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Abstract

As awareness grows regarding the necessity for sustainable technologies across various industries, including wood-based
composites, there’s a heightened demand for ecological solutions. One of the proposed solutions is the partial replacement
of wood raw materials in composites with forestry and agricultural waste, thus contributing to the circular economy. Suberin,
which is a natural polyester present in tree bark, after depolymerization can be converted into suberinic acids, and after this
process, post-extraction solid residues (SAR suberinic acid residues) remain, which include suberin monomers, lignin, cel-
lulose and esters. In this study, it was decided to use this waste in the form of a powder with dimensions of 0.250 mesh as a
filler for particleboards. Three-layer boards were prepared in four variants of SAR share in all layers (0%, 5%, 10%, 15%).
The physical and mechanical properties of the manufactured boards were tested—modulus of rupture, modulus of elastic-
ity, internal bond strength, screw withdrawal resistance, thickness swelling, water absorption, density profile, contact angle.
The formaldehyde and total volatile compounds emissions of the boards were also determined. As a result of the research,
it was shown that the addition of SAR has a positive effect on the properties of the panels, but only up to the level of 10%,
whereas for boards with a SAR content of 15%, a statistically significant decrease in mechanical and physical properties
was noted. The values obtained, however, were still within the required assumptions of the European Standards. Only the
IB value obtained for the SAR 15% variant did not meet the requirements of the EU Standards. As shown, SAR addition
significantly minimizes the emissions from boards, however, it decreases also the hydrophobicity. This study shows a great
potential in applying post-extraction residues from bark as a filler material for wood-based panels.

1 Introduction

Contemporary industry generates significant amounts of
forest (Top et al. 2018; Sahin 2020; Pandey 2022) and agri-
cultural (Sotowiej; Skonecki et al. 2011; Sugahara et al.
2019; Mensah et al. 2020) waste, posing unique challenges
for effective and sustainable management. One promising
avenue for processing this waste is its utilization in the pro-
duction of particleboards. A large portion of these wastes
is disposed by combustion or for the production of biofu-
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els (Gochev and Stoilov 2008; Eker 2011; Top et al. 2018;
Moskalik and Gendek 2019; Moretti et al. 2021; Roman
et al. 2021). However, there is increasing attention towards
valorizing these wastes to add higher value to them, as incin-
eration is not perceived as a sustainable disposal method
(Jezo and Kowaluk 2023a; Wronka and Kowaluk 2023; Silva
et al. 2024).

An example of adding value to commonly recognized
waste materials is their integration into wood-derived
material technologies. In the technology of particleboards,
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successful utilization has been observed with forest residues
from Pinus wood harvesting (Pedzik et al. 2022b), as well as
waste from Teobroma cacao and Ceiba species, which were
used in particleboards with enhanced resistance to fungal
attack (Mensah et al. 2020). Apart from wood waste, the
potential use of other lignocellulosic waste materials has
been explored, including cones (Sahin and Arslan 2011),
nuts (Pedzik et al. 2022a), chestnuts (Liang et al. 2021), corn
husks (Prasetiyo et al. 2020), wheat straw (Wang and Sun
2002), and residual grass clippings (Gokay et al. 2009). The
combination of cement and agricultural waste has also been
investigated in particleboards (Davies and Davies 2017).

One of the most significant forest residues is tree bark.
The quantity of bark remaining after debarking of wood logs
is best exemplified by specific species. In vast landscapes of
the Northern hemisphere, Betula pendula Roth. and Betula
pubescens Ehrh. are the primary Betula species, playing a
crucial role beyond mere canopy presence (Bergelin and
Holmbom 2008). These Betula species, widely recognized
for their role in pulp and plywood production, significantly
shape the industrial landscape. Interestingly, Betula bark,
comprising about 12.5% of the tree's mass, emerges as a
valuable by-product, with the outer bark of logs constitut-
ing 2.0-3.4% of their total composition (Pinto et al. 2009).
The impact of Betula extends further, as pulp production
boasting an annual output of 400,000 tons and a plywood
factory with an annual production of 252,000 m® signifi-
cantly contribute to the by-product stream. In particular,
these facilities generate approximately 28,000 and 16,000
tons of outer bark, respectively. It is worth noting that the
calorific value of this outer bark exceeds 30 MJ/kg, making
it a potent energy source. Besides other residual materials
like veneer chips and sawdust, the outer bark finds applica-
tions in power plants, pulp mills, and plywood factories,
where it is efficiently incinerated (Rizhikovs et al. 2015).

An approach involving the use of tree bark for produc-
tion of wood-based composites has been undertaken by
adding bark to wood particles in the production of particle-
boards. Single-layer (Jiang et al. 2020) and three-layer (Jiang
et al. 2023) particleboards were manufactured by partially
replacing primary wood particles with liquefied bark (PLB)
in internal or surface layers. Similar solutions were dem-
onstrated for bark flour, however in this case as a filler in
binders, obtained from Pinus bark (Antov et al. 2020) and
Fagus (Bekhta et al. 2021), Acer, and Betula bark (Walkie-
wicz et al. 2022).

Utilization of bark in the production of particleboards has
been tested mostly in the core layer of a board (Pedieu et al.
2008). In order to reduce emissions of harmful substances
such as formaldehyde (Medved et al. 2019), a binder-free
board with the addition of Melaleuca viridiflora Sol. Ex
Gaertn. bark was produced (Manufacture and Bark 2020).
Additionally, Blanchet et al. (2000) produced a particleboard
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with ground Picea bark, meeting the American National
Standard Institute indoor requirement for wood particleboard
under certain conditions. Particleboards with the addition of
Abies and Larix bark, without any other additives, were also
produced (Burrows 1960). Utilizing chips, sawdust, and bark
for particleboard production is a good way to reduce mate-
rial losses (Dziurka et al. 2022). However, as investigated by
Arabi et al. (2011), the smallest particle sizes (such as wood
or bark flour, sawdust) have a larger total special surface area
than other classes and, at the same weight, they need more
resin to cover the surface of all the fine particles. In this case,
the amount of resin is the same for all treatments, which
means less adhesion and, therefore, less durability. Although
increasing the share of binder in the board has a positive
effect on its properties, reducing resin content may result in a
significant decrease in total particleboard production cost. In
addition, the formaldehyde released during production and
use of wood-based composites is carcinogenic. Therefore,
increasing the proportion of binders to compensate for prop-
erty losses caused by for example particle size is not a good
strategy when developing new technologies for producing
wood-based boards.

Above mentioned Betula outer bark contains up to 45%
suberin, being a natural, bioprotective polyester. After the
extraction of triterpenes, the remaining biomass can still be
used for the production of other high-value-added products.
Suberinic acids (SA) are obtained by the depolymerization
of suberin through alkaline hydrolysis or transesterification,
where SA residue (SAR) remains after the extraction of
suberinic acid, containing small amounts of suberinic acids
and other suberin components, including betulin, lupeol,
and glycerol derivatives. This Betula outer bark component
opens the door to producing various high-value-added mate-
rials, using the remaining bark biomass, including SA as
a substitute for synthetic adhesives and polymers (Makars
et al. 2023). SA have been used as an adhesive for the pro-
duction of particleboards, offering excellent properties of
obtained panels (RiZikovs et al. 2014; Makars et al. 2022b,
a; Rizikovs et al. 2023).

In the wood industry, applications of SAR have also been
explored, focusing on the analysis of the strength of parti-
cleboard and plywood. It has been demonstrated that SAR
can serve as both a filler and a hardener in the adhesive of
plywood (Gumowska and Kowaluk 2022; Jezo et al. 2023).
Studies have shown that by using post-extraction Betula bark
residues, with adhesive application at 10% and 20%, the
requirements of EN312:2010 were met only for the bending
modulus of elasticity for boards produced with the largest
wood particles used in the research. The degree of adhesion
and the size of wood particles influenced the properties of
the tested boards (Jezo and Wronka 2022). The addition of
SAR to poly(lactide) - PLA and polycaprolactone - PCL
polymers was investigated, with a 20% and 50% ratio. It was
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demonstrated that the mechanical properties of such coat-
ings increased with the SAR content, and additionally, the
emissions of formaldehyde and volatile organic compounds
(VOC) were reduced (Jezo and Kowaluk 2023a).

Based on the current state of knowledge the authors
decided to conduct this study, aiming to investigate the
impact of SAR as a filler material in particleboards on their
physical and mechanical properties. The novelty of the study
lays in an underestimated character of suberinic acids and
their residues. It is a waste material, making this study a
perfect fit for the circular economy model and the idea of
upcycling. The innovation of this study lies in the use of
waste material that has never before been considered as a
feedstock in particle boards.

2 Materials and methods
2.1 Preparation of particleboards

Three-layer particleboards with a nominal density of 680 kg/
m?® were produced. The resination of all the panels equaled
12% for the outer layers and 8% for the inner layer, based on
wood oven-dry weight. The thickness of the panels produced
equaled 16 mm. To ensure the thickness of 16 mm, spacers
were used during the whole process of pressing. As binder,
an industrial urea—formaldehyde (UF) resin Silekol S-123
(Silekol Sp. z o. o., Kedzierzyn- KozZle, Poland) of about
66% dry content was used. The hardener for UF adhesive
mass was a 40 wt% water solution of ammonium nitrate. The
UF bonding mass composition had a weight ratio of 100:8:8
(resin, water, hardener solution, respectively) to reach the
curing time of the adhesive mass at 100 °C for about 86 s.
The viscosity of the used binder before application was
about 420-450 mPa-s. No hydrophobic agents were added.

The wood raw material used for particle production
was mainly Pinus sylvestris L., reinforced with SAR in
dimensions of 0.250 mm. Industrially obtained wood par-
ticles were utilized in two fractions (0.5 mm for face lay-
ers and 2 mm for the core layer). The moisture content of
both fractions before resination equaled 6%. The particles
of both fractions were evenly substituted with SAR. The
SAR was kindly provided by the Latvian State Institute of
Wood Chemistry, Riga, Latvia, and has been made from the
residues resulting from the isolation of SA acid, under the
process described by Makars et al. (2022a). The residues
resulting from the depolymerization of suberin contained
9.0 wt% cellulose, 21.4 wt% of suberin + lignin, 17.5 wt%
of o-hydroxy acids and 11.9 wt% of a,w-diacids (Makars
et al. 2022a). Industrial wood particles and SAR particles,
priorly mixed by hand, were put together into the mechanical
mixer and then the binder was sprayed by a pneumatic pistol
into the mixer. The panels were pressed in a hot press (AKE,

Mariannelund, Sweden) at a pressing temperature of 180 °C,
and a pressing time factor 20 s-mm™" of the nominal thick-
ness of the panel, with a specific maximum unit pressure of
2.5 MPa. The boards were conditioned in a climatic chamber
(Research and Development Centre for Wood-Based Panels
Sp. z 0.0. in Czarna Woda, Poland) at 20 °C and 65% air
humidity until a constant mass was obtained. No sanding of
the panels after pressing has been performed.

The panels were manufactured in four variants, regarding
the mass share of SAR contained:

— SAR 0%—panels containing no SAR feedstock, control
sample;

— SAR 5%—panels with SAR share equaling 5% of parti-
cles mass;

— SAR 10%—panels with SAR share equaling 10% of par-
ticles mass;

— SAR 15%—panels with SAR share equaling 15% of par-
ticles mass.

There was an attempt to produce variants with more than
15% of SAR, however, by increasing the amount of SAR to
20%, the dust absorbed too much binder, making it unable
to bind the particles.

The manufactured panels can be seen in Fig. 1. Two
boards of the size 350mm x 350mm of each variant
were prepared. Each board has been cut into samples of
320mm x 50mm, resulting in 12 samples for MOE and MOR
tests. Samples destroyed during the tests were then cut into
samples of dimensions of 50mm x 50mm, giving samples
for all of the other tests.

2.2 Mechanical and physical properties testing

Density profile was performed with the use of the Grecon
DA-X unit, with a sampling step of 0.02 mm and measuring
speed of 0.1 mm/s (3 samples of every panel type used; the
most representative profile was then presented in the plot).
The following mechanical parameters of produced panels
were investigated: modulus of rupture (MOR) and modu-
lus of elasticity (MOE) during bending, according to EN
310:1994 (European Committee for Standarization, Brus-
sels 1994), tensile strength perpendicular to the plane of
the board or internal bond strength (IB) according to EN
319:1993 (European Committee for Standarization, Brus-
sels 1996a), screw withdrawal resistance (SWR) according
to EN 320:2011 (European Committee for Standarization,
Brussels 2011). A number of 10 samples of every panel
type were used for mentioned tests; 12 for MOE and MOR
testing. The following physical properties of produced pan-
els were investigated: swelling in thickness (TS) and water
absorption (WA) after immersion in water according to EN
317:1993 (European Committee for Standarization, Brussels
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Fig. 1 Visual representation of
the manufactured panels

1996b) standard (no less than 5 samples of every panel type
used). Contact angle measurements were conducted using
the contact angle analyzer PHOENIX300 (SEO—Surface
& Electro Optics Co., Gyeonggi-do, Ltd., Suwon City,
Republic of Korea) equipment while using the method of
distilled water sessile drop in 3 repetitions per variant. The
contact angle was measured directly after drop deposition,
as well as 60 s after drop deposition for the same drop. The
total VOC (TVOC) and formaldehyde emission tests were
completed in the emission test chamber at a temperature of
23 °C 4+/- 0.5 °C and relative air humidity of 44% +/— 1%.
Other parameters of sample conditioning were carried out
following the EN 717-1 standard (European Committee for
Standarization, Brussels 1993). The TVOC and formalde-
hyde emission tests were carried out after 24 h of condition-
ing of the samples by analyzing the chamber air over three
repetitions after 20 min each using a JD-3002 Air Quality
Tester (Dongguan Jinlide Electronic Technology Co., Ltd.,
Dongguan City, Guangdong Province, China). We adhered
to the standards regarding air conditioning conditions for
samples during the emission test. The sample size for the
MOR and MOE testing was 350 mm x 50 mm and for all
the rest of the tests it was 50mm x 50 mm. All the tested
panels were conditioned prior to the tests at 20°C/65% RH
to a constant weight. The obtained results were examined
through the analysis of variance (ANOVA). The Student's
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SAR 5%

SAR 15%

test was carried out (o« = 0.05) to determine the statistical
significance of differences between the factors. The results
presented in the graphs (where applicable) show mean val-
ues, standard deviations and Tukey’s significance groups.

3 Results and discussion
3.1 Vertical density profile

The vertical density profiles of the examined panels are illus-
trated in Fig. 2.

All of the examined variants have a U-shaped density,
following the standard shape of a three-layers particle-
board’s density. In the middle of the thickness, all boards
had a density below 600 kg/m>, and these densities were
very close to each other. The density profiles did not show
absolute symmetry, one of the outer layers was character-
ized by a higher density than the other outer layer. The SAR
0% sample showed a density of the outer layers of approxi-
mately 1100 kg/m?, the SAR 5% variant achieved a simi-
lar value, but only on one side, while the other showed a
density of close to 900 kg/m>. The 10% SAR variant can
be considered the most symmetrical, with both outer lay-
ers having a density of approximately 900 kg/m>. The last
variant—SAR 15%—achieved density values for the outer
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layers of approximately 850 and 900 kg/m>. The reason for
the decrease in density in the outer layers in the SAR 15%
variant can be found in a weaker gluing—fine SAR particles
absorbed a large amount of binder during gluing, which is
why, in general observation, the boards in this variant were
drier to the touch. The density profiles indeed vary and the
addition of SAR did decrease the densities, due to the worse
quality of gluing. Therefore, the densities vary from the
nominal one. As investigated by Farrokhpayam et al. (2016),
the particles in the fine class have the smallest size, therefore
the total special surface area is larger than other classes and
with the same weight they need more resin to cover the sur-
face of all the fine particles. In this case, the amount of resin
is the same for all treatments, which means less adhesion
and, therefore, less durability. There is a strong correlation
between density and mechanical properties of boards: as the
board density increases, the mechanical properties improve.
This relationship, confirmed by Arabi et al. (2011), will also
influence the further presented results.

3.2 Modulus of rupture (MOR) and modulus
of elasticity (MOE)

The results of the MOR test for the analyzed panels are pre-
sented in Fig. 3. The highest results were achieved for sam-
ples with a SAR content of 5% (13.04 N/mm?), followed by
reference samples and those with a SAR of 10%, achieving
12.03 N/mm? and 11.58 N/mm?, respectively. The lowest
values of the MOR index, which did not meet the stand-
ard set by EN 310 for P2 particleboard type (11 N/mm?),
were recorded for samples containing SAR at the level of
15%—they amounted to 8.54 N/mm?. The statistical analysis
showed a significant difference only for samples with a SAR
of 15% (marked as group b in the chart), while the remaining

0% 5% 10% 15%

6 8 10 12 14 16
thickness [mm]

16

C T 1

12 a

— B

EN 312 requirement
for P2 board type
10

MOR [N/mm?]

1

SAR 0% SAR 5% SAR 10% SAR 15%

Fig.3 Modulus of rupture results for the examined panels (sample
dimensions: 50 mm X320 mm, repetitions per variant: 12) with sig-
nificance groups marked on the boxplots, according to the Tukey’s
test (letters a and b)

samples belonged to the same significance group (marked as
group a in the chart).

Figure 4 illustrates the results of testing the MOE of the
considered panels. The highest values were obtained for the
reference samples (2411.61 N/mm?), followed by SAR10%
and SAR 5%, 2369.50 N/mm? and 2347.90 N/mm?, respec-
tively. The lowest MOE values were obtained for SAR15%
samples—1637.98 N/mm?. All of the variants met the
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Fig.4 Modulus of elasticity results for the examined panels (sample
dimensions: 50 mm X 320 mm, repetitions per variant: 12) with sig-
nificance groups marked on the boxplots, according to the Tukey’s
test (letters a and b)

requirements set by EN 310 for P2 type of particleboards.
Statistical analysis showed that the only variant significantly
different from the others was SAR 15% (marked as group
b on the chart). The remaining samples belong to the same
significance group (in the graph marked as a).

Since this is the first study to use post-extraction waste
from suberin depolymerization, it is not possible to com-
pare the results for this material with other studies. How-
ever, since SAR is a derivative of bark, containing some of
its main components, the authors decided to compare the
obtained results with the results obtained for the addition
of bark as feedstock material in particleboards. As Yemele
et al. (2008) showed, three-layer particleboards with a tar-
get density of 800 kg/m® made with aspen bark content of
50% had an MOE in the range of 2323-2519 N/mm?, while
returning the bark share to 100% resulted in a significant
decrease in the MOE. For the same panels the MOR values
equaled 11.1-13.0 N/mm? (with the values increasing by
the decrease of bark particles size). The authors noticed a
similar tendency for boards using spruce bark. The MOE
and MOR values obtained for the boards with 50% of spruce
bark content were respectively 12 and 37% lower than that of
the control, what, according to the authors, can be explained
by the low cellulose content of bark as compared to wood.
Taking into account this difference in cellulose content, it
is worth mentioning that SAR contains much less (9.0%)
of this compound than the bark studied (26.8 and 25.4%
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for spruce and aspen, respectively). Cellulose, as the elastic
compound, plays namely a crucial role in giving a board
elasticity. The lignin content was similar, around 20%. In
another study, the MOE values of particleboards produced
with a 25% share of black spruce bark ranged from 2000 to
2300 N/mm?, with the MOE value increasing as the degree
of gluing increased. The authors noted an increase in the
MOE after increasing the share of bark to 50% (Blanchet
et al. 2000). This means that SAR, even though it is a deriva-
tive of bark, does not translate into obtaining the expected
properties at such a large mass fraction as bark added to
particleboards. Its composition contains less valuable com-
pounds than original bark. The explanation for the decrease
in MOE and MOR with the increase in the SAR share can
also be found in the adhesive properties of SAR, which
could result in increased stiffness of the particleboards and,
as a result, brittleness. The adhesive properties of SAR were
demonstrated by Jezo and Wronka (2022) and Jezo et al.
(2023). The UF resin is most likely influenced by the acidic
components of the SAR. This could lead to a premature cur-
ing of the binder when pressing, resulting in lower mechani-
cal properties. Also, the fact that in boards with increased
SAR content more binder is absorbed by the dust particles,
can negatively affect the proper binding process, thus nega-
tively affecting MOR and MOE. As shown by Engehausen
et al. (2024), MOR and MOE of a particleboard increase
as the particle size changed from fine to coarse. As con-
firmed by Farrokhpayam et al. (2016), particle size can sig-
nificantly affect the MOE and MOR of panels. Panels made
of particles in medium and fine size showed maximum and
minimum MOE and MOR, respectively. The opposite is the
case with IB. Therefore, it appears that coarse particles are
favorable for high MOR and MOE, while fine particles are
favorable for high IB (Engehausen et al. 2024).

3.3 Internal bond strength (IB)

Figure 5 shows the IB test results for the tested panels. The
highest values were obtained for SAR 5% samples (0.576
N/mm?), followed by SAR 10% samples (0.460 N/mm?),
these samples have stronger IB than the reference samples
(0.355 N/mm?). The SAR 15% samples (0.275 N/mm?) had
the lowest results, at the same time not meeting the require-
ments set by EN 319 for P2 type particleboards. There were
no statistically significant differences between the examined
panels (all of them are signed on the graph with the letter a
according to the Tukey test for homogeneous groups).

3.4 Screw withdrawal resistance (SWR)
Figure 6 shows the results of the SWR test. The results

obtained for the SAR 0%, SAR 5%, SAR 10% and SAR
15% variants were: 104.13 N/mm, 126.76 N/mm, 112.97
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Fig.5 Internal bond results for the examined panels (sample dimen-
sions: 50 mm X 50 mm, repetitions per variant: 10) with significance
groups marked on the boxplots, according to the Tukey’s test (letter a)
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Fig.6 Screw withdrawal resistance of the manufactured panels (sam-
ple dimensions: 50 mmX50 mm, repetitions per variant: 10) with
significance groups marked on the boxplots, according to the Tukey’s
test (letters a—c)

N/mm and 90.03 N/mm, respectively. The SAR 5% and
SAR 10% samples showed higher SWR than the reference

sample, where the 5% SAR was statistically significantly dif-
ferent from the control board and from the SAR 10% variant
(Tukey statistical significance group). The 15% SAR variant
showed a statistically insignificant decrease in strength.

It was shown by Fehrmann et al. (2023) that SWR
decreased with particle size reduction. Various studies have
shown a strong influence of many interrelated factors on
SWR, where particle size (Arabi et al. 2012) and board’s IB
(Rajak and Eckelman 1993; Semple and Smith 2006) can be
mentioned as factors resulting from the board’s properties,
where core density significantly influences IB strength in
the particleboard. Since in this study the core densities are
alike each other, the hint could be found in the particle size.
However, there has not been a significant decrease in SWR
by implementation of small SAR dust-particles observed. A
possible explanation for this phenomenon can be the adhe-
sion properties of SAR working as a hardener for the binder
due to its acidic nature (Jezo and Wronka 2022). According
to the test results conducted by other scientists (Akyiiz et al.
2010), it was determined that the amount of hardener should
not exceed a certain proportion, and acidity of the particles
should be controlled after the blending process by pH test for
good quality particleboard manufacturing. This may explain
the results obtained in this study. Also, the fact that in boards
with increased SAR content, more binder is absorbed by
the dust particles, can negatively affect the proper binding
process, despite the hardening provided by SAR. Another
potential explanation can be that SA due to the long fatty
acid molecules increase the elasticity of the composites
which is important for SWR.

3.5 Water absorption (WA), thickness swelling (TS)

In Figs. 7 and 8, the WA and TS results for the examined
panels are illustrated, respectively. As can be seen in Fig. 7,
the WA after 24 h of soaking in water was as follows for the
SAR 0%, SAR 5%, SAR 10% and SAR 15% variants, respec-
tively: 112.90%, 96.34%, 108.27% and 120.16%.
Statistical analysis indicated that after 2 h of soaking,
the SAR 0% and SAR 15% variants absorbed moisture in a
similar way, however, in the SAR 5% and SAR 10% samples,
the WA resulted in statistically different values (statistical
significance groups a and b on blue bars). After 24 h of
soaking, the behavior of the SAR 0%, SAR 5% and SAR
10% samples was similar and the WA values obtained by
the samples did not differ statistically significantly. How-
ever, the 10% SAR variant obtained statistically insignifi-
cantly different values only when compared to the 5% SAR
variant (statistical significance letters A and B on the orange
bars in the chart). SAR 5% and SAR 10% variants showed
lower WA after 24 h of soaking, however, SAR 15% sam-
ples showed a higher WA value. The explanation for this
phenomenon could be the same as in the case of mechanical
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Fig.7 Water absorption of the manufactured panels (sample dimen-
sions: 50 mm x50 mm, repetitions per variant: 5) with significance
groups marked on the boxplots, according to the Tukey’s test (letters
a, b; A-C)
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Fig.8 Thickness swelling of the manufactured panels (sample dimen-
sions: 50 mm x50 mm, repetitions per variant: 5) with significance
groups marked on the boxplots, according to the Tukey’s test (letters
a-b; A-C)

@ Springer

properties—with the addition of SAR at the level of 15%,
fine SAR particles absorbed the glue, which made the bond
of the boards not even and weaker. Therefore the “dry” par-
ticles were able to absorb more water, resulting in increased
weight of the panels.

Figure 8 shows the results of the swelling-thickness test
of the manufactured panels. After 24 h of soaking in water,
the thickness swelling for the SAR 0%, SAR 5%, SAR 10%
and SAR 15% variants was as follows: 58.53%, 37.22%,
49.03% and 52.42%. Statistical analysis indicated that after
2 h of soaking, the SAR 0% and SAR 15% variants absorbed
moisture in a similar way, however, in the SAR 5% and SAR
10% samples, the water absorption resulted in statistically
different values (statistical significance groups a and b on
blue bars), same as for the water absorption analysis.

After 24 h of soaking, exclusively the values obtained for
the SAR 0% and SAR 15% were statistically insignificantly
different. As other scientists (Kariuki et al. 2019) showed,
the presence of cellulose and hemicelluloses increases the
TS in particleboards, which may explain the reduced swell-
ing in boards with the addition of SAR dust. Additionally,
increased swelling was noted for increased particle size,
especially for the pine species (Kariuki et al. 2019). The
improved WA behavior in the case of SAR 5% and SAR
10% particleboards and improved TS results for all variants
reinforced with SAR could be the high content of lignin
(over 21 wt%) and hydrophobic suberinic acids (29.4%) in
SAR. These compounds determine the physical properties of
the particleboard, including WA and TS. Lignin added into a
composite material during particleboard formulation reduces
WA and TS (Abu-Zarifa et al. 2018) since it contains a small
number of hydroxyl groups that form hydrogen bonding with
water (Nemli et al. 2009a, b). Particleboard manufactured
by Kariuki et al. (2019) with a high lignin content of 21.5%
showed reduction in WA. Regarding SA as particleboard
adhesive, it also decreases TS to 4.5% being a hydrophobic
substance and excellent adhesion to wood after hot pressing
(Tupciauskas et al. 2019). Another aspect being the particle
size, has been investigated by Farrokhpayam et al. (2016),
whose research shows that the swelling of the boards within
2 and 24 h decreases as the particle size decreases. This
tendency is also visible in our study. Fine particles are com-
pressed better than coarse particles and exhibit more IB.
However, fine particles with a large specific surface area can
absorb more moisture than larger particles. The better IB in
fine particle panels could not compensate for the tendency of
small particles to absorb water (Farrokhpayam et al. 2016).

3.6 Contact angle (CA)
Table 1 illustrates the results obtained in the study of the CA

of the produced samples. For the reference sample with 0%
SAR content, after a second of wetting the CA was 105°,
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Table 1 Contact angle

Variant label CA[°]

(CA) of the manufactured

panels (sample dimensions: ls 60 s

50 mm X 50 mm, repetitions per

variant: 3) SAR 0% 105 100
SAR 5% 101 52
SAR 10% 92 27
SAR 15% 75 0

Table2 TVOC and HCHO

T Variant label TVOC HCHO
emissions of the manufactured

2
panels (sample dimensions: mg/m™h
50 ¥nm.>< 50 mm, repetitions per SAR 0% 0120 0.186
variant: 10)
SAR 5% 0.024  0.003
SAR 10% 0.019  0.000
SAR 15% 0.011  0.000

and after 60 s—100°. Already with the addition of 5% SAR,
a reduction in the angle was observed and after a second
it was 101°, and after 60 s—52°. For the 10% SAR variant
these values were for 1 s and 60 s: 92° and 27°, and for SAR
15% 75° and 0°, respectively. Additionally, in the case of the
SAR 15% sample, significant delamination was observed on
the surface after contact with a water drop. After just a few
seconds, the drop penetrated the sample surface. Statistical
analysis revealed significant differences between all of the
examined panels.

Although suberin derivates showed hydrophobic proper-
ties as a filler for finishing films (Heindmiki et al. 2015;
Handiso et al. 2021; Kumar et al. 2022), these properties
did not work for the extraction residues as a feedstock for
particleboards. The reason may be the lower quality of glu-
ing resulting from the absorption of a significant part of the
adhesive by the fine SAR and the lower homogeneity of the
wetted surface. SAR has been tested as a filler for biopoly-
mers in terms of their hydrophobicity, however, in the case
of PLA no significant improvement in these properties was
demonstrated after the addition of SAR, and in the case of
PCL a decrease in the CA values was observed (Jezo and
Kowaluk 2023a).

3.7 Formaldehyde (HCHO) and total volatile organic
compounds (TVOC) emissions

Table 2 illustrates the TVOC and HCHO emissions for the
manufactured panels. The SAR 0% variant showed the high-
est emission levels of both TVOC and HCHO, and as the
SAR share increased, the emission values of both substances
decreased. In the case of SAR 10% and SAR 15% samples,
the measuring device did not detect the HCHO content in the
measuring chamber. This does not necessarily mean there
was a complete absence of these substances in the air, but

it is possible that these values were too low for the device
given its sensitivity.

Kowaluk and Jezo (2023) also showed that the addition
of carbon-rich SAR to finishing films on wood and wood-
based surfaces significantly improves the barrier properties
of coatings based on biopolymers—PLA and PCL (Jezo and
Kowaluk 2023b). Bark flour obtained from various tree spe-
cies with high polyphenol content (walnut, chestnut, fir and
spruce) showed HCHO scavenging properties when added
to adhesive mixtures for gluing plywood (Aydin et al. 2017;
Ruziak et al. 2017). It was found that the use of powdered
beech bark reduces HCHO emissions from plywood by up to
74%, while maintaining good mechanical properties of the
boards (Réh et al. 2019). The decrease in HCHO emissions
can be attributed to the greater number of polyphenols in
bark than in wood.

4 Conclusion

The research presented in this article concerned the pos-
sibility of using post-extraction residues (SAR) from birch
bark (Betula pendula) as a filler material for the produc-
tion of three-layer particleboards. In the light of the con-
ducted research, it was shown that the addition of SAR has
an adverse effect on the mechanical properties of particle-
boards, causing a decrease in MOR and MOE. In the case
of IB and SWR, the SAR 5% variant showed a significant
increase in value and a smaller one for the SAR 10% variant,
but with a visible decrease for the SAR 15% variant. The
authors state that the reason for the observed phenomenon
is the possible occurrence of adhesive properties, absorption
of the binder by fine SAR dust or a lower cellulose content
in the material. In the case of WA, a decrease in the values
for the SAR 5% and SAR 10% variants was noticed, and this
phenomenon can be explained by the reduced share of absor-
bent cellulose, as well as the potential adhesive properties
of SAR. A similar observation was made for TS, which can
be explained by the fact that SAR, in the form of dust, had
lower WA capacity than larger wood particles. Moreover,
a positive effect of the addition of SAR on the HCHO and
TVOC emission levels of particleboards was demonstrated,
showing the scavenger effect of SAR, which may be due to
the significant share of lignin and polyphenols in this raw
material. Contact angle tests, however, showed a negative
effect of the addition of SAR to particleboards, resulting in
a deterioration of the hydrophobic properties of the boards,
until the water drops were completely absorbed by the SAR
15% variant after 60 s. Since the manufactured variants with
the addition of SAR met the requirements set for P2 type
boards by European Standards (except for IB in the case of
SAR 15% variant), the authors see potential in developing
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research on the potential use of SAR in wood composite
technology.

Acknowledgements The mentioned research is conducted with the
support of the Student Furniture Scientific Group (Koto Naukowe
Meblarstwa), Faculty of Wood Technology, Warsaw University of Life
Sciences — SGGW.

Author contributions The Authors confirm contribution to the paper as
follows: study conception and design: A.J.; study material preparation:
J.R., AJ., G.M.,, data collection: A.J., G.M.; analysis and interpretation
of results: A.J. G.M.; draft manuscript preparation: A.J., G.M.; edit-
ing of the manuscript: J.R., A.J. The Authors reviewed the results and
approved the final version of the manuscript.

Funding The research presented is a part of Project BarkBuild that is
funded under the ERA-NET CofundForestValue program through Vin-
nova (Sweden), Valsts izglitibas attTstibas agentira (Latvia), Ministry
ofEducation, Science and Sport (JIA) (Slovenia), Academy of Finland,
The Research Council of Norway, and theNational Science Centre,
Poland (agreement no. 2021/03/Y/NZ9/00038). The ForestValue pro-
gram receivedfunding from the Horizon 2020 Research and Innovation
program of the European Union under grant agreement No. 773324.

Availability of data and materials The data and materials can be shared
on request.

Declarations

Conflict of interest The Authors declare that they have no conflicts of
interest to report regarding the present study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abu-Zarifa A, Abu-Shammala M, Al-Sheikh A (2018) Sustainable
manufacturing of particleboards from sawdust and agricultural
waste mixed with recycled plastics. Am J Environ Eng 8:174-180.
https://doi.org/10.5923/j.ajee.20180805.02

Akyiiz KC, Nemli G, Baharoglu M, Zekovic E (2010) Effects of acid-
ity of the particles and amount of hardener on the physical and
mechanical properties of particleboard composite bonded with
urea formaldehyde. Int J Adhes Adhes 30:166-169. https://doi.
org/10.1016/j.ijadhadh.2009.12.006

Antov P, Savov V, Neykov N (2020) Reduction of formaldehyde emis-
sion from engineered wood panels by formaldehyde scavengers
— A review. Sustain For Ind Glob Econ-Proc Sci Pap 289-294

Arabi M, Faezipour M, Gholizadeh H (2011) Reducing resin content
and board density without adversely affecting the mechanical

@ Springer

properties of particleboard through controlling particle size. J
for Res 22:659-664. https://doi.org/10.1007/s11676-011-0207-3

Arabi M, Faezipour M, Haftkhani AR, Maleki S (2012) The effect of
particle size on the prediction accuracy of screw withdrawal resist-
ance (SWR) models. J Indian Acad Wood Sci 9:53-56. https://doi.
org/10.1007/s13196-012-0063-6

Aydin I, Demirkir C, Colak S, Colakoglu G (2017) Utilization of bark
flours as additive in plywood manufacturing. Eur J Wood Prod
75:63-69. https://doi.org/10.1007/s00107-016-1096-0

Bekhta P, Sedliacik J, Noshchenko G et al (2021) Characteristics
of beech bark and its effect on properties of UF adhesive and
on bonding strength and formaldehyde emission of plywood
panels. Eur J Wood Prod 79:423-433. https://doi.org/10.1007/
s00107-020-01632-8

Bergelin E, Holmbom B (2008) Reactions and distribution of birch
extractives in kraft pulp oxygen delignification. ] Wood Chem
Technol 28:261-269. https://doi.org/10.1080/027738108024526
00

Blanchet P, Cloutier A, Riedl B (2000) Particleboard made from
hammer milled black spruce bark residues. Wood Sci Technol
34:11-19. https://doi.org/10.1007/s002260050003

Burrows, C. H. (1960) Particle board from Douglas-Fir bark without
additives. Information Circular 15, Forest Products Research.
Oregon Forest Res Center

Cosereanu C, Brenci LM, Zeleniuc O, Fotin A (2015) Effect of
particle size and geometry on the performance of single-layer
and three-layer particleboard made from sunflower seed husks.
BioResources 10:1127-1136. https://doi.org/10.15376/biores.
10.1.1127-1136

da Costa DS, Banna WRE, Fujiyama RT (2023) Wood residue of
Jatoba (Hymenaea courbaril) and short fiber of Malva in com-
posites. RGSA 18(1):e04194

Davies IEE, Davies OOA (2017) Agro-waste-cement particleboards:
a review. MAYFEB J Environ Sci 2:10-26

Dziurka D, Kawalerczyk J, Walkiewicz J et al (2022) The possibility
to use pine timber pieces with small size in the production of
glulam beams. Materials (Basel) 15(9):3154. https://doi.org/10.
3390/mal5093154

Eker M (2011) Assessment of procurement systems for unutilized
logging residues for Brutian pine forest of Turkey. Afr J Bio-
technol 10:2455-2468

Engehausen N, Benthien JT, Liidtke J (2024) Influence of particle
size on the mechanical properties of single-layer particleboards.
Fibers 12(4):32. https://doi.org/10.3390/fib12040032

European Committee for Standarization, Brussels B (1993) EN
717-1 Wood-Based Panels - Determination of Formaldehyde
Release - Part 1: formaldehyde emission by the chamber method

European Committee for Standarization, Brussels B (1994) EN
310:1994 Wood-based panels - Determination of modulus of
elasticity in bending and of bending strength

European Committee for Standarization, Brussels B (1996b) EN
317:1996 - Particleboards and fibreboards - determination of
swelling in thickness after immersion in water

European Committee for Standarization, Brussels B (1996a) EN
319:1996 - Particleboards and fibreboards - Determination of
tensile strength perpendicular to the plane of the board

European Committee for Standarization, Brussels B (2011) EN
320:2011 - Particleboards and fibreboards - Determination of
resistance to axial withdrawal of screws

Farrokhpayam SR, Valadbeygi T, Sanei E (2016) Thin particleboard
quality: effect of particle size on the properties of the panel.
J Indian Acad Wood Sci 13:38-43. https://doi.org/10.1007/
s13196-016-0163-9

Fehrmann J, Belleville B, Ozarska B (2022) Effects of parti-
cle dimension and constituent proportions on internal bond


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5923/j.ajee.20180805.02
https://doi.org/10.1016/j.ijadhadh.2009.12.006
https://doi.org/10.1016/j.ijadhadh.2009.12.006
https://doi.org/10.1007/s11676-011-0207-3
https://doi.org/10.1007/s13196-012-0063-6
https://doi.org/10.1007/s13196-012-0063-6
https://doi.org/10.1007/s00107-016-1096-0
https://doi.org/10.1007/s00107-020-01632-8
https://doi.org/10.1007/s00107-020-01632-8
https://doi.org/10.1080/02773810802452600
https://doi.org/10.1080/02773810802452600
https://doi.org/10.1007/s002260050003
https://doi.org/10.15376/biores.10.1.1127-1136
https://doi.org/10.15376/biores.10.1.1127-1136
https://doi.org/10.3390/ma15093154
https://doi.org/10.3390/ma15093154
https://doi.org/10.3390/fib12040032
https://doi.org/10.1007/s13196-016-0163-9
https://doi.org/10.1007/s13196-016-0163-9

European Journal of Wood and Wood Products

strength of ultra-low-density hemp hurd particleboard. Forests
13(11):1967. https://doi.org/10.3390/f13111967

Fehrmann J, Belleville B, Ozarska B et al (2023) Influence of particle
granulometry and panel composition on the physico-mechanical
properties of ultra-low-density hemp hurd particleboard. Polym
Compos 44:7363-7383. https://doi.org/10.1002/pc.27631

Gochev Z, Stoilov S (2008) Technologies for recovering logging
residues for biomass.. Conference: Trieskové a beztrieskové
obrabanie dreva (Chip and chippless wood processing)At: Tech-
nical University in Zvolen, Zvolen, Slovakia, ISSN 1339-8350

Nemli Gokay, Demirel Samet, Giimiiskaya Esat, Mustafa Aslan
CA (2009) Feasibility of incorporating waste grass clippings
(Lolium perenne L.) in particleboard composites. Waste Manage
29:1129-1131. https://doi.org/10.1016/j.wasman.2008.07.011

Gumowska A, Kowaluk G (2022) The potential of utilisation of birch
bark suberinic acid residues as a component of the adhesive mass
for bonding of wood composites. Ann WULS, For Wood Technol
119:104-114. https://doi.org/10.5604/01.3001.0053.9001

Handiso B, Valle-Delgado JJ, Johansson LS, Hughes M (2021) The
physicochemical properties of cellulose surfaces modified with
(depolymerised) suberin and suberin fatty acid. Ind Crops Prod
159(2):113070. https://doi.org/10.1016/j.indcrop.2020.113070

Heindmiki J, Halenius A, Paavo M et al (2015) Suberin fatty acids
isolated from outer birch bark improve moisture barrier properties
of cellulose ether films intended for tablet coatings. Int J] Pharm
489:91-99. https://doi.org/10.1016/].ijpharm.2015.04.066

Jezo A, Kowaluk G (2023a) Carbon capture and storage through upcy-
cling of suberinic acid residues in wood composites finishing. C-J
Carbon Res 9(3):80. https://doi.org/10.3390/c9030080

Jezo A, Kowaluk G (2023) Carbon capture and storage throughup-
cycling of suberinic acid residuesin wood composites finishing.
C2023 9:80. https://doi.org/10.3390/c9030080

Jezo A, Wronka A (2022) Post-extraction birch bark residues as a
potential binder in particleboards. Ann WULS, for Wood Technol
118:35-47. https://doi.org/10.5604/01.3001.0016.0490

Jezo A, Wronka A, Debiniski A et al (2023) Influence of upcycled
post-treatment bark biomass addition to the binder on produced
plywood properties. Forests 14(1):1-14. https://doi.org/10.3390/
f14010110

Jiang W, Adamopoulos S, Hosseinpourpia R et al (2020) Utilization of
partially liquefied bark for production of particleboards. Appl Sci
10(15):5253. https://doi.org/10.3390/APP10155253

Jiang W, Adamopoulos S, Hosseinpourpia R (2023) Properties and
emissions of three-layer particleboards liquefied bark. Materials.
https://doi.org/10.3390/mal6051855

Kariuki SW, Wachira J, Kawira M, Leonard GM (2019) Characteriza-
tion of prototype formulated particleboards from agroindustrial
lignocellulose biomass bonded with chemically modified cassava
peel starch. Adv Mater Sci Eng 2019:1615629. https://doi.org/10.
1155/2019/1615629

Kumar A, Korpinen R, Méttonen V, Verkasalo E (2022) Suberin fatty
acid hydrolysates from outer birch bark for hydrophobic coating
on aspen wood surface. Polymers (Basel) 14:1-14. https://doi.org/
10.3390/polym 14040832

Liang J, Wu J, Xu J (2021) Low-formaldehyde emission composite
particleboard manufactured from waste chestnut bur. ] Wood Sci
67:21. https://doi.org/10.1186/s10086-021-01955-x

Makars R, Rizikovs J, Godina D, Paze A (2022a) Utilization of suber-
inic acids containing residue as an adhesive for particle boards.
Polymers 14(11):2304. https://doi.org/10.3390/polym14112304

Makars R, Rizikovs J, Paze A (2022b) Study of catalysts for suberinic
acid-based adhesive polymerization. Mater Sci Forum 1071:182—
188. https://doi.org/10.4028/p-gxs1x9

Makars R, Rizikovs J, Paze A et al (2023) Birch outer bark charac-
terisation after extraction and its potential for obtaining suberin

fatty acids. Eur Biomass Conf Exhib Proc. https://doi.org/10.5071/
31stEUBCE2023-6CV.7.14

Manufacture P, Bark M (2020) Pilot study on low-density binderless
bark. BioResources 15:7390-7403

Medved S, Tudor EM, Barbu MC et al (2019) Effect of pine (Pinus syl-
vestris) bark dust on particleboard thickness swelling and internal
bond. Drv Ind 70:141-147. https://doi.org/10.5552/drvind.2019.
1902

Mensah P, Mitchual SJ, Apetorgbor MM, Frimpong-Mensah K (2020)
Decay resistance of particleboards manufactured with four agro-
forest residues using cassava starch and urea formaldehyde as
adhesives. J Agric Chem Environ 09:240-254. https://doi.org/
10.4236/jacen.2020.94019

Moretti C, Lopez-Contreras A, de Vrije T et al (2021) From agricul-
tural (by-) products to jet fuels: carbon footprint and economic
performance. Sci Total Environ 775:145848. https://doi.org/10.
1016/j.scitotenv.2021.145848

Moskalik T, Gendek A (2019) Production of chips from logging
residues and their quality for energy: a review of European lit-
erature. Forests 10:262. https://doi.org/10.3390/£10030262

Nemli G, Demirel S, Giimiiskaya E et al (2009b) Feasibility of incor-
porating waste grass clippings (Lolium perenne L.) in particle-
board composites. Waste Manag 29:1129-1131. https://doi.org/
10.1016/j.wasman.2008.07.011

Pandey S (2022) Wood waste utilization and associated product
development from under-utilized low-quality wood and its
prospects in Nepal. SN Appl Sci 4:168. https://doi.org/10.1007/
$42452-022-05061-5

Pedieu R, Riedl B, Pichette A (2008) Properties of white birch (Bet-
ula papyrifera) outer bark particleboards with reinforcement
of coarse wood particles in the core layer. Ann for Sci 65:701.
https://doi.org/10.1051/forest:2008053

Pedzik M, Auriga R, Kristak L et al (2022) Physical and mechanical
properties of particleboard produced with addition of walnut
(Juglans regia L..) wood residues. Materials (Basel) 15(4):1280.
https://doi.org/10.3390/ma15041280

Pedzik M, Tomczak K, Janiszewska-Latterini D et al (2022b) Man-
agement of forest residues as a raw material for the production
of particleboards. Forests 13(11):1933. https://doi.org/10.3390/
f13111933

Pinto PCRO, Sousa AF, Silvestre AJD et al (2009) Quercus suber and
Betula pendula outer barks as renewable sources of oleochemi-
cals: a comparative study. Ind Crops Prod 29:126-132. https://
doi.org/10.1016/j.indcrop.2008.04.015

Prasetiyo KW, Zalukhu L, Astari L et al (2020) The potential of
using agricultural waste: corn husk for particleboard raw mate-
rial. IOP Conf Ser Earth Environ Sci 591:2-10. https://doi.org/
10.1088/1755-1315/591/1/012011

Rajak Z, Eckelman CA (1993) Edge and face withdrawal strength of
large screws in particleboard and medium density fiberboard.
For Prod J 43:25-30

Réh R, Igaz R, Kristak L et al (2019) Functionality of beech bark in
adhesive mixtures used in plywood and its effect on the stability
associated with material systems. Materials 12(8):1298. https://
doi.org/10.3390/mal12081298

Rizhikovs J, Zandersons J, Dobele G, Paze A (2015) Isolation of
triterpene-rich extracts from outer birch bark by hot water and
alkaline pre-treatment or the appropriate choice of solvents.
Ind Crops Prod 76:209-214. https://doi.org/10.1016/j.indcrop.
2015.06.053

Rizikovs J, Zandersons J, Paze A et al (2014) Isolation of suberinic
acids from extracted outer birch bark depending on the applica-
tion purposes. Balt for 20:98-105

Rizikovs J, Paze A, Godina D, et al (2023) Suberinic Acids As Adhe-
sive in Wood Bio-Based Composites and Polymer Constituents.
Eur Biomass Conf Exhib Proc 1027-1032

@ Springer


https://doi.org/10.3390/f13111967
https://doi.org/10.1002/pc.27631
https://doi.org/10.1016/j.wasman.2008.07.011
https://doi.org/10.5604/01.3001.0053.9001
https://doi.org/10.1016/j.indcrop.2020.113070
https://doi.org/10.1016/j.ijpharm.2015.04.066
https://doi.org/10.3390/c9030080
https://doi.org/10.3390/c9030080
https://doi.org/10.5604/01.3001.0016.0490
https://doi.org/10.3390/f14010110
https://doi.org/10.3390/f14010110
https://doi.org/10.3390/APP10155253
https://doi.org/10.3390/ma16051855
https://doi.org/10.1155/2019/1615629
https://doi.org/10.1155/2019/1615629
https://doi.org/10.3390/polym14040832
https://doi.org/10.3390/polym14040832
https://doi.org/10.1186/s10086-021-01955-x
https://doi.org/10.3390/polym14112304
https://doi.org/10.4028/p-gxs1x9
https://doi.org/10.5071/31stEUBCE2023-6CV.7.14
https://doi.org/10.5071/31stEUBCE2023-6CV.7.14
https://doi.org/10.5552/drvind.2019.1902
https://doi.org/10.5552/drvind.2019.1902
https://doi.org/10.4236/jacen.2020.94019
https://doi.org/10.4236/jacen.2020.94019
https://doi.org/10.1016/j.scitotenv.2021.145848
https://doi.org/10.1016/j.scitotenv.2021.145848
https://doi.org/10.3390/f10030262
https://doi.org/10.1016/j.wasman.2008.07.011
https://doi.org/10.1016/j.wasman.2008.07.011
https://doi.org/10.1007/s42452-022-05061-5
https://doi.org/10.1007/s42452-022-05061-5
https://doi.org/10.1051/forest:2008053
https://doi.org/10.3390/ma15041280
https://doi.org/10.3390/f13111933
https://doi.org/10.3390/f13111933
https://doi.org/10.1016/j.indcrop.2008.04.015
https://doi.org/10.1016/j.indcrop.2008.04.015
https://doi.org/10.1088/1755-1315/591/1/012011
https://doi.org/10.1088/1755-1315/591/1/012011
https://doi.org/10.3390/ma12081298
https://doi.org/10.3390/ma12081298
https://doi.org/10.1016/j.indcrop.2015.06.053
https://doi.org/10.1016/j.indcrop.2015.06.053

European Journal of Wood and Wood Products

Roman K, Roman M, Wojcieszak-Zbierska M, Roman M (2021)
Obtaining forest biomass for energy purposes as an enterprise
development factor in rural areas. Appl Sci 11(12):5753. https://
doi.org/10.3390/app11125753

Ruziak I, Igaz R, Kristdk L et al (2017) Influence of urea-formalde-
hyde adhesive modification with beech bark on chosen proper-
ties of plywood. BioResources 12:3250-3264. https://doi.org/
10.15376/biores.12.2.3250-3264

Sahin H (2020) The potential of using forest waste as a raw material
in particleboard manufacturing. BioResources 15:7780-7795

Sahin HT, Arslan MB (2011) Weathering performance of particle-
boards manufactured from blends of forest residues with red
pine (Pinus brutia) wood. Maderas Cienc y Tecnol 13:337-346.
https://doi.org/10.4067/S0718-221X2011000300009

Semple KE, Smith GD (2006) Prediction of internal bond strength in
particleboard from screw withdrawal resistance models. Wood
Fiber Sci 38:256-267

Skonecki S, Potrec M, Laskowski J (2011) Wtasciwosci fizyczne i
chemiczne odpadéw rolniczych. Acta Agrophys 18:443-455

Sotowiej P (2005) Analiza ilo$ciowo-jakosciowa odpadow z gosp-
odarstw rolnych na przyktadzie gminy. (Qualitative and quantita-
tive analysis of waste from agricultural farm on the example of
a community) (In Polish). Kated Elektrotechniki i Energ Uniw
Warm w Olsztynie PInz Rol 1(61):155-163

Sugahara ES, Da Silva SAM, Laura A et al (2019) High-density parti-
cleboard made from agro-industrial waste and different adhesives.
BioResources 14:5162-5170

@ Springer

Top Y, Adanur H, Oz M (2018) Type, quantity, and re-use of residues
in the forest products industry in Trabzon, Turkey. BioResources
13:1745-1760. https://doi.org/10.15376/biores.13.1.1745-1760

Tupciauskas R, Rizhikovs J, Grinins J et al (2019) Investigation of
suberinic acids-bonded particleboard. Eur Polym J 113:176-182.
https://doi.org/10.1016/j.eurpolymj.2019.01.061

Walkiewicz J, Kawalerczyk J, Mirski R et al (2022) The application
of various bark species as a fillers for UF resin in plywood manu-
facturing. Materials (Basel) 15(20):7201. https://doi.org/10.3390/
mal5207201

Wang D, Sun XS (2002) Low density particleboard from wheat straw
and corn pith. Ind Crops Prod 15:43-50. https://doi.org/10.1016/
50926-6690(01)00094-2

Wronka A, Kowaluk G (2023) Upcycling of wood dust from particle-
board recycling as a filler in lignocellulosic layered composite
technology. Materials (Basel) 16(23):7352. https://doi.org/10.
3390/mal6237352

Yemele MCN, Blanchet P, Cloutier A, Koubaa A (2008) Effects of bark
content and particle geometry on the physical and mechanical
properties of particleboard made from black spruce and trembling
aspen bark. For Prod J 58:48-56

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/app11125753
https://doi.org/10.3390/app11125753
https://doi.org/10.15376/biores.12.2.3250-3264
https://doi.org/10.15376/biores.12.2.3250-3264
https://doi.org/10.4067/S0718-221X2011000300009
https://doi.org/10.15376/biores.13.1.1745-1760
https://doi.org/10.1016/j.eurpolymj.2019.01.061
https://doi.org/10.3390/ma15207201
https://doi.org/10.3390/ma15207201
https://doi.org/10.1016/S0926-6690(01)00094-2
https://doi.org/10.1016/S0926-6690(01)00094-2
https://doi.org/10.3390/ma16237352
https://doi.org/10.3390/ma16237352

	Selected physical and mechanical properties of particleboards manufactured with addition of Betula bark post-extraction residues
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Preparation of particleboards
	2.2 Mechanical and physical properties testing

	3 Results and discussion
	3.1 Vertical density profile
	3.2 Modulus of rupture (MOR) and modulus of elasticity (MOE)
	3.3 Internal bond strength (IB)
	3.4 Screw withdrawal resistance (SWR)
	3.5 Water absorption (WA), thickness swelling (TS)
	3.6 Contact angle (CA)
	3.7 Formaldehyde (HCHO) and total volatile organic compounds (TVOC) emissions

	4 Conclusion
	Acknowledgements 
	References


