using a calliper with an accuracy of
0.05 mm. The wood density (WD) was then calculated as the quotient of the
weight of the sample and its volume [PN-77/D-04101].
The compression strength along the grain (CS) of the investigated wood was
tested using the EDZ-20 universal machine, within a measurement range of
0-200 kN. Immediately before the test of compression strength, the cross-sectional dimensions of each sample were measured with the use of a calliper to
an accuracy of 0.05 mm. The compression strength along the grain was
computed for wood with 12% absolute moisture content, using the following
formula [PN-79/D-04102]:
CS12% = CSw% [1+α(W–12)]
where CS12% is the compression strength at an absolute moisture content of 12%,
CSw% is the compression strength at the current absolute moisture content, α is
the coefficient of change in the wood compression strength along the grain when
its moisture content changes by 1%, and W is the current wood moisture content,
measured immediately following the test.
Based on the data obtained for two samples taken from the same beam, an
arithmetical mean value was computed, which was used in further comparisons
and calculations. The data generated included values of ARW, SLW, WD and
CS. These data were transferred to a spreadsheet, where mean values and
variability coefficients were computed for single sections, individual trees, and
the entire material under study. Mean values of WD and CS for a tree were
calculated as weighted means, taking account of the a total number of samples
within particular sections of the trunk cross-section.
The consistency of empirical distributions with the normal distribution was
assessed using the Shapiro-Wilk test. For testing the significance of differences
when the assumptions of the parametric test were not satisfied, the Kruskal-Wallis test (K-W test) was employed, followed by the multiple comparison test
(mc test). Relationships between the properties under analysis were determined
based on Pearson’s linear correlation coefficient. In testing of all statistical
hypotheses, a significance level of p ≤ 0.05 was assumed [Stanisz 1998; Statsoft,
Inc. 2011].

Results and discussion
The studies covered in total 106 samples cut from logs obtained from trunks of
the felled trees. The trees’ diameters at breast height and total heights were
respectively 50 cm and 28 m (tree no. 1), 51 cm and 30 m (tree no. 2) and 53 cm
and 30 m (tree no. 3). The diameters outside bark of 50 cm logs cut from the tree
trunks were 37 cm for tree no. 1 and 38 cm for trees nos. 2 and 3.
As noted above in the methods section, the analysed samples were cut from
the trunks within particular sections according to geographical directions. Tree
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no. 1 supplied 42 samples, including eight from each of the first five sections
(1-5) and two samples from section 6 (the innermost section). From tree no. 2
a total of 30 samples were obtained, including six from each of the first four
sections (1-4), four samples from section 5, and two from section 6. The smaller
number of samples taken from tree no. 2 resulted from the presence of a knot
within the log on its eastern side, which hindered the cutting of boards from that
fragment of the trunk. Tree no. 3 provided 34 samples, including eight from each
of the first three sections (1-3), four samples each from sections 4 and 5, and two
from section 6.
Annual ring width and share of latewood
The mean ARW computed for the three trees under study amounted to 1.28 mm,
while the mean SLW was 28.9%. The mean values of these properties of wood
macrostructure determined for particular trees were as follows: 0.99 mm and
39.7% for tree no. 1, 1.57 mm and 22.7% for tree no. 2, and 1.29 mm and 24.4%
for tree no. 3. The coefficient of variation calculated for the ARW parameter
within individual trees ranged between 35.5% and 67.2%. Significantly lower
coefficients of variation were recorded for SLW, ranging from 5.3% to 18.0%.
The data presented in Figure 1 indicate that the ARW of the investigated trees
decreased from the trunk pith towards the peripheral zone of the trunk (from
section 6 to section 1). In trees nos. 1 and 3 the decrease in the ARW value was
gradual; the mean ARW values in section 6 (close to the trunk pith) were around
2 mm. In tree no. 2, however, the decrease in ARW values between sections 6
and 4 was more rapid, with a mean annual ring width exceeding 3 mm in the
innermost section 6. For each studied tree, the mean ARW values in the three
outermost sections (1, 2 and 3) were smaller than 1 mm. The variability in the
SLW parameter along the radius of the trunk cross-section within its three
innermost sections (4-6) differed between the analysed trees, but in the
peripheral zones of the trunks (sections 1-3) the variability in the SLW values
was similar, with a small decrease towards the bark layer. No significant
differences in annual ring widths were detected between the investigated trees
(K-W test: p = 0.6958). However, with regard to the SLW parameter it was
found that the share of the latewood zone in tree no. 1 was significantly greater
than in tree no. 2 (mc test: p = 0.00000) and tree no. 3 (mc test: p = 0.00000). No
significant differences in the SLW value were established between trees nos. 2
and 3 (mc test: p = 1.00000)
Wood density
The mean WD of the pine trees under study was 0.487 g·cm-3, and its variability
between the individual trees amounted to 23.5% (Table 1). Means and
coefficients of variation for the investigated trees were as follows: 0.618 g·cm-3
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Table 1. Mean values of studied wood properties
Tree
number

Section

Type of statistic
mean

1

V [%]
mean

2

V [%]
mean

3

1

V [%]
mean

4

V [%]

5

6

2

2

3

5.7

42.7

0.650

13.8

4.8

39.2

0.606

61.2

7.7

16.7

9.1

64.9
9.4

57.3

9.1

12.9

mean

1.93

41.8

0.591

57.6

V [%]1))

–
1.15
35.5

mean

0.75
22.1
0.91
22.7
0.83

–
40.1
5.3
24.0
8.7
24.7
9.6
26.4

V [%]

2.7

4.2

mean

1.19

24.4

V [%]
mean
V [%]

23.0
2.47
14.6

mean

3.29

V [%]1)

–

mean

3

6.5

3.2
67.4

0.584

1.57

V [%]
1

1.29
19.3

0.657

60.1

14.4

V [%]

6

14.7

5.0

6.7

38.5

mean

5

0.95

40.8

0.600

5.9

V [%]

4

12.5

2.4

CS
[MPa]

1.39

mean

3

0.72

37.3

WD
[g·cm-3]

mean

mean

2

0.59
12.2

SLW
[%]

V [%]

V [%]
1

ARW
[mm]

67.2
mean
V [%]
mean
V [%]
mean
V [%]

0.76
11.3
0.87
18.9
0.90
15.0

8.5
21.7

–
0.618
4.7
0.432

5.8
41.0

5.4

11.2
40.6

0.2
0.440
3.7
0.451

6.9
44.3
5.3
40.7

0.7

11.1

0.409

37.9

12.9

3.8
0.398
–

22.7

0.434

18.0

3.6

21.4

0.387

13.3

3.7

22.1

0.397

7.2

61.9

0.443

14.9
–

–

4.1

22.8

0.408

13.0

5.7

5.2
39.3
–
41.0
4.7
36.2
8.5
38.3
5.3
40.1
8.3
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mean

4

V [%]
mean

5

V [%]
mean

6

1.09
10.0
1.87
14.6
2.22

V [%]1)
mean
V [%]

mean

47.4
1.33

V [%]

V – coefficient of variation;

–
1.29

16.3
1)

25.6
7.2
25.2
2.2
29.5
–

0.433
1.4
0.428
3.6
0.439
–

40.0
4.2
40.1
2.7
43.4
–

24.4

0.408

38.9

12.2

4.3

29.1

0.487

47.3

33.2

23.5

26.9

4.8

– data obtained from the analysis performed for one of the samples

and 4.7% for tree no. 1, 0.434 g·cm-3 and 3.6% for tree no. 2, and 0.408 g·cm-3
and 4.3% for tree no. 3. The data presented in Figure 1 indicate that in trees nos.
2 and 3, the WD decreased slightly from section 4 towards the trunk perimeter
(section 1). In the case of tree no. 1, however, there was a visible increase in this
parameter from section 5 to 2, followed by a decrease in section 1. Also notable
are the clearly higher values of wood density in particular sections of tree no. 1
compared with those of the other two trees. The analyses confirmed that the WD
parameter took significantly higher values for tree no. 1 than for tree no. 2 (mc
test: p = 0.00000) and tree no. 3 (mc test: p = 0.00000), while the WD of tree
no. 2 was significantly higher than that of tree no. 3 (mc test: p = 0.03976).
Compression strength along the grain
The mean CS value of the trees under study was 47.3 MPa, with the following
mean values for individual trees: 61.9 MPa for tree no. 1, 39.3 MPa for tree no.
2, and 43.4 MPa for tree no. 3 (Table 1). The coefficient of variation between the
investigated trees amounted to 26.9%, with values for individual trees ranging
from 4.7% to 5.8%. Based on the data presented in Figure 1, it may be stated
that the variability in the CS value within sections along the trunk cross-section
radius exhibited slightly different tendencies for each of the analysed pine trees.
In tree no. 1 the CS increased from the trunk pith towards section 2, and
significantly decreased within the outermost section 1. The wood of tree no. 2
revealed a considerable increase in the CS value between sections 5 and 3,
followed by a decrease between sections 3 and 1. In tree no. 3, however, there
was a gradual decrease in the CS parameter from the pith towards the trunk
perimeter. In all of these cases, the curve representing the variability in CS had
a shape similar to that of the curves representing the variability in WD.
Statistical analyses proved that the CS of tree no. 1 was significantly higher than
that of tree no. 2 (mc test: p = 0.00000) and tree no. 3 (mc test: p = 0.00000). No
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significant differences in the CS parameter were established between trees nos. 2
and 3 (mc test: p = 1.00000).

TREE no. 1

TREE no. 2

TREE no. 3
Fig. 1. Variability of the studied wood properties within particular sections of the
trunk cross-sections

Correlations between the studied features
The data presented in Table 2 indicate that there was no significant correlation
between the parameters ARW and SLW, while with respect to other properties
they were significantly correlated within the assumed level of statistical
significance. Negative and neutral correlations were detected between values of
ARW and those of WD and CS, while strong positive correlations occurred
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between values of SLW and those of WD and CS. Finally, the correlation
between WD and CS was positive and extremely strong.
Table 2. Coefficients of correlation between the studied wood properties
Property

ARW

SLW

WD

SLW

-0.01104

–

WD

-0.35871*

0.63974**

–

CS

-0.37228*

0.68130**

0.79410**

* – significant for p = 0.05, ** – significant for p = 0.001.

The mean ARW value obtained in these studies was 1.28 mm, which means
that the wood of the studied trees can be classified as fine-ringed timber (less
than 3.0 mm) [Krzysik 1974]. Similar mean values were recorded for pine trees
growing in coniferous stands in the eastern part of Poland [Paschalis 1980] and
for pines from stands in the Carpathian and Sudety Mountains in southern
Poland [Niedzielska et al. 2001]. Slightly higher means, though not exceeding
the value of 2.00 mm on average, were reported for trunks of pine trees in
Lithuania [Aleinikovas and Grigaliūnas 2006], while markedly higher values in
the range 2.86-3.72 mm were obtained for Scots pines in Portugal [Fernandes et
al. 2017]. Noteworthy are the surprisingly narrow annual rings within the
peripheral zones of the trunks, the mean values of which ranged from 0.95 mm
to 0.59 mm. The narrowest annual ring measured in the present study had
a width of 0.13 mm, and occurred in section 3 of tree no. 1, while the widest was
found in section 5 of tree no. 2, with a width of 4.22 mm.
The mean SLW recorded for the pine trees under study was 28.9%, and this
parameter exhibited significantly less variability within all of the investigated
trees than ARW. The variability in the former parameter between the particular
trees was relatively high, resulting from the significantly higher mean SLW
found in the trunk of tree no. 1 (40.2%) than in trees nos. 2 and 3 (22.7% and
24.4% respectively). Similar values of SLW were recorded for pine trees
growing in eastern Poland (21.0-36.2%) [Paschalis 1980], while slightly higher
values were found in trees from mountain regions in southern Poland
(27.9-54.7%) [Niedzielska et al. 2001], in Lithuania (33.5-39.7%) [Aleinikovas
and Grigaliūnas 2006] and in Portugal (33.3-40.4%) [Fernandes et al. 2017]. The
variability in the SLW parameter within the particular trunk sections was
different for each of the trees under study. Noteworthy is the rapid increase in
the SLW value found in the trunk of tree no. 2 in its innermost zones, close to
the pith, which was accompanied by an equally rapid decrease in the ARW
value.
The coefficient of variation between the investigated trees computed for the
WD parameter was 23.5%. Considerably smaller variability in this property was
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recorded within the particular trees, for which the coefficients of variation
ranged between 3.6% and 4.7%. The mean WD value was 0.487 g·cm-3, which
means that the studied Tabórz Scots pine trees can be placed in the group of trees
with light wood, with density between 0.4 and 0.5 g·cm-3 [Krzysik 1974].
Assuming that the total volumetric shrinkage remains at a level of 12% [Krzysik
1974], the WD values obtained for pine trees both from eastern Poland (from
0.552 g·cm-3 to 0.715 g·cm-3) [Paschalis 1980] and from southern Poland
(0.518 g·cm-3) [Niedzielska et al. 2001] must be considered higher. Higher
densities of Scots pine wood were also recorded in Lithuania (0.572-0.586 g·cm-3) [Aleinikovas and Grigaliūnas 2006], in Portugal (0.497-0.621 g·cm-3) [Fernandes et al. 2017] and in Spain (0.556 g·cm-3) [Riesco-Muñoz et al. 2008]. A similar density was found in Scotland (0.483 g·cm-3)
[Auty et al. 2014], and a slightly lower value in Sweden (0.454 g·cm-3)
[Wilhelmsson et al. 2002].
The results of studies by Repola [2006] and Witkowska and Lachowicz
[2012, 2013] indicate that the WD of pine trees decreased from the butt end
towards the tip of the trunk. On this basis, the authors make the assumption that
the wood from the butt-end parts of trunks of Tabórz Scots pines would exhibit
a greater density than that from the mid-height parts of the trunks.
The mean CS value of the wood under examination was 43.7 MPa, with
values for particular trees ranging from 38.8 MPa to 61.9 MPa. These values lie
within the relatively wide range of resilience against compression force
determined for pine wood by Krzysik [1974] and Galewski and Korzeniowski
[1958], with values from ca. 30 MPa to ca. 78 MPa, and a mean of 46 MPa.
A higher mean CS value (76.11 MPa) was obtained for the wood of pine trees
from Lithuania, where the minimum value was 37.4 MPa and the maximum
113.4 MPa [Aleinikovas and Grigaliūnas 2006]. In the present study the lowest
CS value of 29.2 MPa was recorded for a sample obtained from section 4 of tree
no. 2, while the highest value, as high as 77.3 MPa, was determined for a sample
from section 3 of tree no. 1. Taking into account that the research material was
sampled from the tree trunks at mid-height, the authors make the assumption
that the CS of the Tabórz Scots pines under analysis would take higher values in
the butt-end parts of their trunks. The possibility of such a pattern is supported
by the results of studies on the wood of pine trees growing in north-eastern and
southern Estonia, where the CS recorded at the mid-height of their trunks was
nearly 30% lower than that measured at one-fourth of the tree height [Pikk and
Kask 2004]. If it is assumed that the investigated Tabórz Scots pine wood
exhibits similar proportions, the estimated mean CS value within the butt-end
part of their trunks would be ca. 56 MPa, which is only slightly higher than the
mean CS values reported for pine wood by Krzysik [1974] and by Galewski and
Korzeniowski [1958].
The correlation between the ARW and SLW values determined in this study
was very weak and proved to be insignificant. This contrasts with the pattern
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commonly reported for the wood of coniferous tree species, whereby as the
ARW decreases, the SLW value increases. Perhaps, in the case of wood
containing extremely narrow annual rings, such a pattern simply does not occur.
Nevertheless, the correlations established in this study between the values of
WD and those of ARW and SLW confirm the existence of dependences between
these properties that have also been recorded in studies of the wood of other
coniferous species [Niedzielska 1995; Wąsik 2007; Wąsik et al. 2015]. The
strong correlation between the WD and CS parameters indicates that pine wood
with higher density was characterised by higher CS values. Similar conclusions
can be drawn from investigations of the wood of pine trees growing in north-eastern and southern Estonia [Pikk and Kask 2004].
The mean values of the parameters analysed in these studies for Tabórz Scots
pine wood were not very different from those reported for pine wood obtained
from other regions of Poland. The great popularity of Tabórz Scots pines in
Poland and across Europe would appear to be due to the extremely high quality
of their full-bodied and knotless trunks, rather than physicochemical properties
of their wood [Dziekoński 1994, 2004].

Conclusions
1.

2.

3.

4.

5.

The mean value of annual ring widths (ARW) was 1.28 mm, which supports
the classification of the studied Tabórz Scots pine wood as fine-ringed wood.
In the three outermost sections of the trunks the mean widths of annual rings
did not exceed 1 mm.
The mean share of latewood (SLW) was 28.9%. Similar values have been
reported for the wood of pine trees growing in eastern Poland, while values
reported for trees from southern Poland are slightly higher.
The mean value of wood density (WD) was 0.487 g•cm-3, which means that
Tabórz Scots pine can be categorised in the group of species with light
wood. Amongst the wood properties analysed, wood density revealed the
smallest variability within the studied individual trees.
The mean value of compression strength along the grain (CS) of the wood
under analysis was 43.7 MPa. Given that the investigated wood samples
were taken at the mid-height of the trunks, and assuming that the
compression strength of wood at a height of 0.5 m is ca. 30% higher [Pikk
and Kask 2004], the estimated compression strength of the wood in the buttend part of the trunks of Tabórz Scots pines can be expected to be
ca. 56 MPa, which slightly exceeds the corresponding mean values cited in
the existing Polish literature.
The annual ring width exhibited high variability within the examined trees,
and clearly smaller variability between them. The share of late wood, the
density and the compressive strength along the grain exhibited greater
variation between trees than within individual trees.

Variability of selected macrostructure features, density and compression strength...

6.
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A slight negative correlation between ARW and WD was recorded, while
between the values of SLW and those of WD and CS a strong positive
correlation was observed. An extremely strong correlation was established
between WD and CS. These relationships confirm the results of previous
studies on coniferous species which indicate mutual dependence between
these properties of wood macrostructure, namely its density and mechanical
properties.
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