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Abstract: The rational use of wood waste allows the saving of forest resources and con-
tributes to the reduction of the greenhouse effect. Three types of wood waste were used
in this work: packaging (W), demolition and furniture construction (PLY), and door pro-
duction (DW). The work performed an analysis of the granulometric composition of the
wood waste and assessed the size, shape, and composition of the wood particles. The
particle size was in the range of 0–20 mm, but the quantitative proportion of particles of
different sizes in waste of different nature and shape was different. All wood particles were
thermochemically treated to reduce the amount of dust and soluble particles and to increase
the surface roughness of the wood particles to ensure better adhesion parameters with the
binder. The binder used was biopolyurethane. Engineered wood composites (EWC) were
formed from biopolyurethane and wood waste in a 50:50 ratio to evaluate compressive and
bending strength. The strength values showed that all wastes were suitable for forming
composites, but the size of the particles affected the magnitude of these values. The highest
compressive stress of 11.7 MPa was obtained from composites using 0–5 mm PLY waste,
while the lowest stress of 5.2 MPa was obtained from 0–20 mm W waste. In this case,
the size of the wood waste particles affected not only the compressive stress but also the
density of the composite. The analysis of the composite densities showed that 84.1% of
the variation in the total density values was determined by the sample fraction, particle
length-width ratio, angularity and sharpness and 15.9% by other factors that were not
evaluated. For flexural strength, particle size and nature did not show a clear tendency, and
values ranged from 7.2 to 11.5 MPa. The thermochemical treatment method of the wood
particles had no or only a slight effect on the strength characteristics of the engineered
wood composite.

Keywords: wood waste; engineered wood composite (EWC); granulometric composition;
thermochemical treatment; strength

1. Introduction
The use of raw wood in the manufacture of construction timber and wood prod-

ucts is notably inefficient throughout almost all phases of production, indicating a clear
opportunity for improvement in this regard [1].

In the context of Brazilian legislation, specifically the CONAMA decree of 2016 [2],
most of the wood is transported to sawmills to prepare various products. However, the
legislation stipulates a maximum yield of sawn wood of 35%, resulting in the classification
of 65% of the total wood mass as residual material. The generation of this residual material is
a direct consequence of the process of transforming wood into logs within forest ecosystems
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and culminates in the final preparation of sawn wood in specialised wood processing
facilities. The waste generated in the forest consists of branches, tops, and firewood, while
the wood bark and cuttings are produced by the wood processing company. The amounts of
different parts of green and dry trees are indicated in Table 1, and a graphic representation
of the parts of trees according to the type of cutting is given in Figure 1 [3].

Table 1. The present inventory comprises data related to the removal of trees in Lithuania, classified
according to the structure of the tree stem assortment, year 2012.
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Figure 1. Classification of the wood stem according to parts of the tree [1]. Figure 1. Classification of the wood stem according to parts of the tree [1].

A considerable amount of wood waste is produced as a byproduct of the recovery of
used wood products. According to the Lithuanian State Data Agency [4], wood product
waste is generated during the demolition and removal of construction products and the
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recovery of packaging. A significant proportion of this waste is disposed of in landfills,
while a notable share is treated, recycled, or incinerated to produce thermal energy. The
remaining part is exported or incinerated without thermal energy recovery.

Wood waste is derived from a variety of resources, demonstrating a lack of homogene-
ity as a material [5]. In addition, the chemical and physical composition of wood waste is
highly complex [6]. Wood waste resources are characterised by a variety of physical and
chemical contaminants, which pose significant challenges during recycling processes and af-
fect the properties of the resulting recycled products. Mechanical processes (e.g., screening,
magnet, or eddy current) have been used to address the physical contaminants present in
wood waste, including plastics, metals, textiles, and other materials. However, the removal
of chemical contaminants from wood, preservatives, paints, glues, and similar substances
remains a challenging aspect of mechanical waste wood processing. Consequently, the
effective management of these pollutants in wood waste is essential for the efficient reuse of
these valuable resources [7]. Despite the establishment and implementation of wood waste
management principles in numerous countries, a lack of consensus on the classification of
wood waste hinders trade between European countries [8].

One of the most popular solutions is the production of thermal energy, together
with other products, such as activated carbon, biofuels, and biochar, in addition to the
many uses of wood waste, such as the chemical industry and the production of fibres and
composites [9].

Wood waste management companies must face a multitude of challenges, including
but not limited to: pretreatment of raw materials; operational challenges; downstream
product treatment; safety; and risk assessment [10]. The utilisation of substandard and
frequently heterogeneous feedstocks can result in several complications, including the
formation of slag within combustion and gasification systems, the occurrence of tar during
the pyrolysis process, the presence of fly ash contamination and sedimentation, as well
as unbalanced heat exchange between the heat generation unit (combustion) and the heat
recovery unit (pyrolysis). Finally, the deployment of these technologies is influenced by
market demand, energy requirements, environmental impacts, and the availability of raw
materials [11].

Despite the challenges associated with its management, wood waste represents a
valuable raw material for the energy and materials sector. The volume of wood waste is
increasing in line with the rapid processes of urbanisation and industrialisation that occur
in numerous regions of the world. According to data collected in 2014 [12], approximately
60 million tonnes of wood waste are generated in Europe every year, coming from various
industrial sectors. Germany has the distinction of being the nation with the highest annual
generation of wood waste in Europe, contributing approximately 6.6 million tonnes in 2016,
positioning it as a prominent contributor to the overall landscape of waste management
on the continent [13]. Italy, the United Kingdom, and France collectively generate approxi-
mately 4 million tonnes per year, while Belgium, Austria, Spain, and Poland collectively
produce around 2 million tonnes in 2014 [14]. Sweden, Norway and Denmark collectively
accumulate approximately 1.0 million tonnes per year [15]. According to the United States
Environmental Protection Agency (EPA), the US generated around 18.1 million tonnes of
short wood waste collected from municipal solid waste streams in 2018. Despite varia-
tions in the methodologies employed for wood waste management, the degree to which
wood waste is recycled exhibits significant international variability. This variability is
evident in the utilisation of materials and energy. European countries generate an excess
of wood waste relative to its use for energy production, which is 60%–95% of the total.
Sweden, Switzerland, Norway, The Netherlands, and Finland are the leading European
countries that use a high proportion of wood waste for energy production, ranging from
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85 to 95% [16]. In other countries, wood waste is used more efficiently to produce new
materials. In terms of material use, Italy ranks first among European countries with a 42%
share of wood waste in panel production, followed by Austria with 33% [15].

Two main sources of pollution are identified in wood: physical sources (stones, metals,
plastics, textiles, etc.) [6,17,18] and chemical—a wide array of metals and their respective
compounds [19,20]. The most common binders identified in recycled panel wood waste in-
clude urea formaldehyde, thiourea formaldehyde, melamine urea formaldehyde, methane
diisocyanate, and phenol formaldehyde [21–27]. The presence of physical contaminants
derived from wood waste is not a significant concern. The application of appropriate classi-
fication techniques enables the detection and removal of each contaminant, thus ensuring
the purity of the wood composite material [28].

The potential to recycle a significant portion of wood waste from wood packaging [29],
construction and demolition projects [30], furniture sector [31] is promising, but requires
the implementation of effective separation [32] and recycling practices. Furthermore,
the evolving nature of construction codes and the economic limitations surrounding the
recycling of materials [33] such as medium-density fibreboards highlight the complexities
involved in the management of wood waste.

Many studies have been conducted on wood waste [34] and deadwood processing [35].
The use of formaldehyde [34] in the production of wood waste or deadwood-plastic
composites (WPC) because of the high reactivity, chemical versatility [36] provides the
most attractive basic product characteristics, but due to health effects occurring from the
release of formaldehyde into the air, many of the alternative natural bio-based binders are
being developed. They have lower reactivity, which increases the cost of production, and
there is a lack of research on toxicity and potential environmental impacts [37,38]. One of
the most attractive alternatives today is polymeric systems based on methylene diphenyl
diisocyanate [39]. In this case, the plastic used to produce the wood-plastic composites
does not need to be recycled and the moulding process does not need the extra energy to
form the samples [40].

This study examines the impact of the size and shape of the wood waste particles on
the strength characteristics of the resulting product, engineered wood composite (EWC).

2. Materials and Methods
2.1. Materials

Wood waste from several different sources in the construction industry was used, in-
cluding the door manufacturing industry (DW), wood packaging (W), and the construction
demolition and furniture industry (PLY) (Figure 2).
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The first set of samples of DW waste consisted of softwood shavings supplied by the
door manufacturer AS Viljandi Windows & Doors (Viljandi, Estonia), which also contained
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aluminium fibres. The resulting mixture of softwood and aluminium fibre did not require
additional mechanical grinding. The second group of samples was formed from (W) pack-
aging pallets, while (PLY) was formed from construction demolition and furniture waste.
Both groups of materials were supplied by JSC Ekobazė (Vilnius, Lithuania). To achieve
the required dimensions for the second and third groups of samples, which were larger in
size, a GMM-S hammer mill (JSC Radviliskis machine factory, Radviliškis, Lithuania) was
used for mechanical processing. The rotation speed of the mill rotor was 3000 min−1, and
the mesh sizes of the interchangeable sieves used were 20, 10, and 5 mm.

To enhance the adhesion of the wood particles to the binder, the wood particles were
additionally processed with 10% solutions (based on the weight of the sample) of hydrogen
peroxide, sodium carbonate, or calcium hypochlorite. All chemicals were purchased from
UAB “Lerochem”, (Klaipėda, Lithuania). The wood waste samples were coded according
to their granulometric composition and the solutions that were used for chemical treatment
(Table 2).

Table 2. Preparation of wood waste samples.

No. Sample Code Wood Waste
Source

Wood Particle
Size, mm

Chemical Treatment
Solution, 10%

1 PLY 0/5_H2O2

PLY

≤5

hydrogen peroxide

2 PLY 0/5_Na2CO3 sodium carbonate

3 PLY 0/5_Ca(OCl)2 calcium hypochlorite

4 PLY 0/10_H2O2

≤10

hydrogen peroxide

5 PLY 0/10_Na2CO3 sodium carbonate

6 PLY 0/10_Ca(OCl)2 calcium hypochlorite

7 PLY 0/20_H2O2

≤20

hydrogen peroxide

8 PLY 0/20_Na2CO3 sodium carbonate

9 PLY 0/20_Ca(OCl)2 calcium hypochlorite

10 DW 0/5_H2O2

DW

≤5

hydrogen peroxide

11 DW 0/5_Na2CO3 sodium carbonate

12 DW 0/5_Ca(OCl)2 calcium hypochlorite

13 DW 0/10_H2O2

≤10

hydrogen peroxide

14 DW 0/10_Na2CO3 sodium carbonate

15 DW 0/10_Ca(OCl)2 calcium hypochlorite

16 DW 0/20_H2O2

≤20

hydrogen peroxide

17 DW 0/20_Na2CO3 sodium carbonate

18 DW 0/20_Ca(OCl)2 calcium hypochlorite

19 W 0/5_H2O2

W

≤5

hydrogen peroxide

20 W 0/5_Na2CO3 sodium carbonate

21 W 0/5_Ca(OCl)2 calcium hypochlorite

22 W 0/10_H2O2

≤10

hydrogen peroxide

23 W 0/10_Na2CO3 sodium carbonate

24 W 0/10_Ca(OCl)2 calcium hypochlorite
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Table 2. Cont.

No. Sample Code Wood Waste
Source

Wood Particle
Size, mm

Chemical Treatment
Solution, 10%

25 W 0/20_H2O2

W ≤20

hydrogen peroxide

26 W 0/20_Na2CO3 sodium carbonate

27 W 0/20_Ca(OCl)2 calcium hypochlorite

28 PLY PLY

≤20 without chemical treatment29 DW DW

30 W W

The moisture content of wood waste particles varied between 9.3 and 10.7%. Its
influence on the properties of the composite was not evaluated in further studies.

The ratios of biopolyurethane to wood waste for the preparation of the blends are
shown in Table 3.

Table 3. Ratios of raw materials for the preparation of mixtures.

Biopolyurethane, %
Wood Waste, %

Isocyanate Polyol Rapeseed Oil

18 22 10 50

Lupranat M20S polymeric 4,4-diphenylmethane diisocyanate with 31.5% NCO (BASF,
Berlin, Germany) was used as hardener. The binder components also consisted of polyol
Biopolyol RD (SIA PolyLabs, Riga, Latvia), which had a polyol hydroxyl number of
350 KOH/g and a water content of less than 0.2%, as well as natural rapeseed oil (UAB
“Lomista”, Kaišiadorys, Lithuania).

2.2. Preparation of EWC

The wood waste and biopolyurethane were loaded into a 50 litre plastic round con-
tainer and thoroughly mixed for 1 minute using the Apex ST2 mixer (Wagner S.p.A.,
Valmadrera, Italy) at a speed of 200 rpm. Subsequently, the mixture was transferred to a
metal form and pressurised to a pressure of 0.9 MPa. The next step was to use a pneumatic-
hydraulic press, the Tongrun T40 (Shanghai Tongrun Imp. & Exp. Co., Ltd., Shanghai,
China), for crimping. The clamped specimen was then held for 30 min and dismantled.

2.3. Test Methods

The strength characteristics of the formed specimens were determined 3 days after their
formation. A Hounsfield H10KS universal test press (Hounsfield Test Equipment, Redhill,
UK) was used to determine the strengths. For the evaluation of the strengths, three samples
were prepared from each composition. The compressive strength was determined in
accordance with EN ISO 29469 [41]. Cube-shaped specimens of 15 mm × 15 mm × 15 mm
were prepared for testing, while the bending strength was determined according to EN
310 [42], employing test specimens of 300 mm × 50 mm × 10 mm. Statistical analysis of
the test data was performed using the Statistica programme [43].

3. Results
The granulometric composition of the samples is presented in Figure 3.
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Figure 3. The granulometric composition of wood waste samples: (a) DW; (b) PLY; (c) W. Figure 3. The granulometric composition of wood waste samples: (a) DW; (b) PLY; (c) W.
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As shown in Figure 1, the particle size distribution of wood waste showed that two
particle sizes predominated in DW waste: >0.315–1.25 and >2.5–5. On the contrary, in PLY
and W waste, the particle size range >2.55–>5 mm was clearly distinguished. This variation
can be attributed to the technological parameters associated with door production, which
significantly influence the composition of the resulting waste. In addition, the distribution
of various waste particles after their chemical treatment also varied. When examining DW
waste particles, the size of which varied from 0 to 2.5 mm, an increase in fine particles
was observed after chemical treatment compared to untreated waste. Fine wood particles
were likely easier to wash out, while heavier aluminium particles affected the particle mass
distribution. Additional leaching in water showed that the mass of aluminium particles in
the DW waste was 10.6% by mass. Meanwhile, in PLY waste, also in W waste, no increase
in fine particles was observed.

Furthermore, all wood waste was divided into three fractions: 0–<5, ≥5–<10, and
≥10–<20 mm. A representative sample from each fraction was selected for analysis of the
morphology of the wood waste particles. The images of particles of different fractions are
presented in Figure 4.
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The particles in each fraction were systematically labelled and analysed using ImageJ
1.54, a public-domain software programme for image processing and analysis. This ana-
lytical procedure included measurements of aspect ratio, roundness, and circularity—the
majority of studies have identified these particle shape characteristics as the most com-
monly used. The results of this analysis are presented in Table 4. ImageJ defines the aspect
ratio as a measure of the proportional dimensions of an object. Specifically, it is defined as
the ratio of the width to the height of the bounding box that encloses the shape and can be
calculated as [44]:

AR =
W
H

(1)
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An elevated aspect ratio is indicative of a more elongated configuration. Conversely, a
value that approaches one suggests a shape that is more square-like or circular.

Table 4. Analysis of the shape of particles.

Type and Fraction
of Wood Waste Aspect Ratio Roundness Circularity

W, 0–<5 4.110 ± 3.270 0.373 ± 0.209 0.515 ± 0.224
W, ≥5–<10 4.869 ± 6.388 0.446 ± 0.255 0.558 ± 0.259
W, ≥10–<20 3.228 ± 2.352 0.460 ± 0.242 0.616 ± 0.235

PLY, 0–<5 3.850 ± 1.818 0.317 ± 0.143 0.435 ± 0.172
PLY, ≥5–<10, 6.153 ± 4.028 0.245 ± 0.186 0.432 ± 0.188
PLY, ≥10–<20 6.952 ± 5.874 0.210 ± 0.112 0.389 ± 0.151

DW, 0–<5 2.499 ± 1.734 0.525 ± 0.236 0.709 ± 0.237
DW, ≥5–<10 3.838 ± 2.550 0.364 ± 0.189 0.365 ± 0.220

DW, ≥10–<20 3.348 ± 2.350 0.391 ± 0.165 0.378 ± 0.198

Roundness is a quantitative metric that evaluates the extent to which the geometry
of an object approximates a perfect circle. Within the ImageJ software framework, the
roundness of an image can be calculated by the following formula [44]:

Roundness =
4 × Area

π × (Perimeter)2 (2)

Values approaching 1 are indicative of shapes that are more circular, while lower values are
indicative of more irregular shapes.

Circularity quantifies the degree to which a shape is round. Circularity is frequently
defined as [44]:

Circularity =
4 × π × Area

Perimeter2 (3)

As with the concept of roundness, a circularity value of 1 corresponds to a theoretically
perfect circle, while values less than 1 indicate deviations from circularity. As these proper-
ties demonstrate, the angularity and sharpness of the corners are characteristics of both
roundness and circularity.

Table 4 shows that the dispersion of the particle shape indicators of the studied waste
was very large. Such a dispersion reflects not only a large set of particle length, width, and
shape but also the nature of the particles and technological parameters, thanks to which
the particles were prepared.

Then an analysis of the effect of particle fractions, shapes, and chemical treatment
methods on the density and strength indicators of the EWC was performed. The greatest
influence on the density and strength indicators of the composite was exerted by the fraction
of wood particles. Figure 5 shows the dependence of density on fraction and chemical
treatment method.

Analysis of composites from the PLY, W, and DW waste showed that the density of
the composites depends on the fraction size (Figure 5a). Statistical analysis showed that the
density results of composites from PLY and W waste differed significantly depending on
the fraction size, which ranged from 5 to 20 mm. The observed sample data indicated a
low risk of error while p < α, where α is the significance level and 0.05 is the threshold in
the study’s statistical analysis. Consequently, it can be concluded that the findings were
statistically significant. The F-criterion, often termed ANOVA (analysis of variance), was
used to determine the impact of various factors on the target criteria. The hypothesis that
formed the basis of this study was that if the F-criterion was sufficiently high, it would
indicate a significant statistical effect. Therefore, the corresponding p-value will be small,
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indicating strong evidence against the null hypothesis. The following are the data for the
statistical analysis of composites: PLY waste F = 18.4; p = 0, and W waste F = 114.3; p = 0.

Forests 2025, 16, 577 10 of 22 
 

 

 

 

Figure 5. The dependence of density on (a) fraction and (b) chemical treatment method; ─── aver-
age line; - - - - confidence intervals with 0.95 probability. 

Analysis of composites from the PLY, W, and DW waste showed that the density of 
the composites depends on the fraction size (Figure 5a). Statistical analysis showed that 
the density results of composites from PLY and W waste differed significantly depending 
on the fraction size, which ranged from 5 to 20 mm. The observed sample data indicated 
a low risk of error while p < α, where α is the significance level and 0.05 is the threshold 
in the study�s statistical analysis. Consequently, it can be concluded that the findings were 
statistically significant. The F-criterion, often termed ANOVA (analysis of variance), was 
used to determine the impact of various factors on the target criteria. The hypothesis that 
formed the basis of this study was that if the F-criterion was sufficiently high, it would 
indicate a significant statistical effect. Therefore, the corresponding p-value will be small, 
indicating strong evidence against the null hypothesis. The following are the data for the 
statistical analysis of composites: PLY waste F = 18.4; p = 0, and W waste F = 114.3; p = 0. 

As the fraction size of the construction demolition and furniture waste increased 
from 5 to 20 mm, the density of the PLY waste composites decreased by ~11%, and the 
density of the W waste composites decreased by ~25%. At the same time, composite test-
ing from DW waste was carried out only with fraction sizes of 20 mm, and the average 
value of the density of the samples was 815 ± 37 kg/m3 

The density of composites from construction demolition and furniture industry, as 
well as wood packaging waste, depending on the fraction size, could be described by re-
gression Equations (4) and (5), respectively: 𝜌௉௅௒ = 885.876− 20.664 ∙ 𝐹𝑟 ൅ 0.6155 ∙ 𝐹𝑟ଶ (4)𝜌ௐ = 895.996− 40.516 ∙ 𝐹𝑟 ൅ 1.2334 ∙ 𝐹𝑟ଶ (5)

where 𝜌—density of the samples, kg/m3; 𝐹𝑟—fraction, mm. The data from the statistical 
analysis of the regression equations are presented in Table 5. 

Figure 5. The dependence of density on (a) fraction and (b) chemical treatment method; —— average
line; - - - - confidence intervals with 0.95 probability.

As the fraction size of the construction demolition and furniture waste increased from
5 to 20 mm, the density of the PLY waste composites decreased by ~11%, and the density
of the W waste composites decreased by ~25%. At the same time, composite testing from
DW waste was carried out only with fraction sizes of 20 mm, and the average value of the
density of the samples was 815 ± 37 kg/m3

The density of composites from construction demolition and furniture industry, as
well as wood packaging waste, depending on the fraction size, could be described by
regression Equations (4) and (5), respectively:

ρPLY = 885.876 − 20.664·Fr + 0.6155·Fr2 (4)

ρW = 895.996 − 40.516·Fr + 1.2334·Fr2 (5)

where ρ—density of the samples, kg/m3; Fr—fraction, mm. The data from the statistical
analysis of the regression equations are presented in Table 5.

The correlation coefficient R shows a measure of the strength of the linear relationship
between two quantitative variables, as well as the direction of that relationship. The closer
R is to 1 (−1 or 1), the stronger the relationship. The correlation coefficient R of 0.9 is
higher in composites made from W waste, while in composites made from PLY waste it
is 0.65. The coefficient of determination R2 is a measure of the goodness of fit of a model.
The coefficient of determination R2, evaluated within the range of 0 ≤ R2 ≤ 1, can also be
expressed as a percentage. This indicates the impact of particle size on variation around
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the mean of the density in composites derived from W waste, with a substantial impact in
82% of composites. Whereas in composites of PLY waste, this impact is only 42%.

Table 5. The data of regression equations.

Type of
Composite

Number of
Specimens

Correlation
Coefficient R

Coefficient of
Determina-

tion R2

Standard
Deviation Sr,

kg⁄m3

PLY waste
(Equation (4)) 54 0.647 0.420 40.4

W waste
(Equation (5)) 54 0.904 0.818 30.0

Figure 5b presents the changes in the densities of composites PLY, W and DW wa ste
after processing the raw materials with various solutions: H2O2; Na2CO3; and Ca(OCl)2.
The analysis showed that after processing PLY, W and DW waste with different solutions
and using them to produce composites, the use of these solutions does not significantly
affect the densities of the composites. This statement was confirmed by statistical analysis,
which showed an insignificant difference in the averages of the test results (see Table 6).

Table 6. Statistical analysis of test results.

Type of
Composite

Density,
kg/m3 F Criterion p Value

Correlation
Coefficient

R

Coefficient of
Determina-

tion R2

PLY waste 752 ± 52 0.15 0.86 0.071 0.00596

W waste 639 ± 69 0.36 0.70 0.117 0.0137

DW 815 ± 37 0.59 0.56 0.271 0.0734

After the analysis of the densities of the composites was performed, an attempt
was made to combine the data of three types of composites into one array to describe the
densities of the composites. The following parameters were used for the general description
of the composite densities: sample fraction, aspect ratio, roundness, and circularity. The
composite fraction from W waste was 5, 10, and 20 mm, the particle aspect ratio was
4.11, 4.869, and 3.228, the roundness was 0.373, 0.446, and 0.460, and the circularity was
0.515, 0.558, and 0.616. The fraction of composites from PLY waste was 5, 10, and 20 mm,
the particle aspect ratio was 3.850, 6.153, and 6.952, the roundness was 1.818, 4.028, and
5.874, and the circularity was 0.317, 0.245, and 0.210. The fraction of composite from door
production waste was 20 mm, the particle aspect ratio was 2.499, the roundness was 0.525,
and the circularity was 0.709. The dependence of the composite densities on the fraction,
particle aspect ratio, roundness, and circularity was described by Equation (6):

ρgeneral = 591.979 − 806.206·Fr − 18.725·AR + 43.667·R + 777.293·C + 0.6805·Fr2 (6)

where ρgeneral—general density of samples, kg/m3; Fr—fraction, mm; AR—aspect ratio; R—
roundness; C—circularity. The square deviation of the total density of composites from the
PLY, W, and DW waste was Sr = 36.2 kg/m3, R = 0.917, R2 = 0.841. The regression equation
obtained showed that 84.1% of the variation in the total density values was determined by
the sample fraction, particle length-width ratio, angularity, and sharpness and 15.9% by
other factors that were not evaluated.
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Figure 6 presents the compressive stress analysis of composites from the PLY, W, and
DW waste. The change in compressive stress of composites was investigated as a function
of the size of the raw material fraction and the raw material treated with different solutions.
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Figure 6 shows that the compressive stress of composites from the PLY, W, and DW
waste depended on the fraction size (Figure 6a). The compressive stress of composites
from the PLY and W decreased with the fraction size, varying from 5 to 20 mm. Statistical
analysis showed that there was a significant difference in the results of the compressive
stress of composites from the PLY and W waste depending on the fraction size, which
varied from 5 to 20 mm. This was confirmed by the statistical analysis data obtained:
composites from construction PLY waste F = 22.0; p = 0, composites from W waste F = 49.6;
p = 0.

As the fraction size of raw materials increased from 5 to 20 mm, the compressive stress
of composites from the PLY waste decreased by ~46%, and that of the W waste composites
by ~57%. The compressive stress of composites from the PLY and W waste as a function of
the fraction size was described by regression Equations (7) and (8), respectively:

σ10%−PLY = 14.5170 − 0.64504·Fr + 0.015981·Fr2 (7)

σ10%−W = 10.89822 − 0.61586·Fr + 0.016633·Fr2 (8)

where σ(10%)—compressive stress, MPa; Fr—fraction, mm. The data from the statistical
analysis of the regression equations are presented in Table 7.
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Table 7. The data of regression equations.

Type of
Composite

Number of
Specimens

Correlation
Coefficient R

Coefficient of
Determina-

tion R2

Standard
Deviation Sr,

MPa

PLY waste
(Equation (7)) 27 0.804 0.647 1.18

W waste
(Equation (8)) 27 0.897 0.805 1.94

The DW waste composite was tested with only a fraction size of 20, and the average
compressive stress of the samples was 9.61 ± 1.46 MPa. Compressive stress analysis was
also carried out on PLY, W, and DW waste treated with different solutions: H2O2; Na2CO3;
and Ca(OCl)2. The findings revealed that the treatment of PLY wastes with these various
solutions and its use in composite production construction did not have a significant impact
on the compressive stress of the composite. A statistical analysis was carried out, which
showed a nonsignificant difference between the results of the subjects (see Table 8).

Table 8. Statistical analysis of test results.

Type of
Composite F Criterion p Value Correlation

Coefficient R

Coefficient of
Determina-

tion R2

PLY waste 1.90 0.17 0.370 0.137

W waste 0.37 0.69 0.174 0.0302

DW 0.24 0.79 0.272 0.0742

The analysis of compression tests tried to describe compressive stress by integrating
the data from the three types of composites into a unified array. The following parameters
were selected to describe the compressive stress: density of the samples and fraction.
The fraction of the PLY waste composite varied from 5 to 20 mm, and the density varied
from 675 to 875 kg/m3. The fraction of composite from the W waste was also varied
from 5 to 20 mm, and the density ranged from 572 to 744 kg/m3. The fraction of waste
composite of DW waste was taken as 20 mm, and the density varied from 781 to 881 kg/m3.
The relationship between compressive stress, fraction, and density of the compound was
modelled using the following equation, and a graphical interpretation of the regression
Equation (9) is presented in Figure 7.

σ10% = −5.98345 − 0.08501·Fr + 0.02121·ρ (9)

where σ10%—compressive stress, MPa; Fr—fraction, mm; ρ—density of the samples, kg/m3.
The squared deviation of compressive stress was determined to be Sr = 0.769 MPa, R =

0.942, R2 = 0.887. The resulting regression equation showed that 88.7% of the variation in
compressive stress values was caused by the density and fractional size of the sample, with
the remaining 11.3% resulting from factors that were not evaluated.

Figure 8 presents the bending strength analysis of composites from PLY, W, and DW
wastes. The change in the bending strength of composites was investigated as a function of
the fraction size of the raw material and the raw materials treated with different solutions.
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Figure 8 shows that the bending strength of the composites of the PLY waste depended
on the fraction size (see Figure 8a). The bending strength of composites from the PLY and W
waste decreased with the fraction size varying from 5 to 20 mm. Statistical analysis showed
that there is a significant difference in the bending strength results of composites from the
PLY and W waste depending on the fraction size, which ranged from 5 to 20 mm. This was
confirmed by the statistical analysis data obtained: composites from PLY waste F = 40.5;
p = 0, composites from W waste F = 64.7; p = 0. As the raw material fraction size increased
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from 5 to 10 mm, the bending strength of composites from PLY waste decreased by ~11%,
and as the fraction size increased from 10 to 20 mm, the bending strength increased by
~19%. As the raw material fraction size increased from 5 to 10 mm, the bending strength of
the composite from wood packaging waste decreased by ~47%, while as the fraction size
increased from 10 to 20 mm, the bending strength increased by ~23%. The bending strength
of composites from the construction demolition and furniture, and wood packaging waste
as a function of the fraction size was described by regression Equations (10) and (11),
respectively:

σb−PLY = 13.146 − 0.6119·Fr + 0.0266·Fr2 (10)

σb−W = 16.835 − 1.5283·Fr + 0.05648·Fr2 (11)

where ρ—density of the samples, kg/m3; Fr—fraction, mm.
The data from the statistical analysis of the regression equations are presented in

Table 9.

Table 9. The data of regression equations.

Type of
Composite

Number of
Specimens

Correlation
Coefficient R

Coefficient of
Determina-

tion R2

Standard
Deviation Sr,

MPa

PLY waste
(Equation (7)) 27 0.878 0.771 0.440

W waste
(Equation (8)) 27 0.918 0.844 0.635

Analysis of bending strength after processing construction demolition and furniture,
wood packaging and door production waste with various solutions: H2O2; Na2CO3; and
Ca(OCl)2 are presented in Figure 8b. After processing PLY, W, and DW waste with different
solutions and using them for composite production, the processing of raw materials with
solutions does not affect the bending strength of the composite. This statement was
confirmed by statistical analysis, which showed an insignificant difference in the averages
of the test results (see Table 10).

Table 10. Statistical analysis of test results.

Type of
Composite

Bending
Strength,

MPa
F criterion p Value

Correlation
Coefficient

R

Coefficient of
Determina-

tion R2

PLY waste 10.7 ± 0.9 0.0023 0.99 0.0139 0.000193

W waste 8.9 ± 1.5 0.98 0.39 0.275 0.0758

DW 10.9 ± 1.5 0.24 0.80 0.271 0.0735

After the analysis of the bending tests was performed, an attempt was made to combine
the data from three types of composites into one array to describe the bending strength.
The following parameters were used to describe the bending strength: density and fraction
of the samples. The relationship between bending strength and both density and fraction
size was described by the following Equation (12):

σb−general = −14.211 + 0.9269·Fr + 0.03279·ρ + 0.0266·Fr·ρ (12)

where σb—bending strength, MPa; Fr—fraction, mm; ρ—density of samples, kg/m3. The
squared deviation of the bending strength was Sr = 0.878 MPa, R = 0.838, R2 = 0.733, n = 63.
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The regression equation obtained shows that 70.3% of the variation in the bending strength
values is determined by the density and fraction size of the samples and 29.7% by other
factors that were not evaluated.

The graphical interpretation of the regression equation is presented in Figure 9.
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4. Discussion
The present study provides empirical evidence that wood waste can be reused for the

development and production of high value products after use in various industrial applica-
tions. A variety of measures must be used to ensure that wood waste is used rationally, as
illustrated in the present study. Research has focused on the mechanical preparation and
thermochemical treatment of wood waste. Mechanical treatment yielded various particle
sizes of wood waste, and the production of three fractions (0–5, 0–10, and 0–20). Thermo-
chemical treatment has been demonstrated to be an effective method for the pretreatment
of wood as a lignocellulosic biomass. This treatment has been determined to break the
crosslinks between components, resulting in the separation of cellulose, hemicellulose, and
lignin. The activation of hydroxyl groups has been shown to reduce the polarity difference
between wood particles and the polymer matrix [45]. The thermochemical pretreatment
has been conducted using both alkaline and oxidative solutions. The utilization of alkaline
solutions has been demonstrated to enhance surface area by reducing crystallinity, while
oxidizing solution have been shown to remove lignin and hemicellulose [46]. The findings
of the study indicate that the nature of the solutions employed did not have a direct impact
on the strength or density of the resulting EWC. However, it can be concluded that the
thermochemical pretreatment was successful in modifying the surface properties of wood
particles in all cases.

Research has determined that particle size has a significant impact on the density and
strength of EWC. A significant amount of research has been conducted on the particle
sizes and shapes of wood waste particles and their effect on the properties of composites.
However, detailed comparisons are limited. It should be noted that raw materials, their
processing, the choice of binder, the formulation of mixtures and the production technology
have substantial differences and have different effects on the properties of wood composites.
The authors [47] of the research paper point out that wood waste is shredded in a range of
particle sizes for different applications. For particleboard production, the shredded wood is
sized between 2–20 mm, while for cement-bonded composites, the size is typically between
0.3–5 mm. In some cases, the particle size of the wood also affects the surface quality of the
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final product, as it is important to avoid open pores on the surface of the product [48]. In
the present study, wood particles within the 0.5 mm fraction were used for the outer layer,
while those within the 2–8 mm fraction were used for the inner honeycomb [49].

This indicates that a decrease in tensile strength and bending strength values, and an
increase in water absorption values, are observed with decreasing wood particle size. In
contrast, in the present study, particle size had a significant influence on the density and
compressive stress of the engineered wood composite, while the bending strength was not
clearly influenced and was probably related to the nature of the waste wood [50].

Prepared particles ranging in size from 0.2 to 3.0 mm from wood waste were evaluated.
The length-width ratio of the obtained particles was found to have an average value of
3.5, with a maximum and a minimum value ranging from 1 to 5. In this case, the particle
aspect ratio, as well as circularity and roundness, showed a large spread of results in all
cases. In our case, the aspect ratio of individual fractions and particles of different nature
was significantly higher and varied from 2.5 to 7.0. It is important to note that the shape
parameters of the particles are determined not only by the selected technology and grinding
equipment, but also by their natural characteristics, as evidenced by the waste from the
production of doors, which has not received any additional mechanical treatment [51].

The researchers report that experimental and theoretical investigations indicate that
particle shape and size influence the dynamics of biomass particles, including drying,
heating, and reaction rate. The evaluation of particle shapes in our work allowed for a
comparative analysis of wood wastes of different nature, and it was found that the shape
of the particles does not significantly affect the properties of the composite. As presented
in the standard deviations, analysing the diversity of particles in terms of shape leads to
the attainment of mean values that are close to each other for the quantities investigated.
Furthermore, this analysis provides the opportunity to obtain composites that possess
similar properties.

A potential area for further research is the composition of wood waste and the number
of impurities in wood waste, which has not been assessed in this work. On the basis of
visual analysis, the DW waste was found to include softwood and aluminium fibre, as
well as softwood impregnated with protective agents. The PLY waste was found to consist
of softwood, varnished softwood, plywood, particleboard, laminated board, fibreboard,
and polyethylene particles. It was noted that the greater proportion of these particles was
contaminated with paints, varnishes, adhesives, and impregnates.

The W waste contained hardwood and softwood particles. Wooden pallets are the
least contaminated, although it is notable that pallets may contain very small amounts
of marking paint, adhesives, and incidental chemicals due to the multiple uses of pallets
in various applications. Research by other authors shows that non-wood waste in mixed
wood waste ranges from 1.1 to 2.7% [19]. The present study has shown that the additional
treatment of wood waste leads to a significant reduction in the influence of extraneous
materials on the properties of the composite. The results of the study demonstrate that the
type of wood waste used is not a significant factor in determining the suitability of wood
waste for use in composites.

The nature of the waste wood did not have a significant effect on either the density
or the strength of the composite. The chemical solutions used were observed to also not
significantly affect the properties of the composite, but the wood waste itself had a greater
influence. The number of solutes leached from the different materials resulted in a variation
in the density.

The highest concentrations of leachate were found in the most contaminated waste
streams, including those from construction demolition and furniture, and door manufac-
turing waste. It is probable that only natural soluble substances, such as sugars, tannins,
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and waxes, were leached from packaging waste. In this case, studies have demonstrated
that the use of the least environmentally and human health-impacting Na2CO3 solution is
perfectly adequate.

The biopolyurethane binder applied in this study has a significant impact on the
creation and manufacture of engineered wood from the point of view of manufacturing
and product shape. The primary benefit of the binder is that it simplifies the production of
high-dimensional items without requiring the use of heat treatment. It is noteworthy that
formaldehyde-based adhesives currently account for approximately 95% of all adhesives
used in the production of wood-based panels worldwide [52].

As the authors note, a significant research focus in recent years has been on enhancing
the properties of wood composites, reducing formaldehyde emissions from urea formalde-
hyde resin, and decreasing the time required for thermal pressing. Conventional binders
are typically effective at curing temperatures ranging from 150 to 210 ◦C [53].

Furthermore, it is noteworthy that heat-seating compounds generally exhibit minimal
dimensional variability, particularly in the thickness direction. During the curing process of
thicker layers, the outer layers are at risk of overheating, leading to the initiation of pyrolysis
processes. Meanwhile, the inner layers cannot achieve the optimal cure temperature,
resulting in deficiencies in their properties [54].

Biopolyurethane is a material that has a number of notable advantages. First, it does
not require heat treatment, and in addition, it contains a high proportion of renewable raw
materials. Its carbon content is approximately 80% (when considering carbon preservation),
and it is possible to adjust the curing time, making it an excellent alternative for the
large-scale production of both flat and bulky products.

5. Conclusions
The granulometric composition of the wood waste particles was analysed, and it

was concluded that the nature of the wood waste particles determines the particle size
distribution. Specifically, door waste has a predominance of 0.315–1.25 mm particles, while
construction demolition and furniture waste, and packaging waste have a predominance
of ≥2.5 mm particles.

The shape of the wood waste particles visually varies among all waste, but the average
values of aspect ratio, roundness, and circularity do not significantly affect their density
and strength indicators.

The efficiency of thermochemical treatment of wood waste particles is more related to
the nature of the waste itself than to the specific solution used. In all cases, thermochemical
treatment has the least influence on both density and strength indicators when processing
packaging waste, while the efficiency is similar when processing construction demolition
and furniture waste and packaging waste.

The greatest influence on the density of composites is the granulometric composition;
the larger the particles, the lower the density of the composite. The same trends are
observed when analysing compressive stress. It is likely that the biopolyurethane binder
fills the gaps between fine particles better, so the particles adhere more reliably, and at the
same time, the density increases. In the case of bending strength, the fraction has a more
complex influence. Composites are characterised by a lower bending strength when using
a 10 mm fraction. Chemical treatment agents do not affect the bending strength of the
composite, or their influence is insignificant.
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